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Editorial on the Research Topic 
Stem Cells in Tissue Homeostasis and Disease

The regular cellular turning over of organs and tissues throughout life span reveals the homeostasis of an individual in multiple ways, which is commonly disrupted in disease states. Uncovering the potential mechanisms of maintaining and regulating normal status is the key to the development of strategic treatments of disorders and diseases. With the progress of regeneration theory and technology in recent years, the role of tissue-specific stem cells in tissue homeostasis has been increasingly recognized. The potential of stem cell-based cell therapies in restoring organ function and achieving tissue regeneration is fantastic. This Research Topic “Stem cells in Tissue Homeostasis and Disease” published in Frontiers in Cell and Developmental Biology explores recent advances in the emerging field of stem cells and regenerative medicine, and tissue engineering with a focus on revealing the mechanisms of tissue homeostasis, which enables us to better understand the causes of diseases and to develop efficient therapeutic strategies.
In order to identify proper treatments of diseases, it is essential to understand the cellular basis of healthy organs. Stem cells lineage contribution has been extensively studied during normal embryology development. Hematopoietic stem cells (HSCs) are the best studied stem cells. HSCs maintain the hematopoietic homeostasis via self-renewal and a well-established lineage distribution pattern with blood cell differentiation potentials. This stem cell lineage distribution is not unique to the blood system. Biliary tree stem cells located in peribiliary glands had been proved to participate in the functional regeneration of liver and pancreas. Based on this, Overi et al. had identified a cell compartment with stem/progenitor cell features within pancreatic duct glands (PDGs). These stem/progenitor cells were shown to participate in the islet injury repair in type 2 diabetic mellitus (T2DM) patients and diabetic animal models, indicating that the activation of these somatic stem cells can be a potential strategy for promoting organ regeneration. The same scenario occurs for intestinal stem cells (ISCs). ISCs located in the villi of intestinal crypts and commonly known as Lgr5+ subpopulations, are also critical for natural turning over of intestinal mucosa. Song et al. discovered an active fraction of the rhizomes of Trillium tschonoskii Maxim (TT), which can promote irradiated intestinal organoid growth and increase Lgr5+ intestinal stem cell numbers, to develop a potential oral drug for improving the regeneration and repair of intestinal epithelia that have intestinal radiation damage.
Besides activating retaining somatic stem cells, other researchers are focusing on targeting the cancer stem cells (CSCs). Chen et al. have summarized the recent studies on the regulation and dysfunction of autophagy-related genes of stem cells which controlled cellular homeostasis of HSCs or leukemia stem cells (LSCs) under different conditions. For the same types of adult stem cells but on a different aspect, Wang et al. reviewed the latest advances to better understand the biological activity of N6-methyladenosine (m6A), a common modification of mammalian mRNAs, in preserving the function of HSCs and LSCs. Thus, offering the field a promising therapeutic strategy for targeting M6A modifiers in myeloid leukemia. Guo et al. discovered miR-221/222 cluster as a novel regulator of CD133+ CSCs in non-small cell lung cancer (NSCLC). Their study not only revealed the Reck-Notch1 signaling as the key mediate of miR-221/222, but also provided a potential therapeutic target for the treatment of NSCLC.
Stem cell-based therapies are the most promising strategies for diseases that cannot be treated with traditional surgery or drugs. Various candidate cell types have been explored in recent decades. Use of human pluripotent stem cells (hPSCs), referring to human embryonic stem cells (hESCs) and human induced pluripotent stem cells (iPSCs), in cell therapy still faces their challenges, such as differentiation efficiency, organoid technology, maturity of derived cells, cell expansion, Bogacheva et al. had carefully compared the spheroid size and 3D cell culture systems on spheroid morphology and the effectiveness of definitive endoderm (DE) differentiation, which highlighted the importance of choosing proper biomaterials to achieve successful human iPSC differentiation. Chang et al. have reviewed the most recent advanced development of hPSCs-derived liver organoids (PSC-LOs). Emerging with new bioengineering techniques and tools, PSC-LOs show great potentials in disease modeling, drug development, and liver regeneration.
However, a number of obstacles, such as the lack of an xeno-free expansion system, low yield of in vitro differentiation, low maturity, lack of a non-invasive cell tracking method, have slowed the progress of PSC-LOs in clinical applications and drug development. Fortunately, two papers in this Research Topic have made great contribution to overcoming some of these challenges. Expansion and functional maturation of stem cells is essential for quality and quantity of cells to meet the need of translational research and clinical applications. Liu et al. reviewed the progress made in the field of in vitro generation of platelets from various stem cells, with some achieving large scale production. While cell fate determination post-transplanting or post-grafting has shown its importance for the translation application of stem cells as a therapeutic treatment to various diseases. Advanced technologies in stem cell fate tracking and in vivo imaging have been developed over the past decade. However, dynamic cell tracking methodology for tracing transplanted cells in vivo is still at its early phase. In Lu et al. study, a three-dimensional imaging technique was established to conduct the overall evaluation of transplanted hepatocytes in host liver.
Sharing major biomarkers with hPSCs, human amniotic epithelial stem cells (hAESCs) are preferrable in many clinical studies. Li et al. generated human retinal pigment epithelium (RPE) from hAESCs that had rescued the visual function of a retinal degeneration rat model. Other than hAESCs, mesenchymal stem cells (MSCs) are a commonly used candidate for stem cell-based therapies currently, given their advantages on proliferation, immunomodulation, and tissue maintenance, Yang et al. have reviewed most recent studies in MSC differentiation into specialized cell types, revealing long non-coding RNAs (lncRNAs) as master regulators during the maintenance of homeostasis and multi-differentiation functions through epigenetic, transcriptional, and post-translational mechanisms. Li et al. studied the effect of melatonin on promoting the viability of adipose-derived mesenchymal stem cells (ADMSCs) during the treatment of diabetic mellitus. The melatonin-treated ADMSCs not only performed better in controlling hyperglycemia, insulin resistance, and liver glycogen metabolism in T2DM patients, but also proved to be safe and valuable for pet clinic.
In studies of stem cell-based organ regeneration, animal models are critical to study diseases and to develop potential treatments. Chen et al. had established a typical hyperoxia-based Bronchopulmonary dysplasia (BPD) mouse model to mimic hallmarks of BPD, which enabled them to reveal that both cord blood-derived mononuclear cells (CB-MNCs) and umbilical cord-derived mesenchymal stem cells (UC-MSCs) are efficient in alleviating BPD (Chen et al.). In the study of stem cells in the pancreatic ductal glands, Overi et al. evaluated the pancreatic islet injury and regeneration based on the classical streptozotocin (STZ)-induced diabetic mouse model. In the 3D imaging study, Lu et al. conducted the study based on a fumarylacetoacetate hydrolase (Fah) deficiency liver injury model, which enabled them to verify the percentage of cell repopulation of donor cells in host at different time points by using pre-established histology and serology assays.
By focusing on identifying potential candidate stem cells, establishing expansion and maturation systems, and developing grafting technique and post-transplantation cell tracking techniques, the collection of studies in this Research Topic is aiming to promoting the translation of techniques and basic research on stem cells to clinical products.
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Cancer stem cells (CSCs) contribute to the cancer initiation, metastasis and drug resistance in non-small cell lung cancer (NSCLC). Herein, we identified a miR-221/222 cluster as a novel regulator of CSCs in NSCLC. Targeted overexpression or knockdown of miR-221/222 in NSCLC cells revealed the essential roles of miR-221/222 in regulation of lung cancer cell proliferation, mammosphere formation, subpopulation of CD133+ CSCs and the expression of stemness genes including OCT4, NANOG and h-TERT. The in vivo animal study showed that overexpression of miR-221/222 significantly enhanced the capacity of lung cancer cells to develop tumor and grow faster, indicating the importance of miR-221/222 in tumorigenesis and tumor growth. Mechanistically, Reck was found to be a key direct target gene of miR-221/222 in NSCLC. Overexpression of miR-221/222 significantly suppressed Reck expression, activated Notch1 signaling and increased the level of NICD. As an activated form of Notch1, NICD leads to enhanced stemness in NSCLC cells. In addition, knockdown of Reck by siRNA not only mimicked miR-221/222 effects, but also demonstrated involvement of Reck in the miR-221/222-induced activation of Notch1 signaling, verifying the essential roles of the miR-221/222-Reck-Notch1 axis in regulating stemness of NSCLC cells. These findings uncover a novel mechanism by which lung CSCs are significantly manipulated by miR-221/222, and provide a potential therapeutic target for the treatment of NSCLC.

Keywords: non-small cell lung cancer, cancer stem cell, miR-221/222, Reck, Notch1 signaling


INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths worldwide (Chen et al., 2016; Bray et al., 2018). It is classified into two categories including small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). The majority of lung cancer cases (∼85%) belong to NSCLC all over the world (Wood et al., 2015; Jiang et al., 2018). Although traditional chemotherapy and molecular targeted therapeutic drugs have been widely applied to NSCLC patients after primary treatment with surgical resection, the 5-year survival rate is still very low mostly due to tumor recurrence and drug resistance (Jiang et al., 2018). It is the small subpopulation of stem-like cells within tumors that are believed to be responsible for the tumor recurrence and drug resistance (Yu et al., 2012). They are called cancer stem cells (CSCs) or tumor initiating cells (TICs), and characterized by self-renewal, differentiation and strong ability of tumor-regeneration.

Since first evidence for CSCs was published in 1997 in leukemia (Bonnet and Dick, 1997), CSC isolation and identification in solid cancers including breast, lung and prostate cancer have been frequently reported. In lung cancer, CSCs are considered as the main reason causing tumor initiation, dormancy, recurrence, metastasis and resistance to therapy (Pardal et al., 2003; Eramo et al., 2010). As such, determination of the molecular mechanism underlying the behavior of lung CSCs and the development of target molecules against lung CSCs could potentially bring great benefits to the patients with lung cancer (MacDonagh et al., 2016). Up to date, several stem cell markers including CD133, ALDH1 and CXCR4 have been successfully applied to isolate lung CSCs from tumor tissues (Wang et al., 2013; Roudi et al., 2015; Eramo et al., 2016; Aghajani et al., 2019). However, the understanding of lung CSCs remains largely unclear.

Non-coding RNAs (ncRNAs), including long non-coding RNAs (lncRNAs) and microRNAs (miRNAs), have been well demonstrated to be crucial for gene expression regulation, as well as epigenetic regulation (Cech and Steitz, 2014; Adams et al., 2017). MiRNAs are a class of single-stranded small RNAs with 18–24 nucleotides in length, usually regulating gene expression at the post-transcriptional level through binding to the 3’UTR of target mRNAs (Krek et al., 2005; Rupaimoole and Slack, 2017). During the development and progression of cancer, miRNAs play important roles in regulating cancer cell stemness, tumor regeneration, cancer cell metastasis and chemo-resistance (Shimono et al., 2009; Bu et al., 2016; Khan et al., 2019). In NSCLC, aberrant expression of miRNAs including miR-582-3p, miR-1246, and miR-1290 have been reported to regulate CSCs and promote tumor progression (Fang et al., 2015; Zhang et al., 2016; Shukla et al., 2018).

In the current study, we performed a miRNA screening analysis on the CD133+ CSC subpopulation isolated from both A549 and H1299 NSCLC cell lines, and identified a subset of miRNAs with differential expression in CSCs including upregulation of miR-221/222. Enforced overexpression of miR-221/222 in NSCLC cells enhanced cell proliferation and CSC properties in vitro. Xenografting of A549 cells stably expressing miR-221/222 into immune-deficient nude mice developed much bigger tumors than control cells, indicating that miR-221/222 plays an essential role in the process of tumorigenesis and tumor growth. Gene reversion-inducing cysteine-rich protein with kazal motifs (Reck) was identified as a direct target gene of miR-221/222 in NSCLC, which involves in the activation of downstream Notch1 signaling and subsequent self-renewal of lung CSCs. Our findings for the first time demonstrated that miR-221/222-Reck-Notch signaling acts as a critical regulatory mechanism underlying the stemness of CSCs in NSCLC.



MATERIALS AND METHODS


Clinical Tumor Samples

Human NSCLC tumor samples were collected from Tongji University Shanghai East Hospital. All the procedures were approved by the Institutional Review Board (IRB) of Tongji University Shanghai East Hospital. All patients were provided with a written informed consent form.



Animals

Six-week-old immunodeficient male nude mice were purchased from the Silaike Animal Company (Shanghai, China) for in vivo assays. 5 × 105 A549 cells with or without stable expression of miR-221/222 were transplanted into immune-deficient nude mice by subcutaneous injection to establish the NSCLC animal model. All animal studies were performed following the protocols approved by the Institutional Animal Care and Use Committee of Tongji University School of Medicine.



Cells

Human lung cancer cell lines A549, NCI-H1299 and human bronchial non-tumorigenic epithelial cell line BEAS-2B were originally purchased from ATCC, maintained in our lab, and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 100 mg/L penicillin and streptomycin and 10% fetal bovine serum (FBS). All of these cells were cultured at 37°C in a humidified environment with 5% CO2.



Vectors, Oligos, and Transfection

miR-221/222-overexpression vector for animal study is a lentivirus-based product from Novobiosci Company (Shanghai, China). Tet-inducible PB-TRE3G vector was used to prepare the tet-on 3G miR-221/222 system by inserting primary miR-221/222 sequence (chrX.c45747283-45746050). 4 μg of PB-TRE3G-miR-221/222 and 3 μg PB-Tet 3G were co-transfected into A549 cells using lipofectamine 2000 (Invitrogen, United States) cultured in the tet-free medium. In 24 h, doxycycline (Boyotime, Shanghai, China) was added into the medium (Dox+, 3 μg/ml). Another dish in parallel without treatment with doxycycline (Dox-) was used for control. Cells were collected for RNA and protein isolation in 48 h after doxycycline treatment. miRNA mimics, anti-miRNA inhibitors, siRNAs and corresponding negative controls were synthesized by GenScript (Nanjing, China). The siRNAs targeting Reck sequences are: 5′ GAACATCCTTTAGTATTGA 3′. Hiperfect transfection reagent (Qiagen Technologies) was used for cell transfection following the manufacturer’s instruction. A final concentration of 30 nM of small RNA oligos was used in all in vitro assays.



First Strand cDNA Preparation and Real-Time PCR

Total RNAs were extracted by using Trizol reagent. 500 ng of total RNA was used for reverse transcription for miRNAs determination by using the M&G miRNA Reverse Transcription kit (miRGenes, Shanghai, China) according to the manufacturer’s instruction. 0.5–1.0 μg of total RNA was used for reverse transcription for mRNA determination by using iScript cDNA synthesis kit (Bio Rad, United States) Universal SYBR qPCR Master Mix and Applied Biosystems QuantStudio 6 (Applied Biosystem, Thermo Fisher Scientific) were used for real-time PCR assays. β-actin and GAPDH were used for mRNA normalization, and 5s rRNA was used for miRNA normalization. Forward primer sequences for miR-221: 5′ AGCUACAUUGUCUGCUGGGUUU 3′; miR-222: 5′ AGCUACAUCUGGCUACUGGG 3′; 5s rRNA, 5′ AGTACTTGGATGGGAGACCG 3′. All primer sequences for mRNAs are available upon request.



Western Blot

50 μg of cell lysates was applied to 8–10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS/PAGE) for protein separation. The primary antibodies (1:2,000) was used including OCT4 (2750S, Cell Signaling Technology), NANOG (4903S, Cell Signaling Technology), Notch1 (sc-373891, Santa Cruz, United States), GAPDH (sc-47724, Santa Cruz). Reck (sc-373929, Santa Cruz), NICD (sc-373891, Santa Cruz), h-TERT (sc-377511, Santa Cruz), HRP-linked anti-rabbit IgG (7074S, Cell Signaling Technology) and HRP-linked anti-mouse IgG (7076S, Cell Signaling Technology) were used as secondary antibodies (1:3,000).



Colony Formation Assay

2,000 cells per well were seeded in a 12-well plate and cultured under regular condition for 7–10 days until visible colonies were formed. 4% paraformaldehyde was used to fix the colonies, and 0.5% crystal violet solution was used for staining. The colonies with diameter over 40 μm were counted under microscope for quantitative analysis.



Sphere Formation Assay

Cancer cells were plated in 12-well ultra-low adherent cell culture plate (Corning, United States) at a density of 2,000 cells/well, and cultured in the serum-free medium containing DMEM/F12 with 1×B27 supplement (Invitrogen, United States), 20 ng/mL human epidermal growth factor (EGF) (Sigma, United States), and 20 ng/ml of human basic fibroblast growth factor (bFGF) (R&D Systems, United States) for 5 days without disturbing.



Luciferase Reporter Assay

pGL-3 luciferase reporter vectors carrying either wide type (WT) or miR-221/222 binding site-mutated (MU) 3′UTR of Reck were co-transfected into 293T cells with RL-TK control vector (Renilla) and miR-221/222 mimics in a 24-well plate. After 18-h culturing, Dual-Luciferase Reporter Assay kit (Promega, United States) was used to measure the luciferase activities.



Statistical Analysis

Data are presented as mean ± SEM unless otherwise stated. Statistical significance was determined by standard two-tailed student’s t-test followed by least-significant difference (LSD). P < 0.05 was considered statistically significant.



RESULTS


Upregulation of miR-221/222 in the CD133+ CSCs in NSCLC

In order to identify the key genes regulating CSCs in NSCLC, CD133+ cells were isolated from two NSCLC cell lines A549 and H1299 (Figure 1A). A home-made cancer-associated miRNA panel was applied for the miRNA screening analysis in the CD133+ CSCs, comparing to the matched CD133– cells. A subset of miRNAs differentially expressed in the CSCs were identified including upregulated miR-34c, miR-208a, miR-221/222, miR-501-5p, et al., and downregulated miR-26b, miR-200a, miR-504, et al. (Figure 1B). Among those top-list of miRNAs, miR-34c and miR-501-5p have been well documented to regulate cancer cell stemness, while the function of miR-221/222 in lung CSCs remains unknown. MiR-221 and miR-222 are in a cluster sharing same “seed” sequence (Figure 1C), so we focused on the miR-221/222 cluster to determine its regulation on CSCs in NSCLC. The expression levels of miR-221 and miR-222 in NSCLC cells were detected. Both miR-221 and miR-222 showed significantly upregulation in A549 and H1299 cells compared to non-tumorigenic bronchial epithelial cell BEAS-2B (Figure 1D). The miR-221/222 analysis in tumor samples from NSCLC patients further indicated a positive correlation between the miR-221/222 levels and tumor-stage. Both miR-221 and miR-222 showed a higher level in the NSCLC tumors at stages II/III, compared with the tumor samples at stage I (Figure 1E).
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FIGURE 1. Upregulation of miR-221/222 in the CD133+ lung cancer stem cells. (A) CD133+ CSC isolation from A549 and H1299 cells using FACS analysis. (B) miRNA screening analysis on the CD133+ CSC subpopulation, compared with matched CD133– cells. (C) Chromosomal structure of the miR-221/222 cluster, in which miR-221 and miR-222 share same “seed” sequence. (D) Upregulation of miR-221 and miR-222 in the NSCLC cell lines A549 and H1299, compared with non-tumorigenic lung epithelial cell line BEAS-2B. Data are presented as mean SEM (N = 3), *p < 0.05, **p < 0.01. (E) Higher levels of miR-221 and miR-222 in the NSCLC tumors at stages II/III, compared with the tumors at stage I. **p < 0.01.




miR-221/222 Promoted Cell Proliferation in NSCLC

To determine the biological function of miR-221/222 in NSCLC, both A549 and H1299 cells were transfected with miR-221 mimic, miR-222 mimic or negative control (Supplementary Figures 1A,B), followed by CCK8 cell proliferation assay and colony formation assay. As shown in Figures 2A,B, both miR-221 and miR-222 promoted cell proliferation in NSCLC cells. In addition to miRNA overexpression, anti-miRNA inhibitor oligos targeting either miR-221 or miR-222 were applied to A549 and H1299 cells (Supplementary Figures 2A,B) followed by colony formation assay. As shown in Figures 2C–F, overexpression of miR-221 or miR-222 increased colony formation in the adhesion-independent condition. In contrast, knockdown of miR-221 or miR-222 decreased the colony formation.
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FIGURE 2. miR-221/222 promoted cell proliferation in NSCLC. (A,B) CCK8 assays indicating increased cell proliferation by overexpression of miR-221 and miR-222 in A549 (A) and H1299 (B) cells. (C) Colony formation assays indicating the positive regulation of cell proliferation by miR-221/222 in A549 cells. Both overexpression and knockdown of miR-221 or miR-222 were applied. (D) Quantitative analysis of panel (C). (E) Colony formation assays indicating the positive regulation of cell proliferation by miR-221/222 in H1299 cells. Both overexpression and knockdown of miR-221 or miR-222 were applied. (F) Quantitative analysis of panel (E). Data are presented as mean ± SEM (N = 3), *p < 0.05, **p < 0.01.




miR-221/222 Promoted the Cell Stemness in NSCLC

Following overexpression or knockdown of miR-221/222 in A549 and H1299 cells, the changes of the CD133+ CSC percentage were determined by flow cytometry analysis. As shown in Figures 3A,B, overexpression of miR-221/222 in A549 cells increased CD133+ CSC subpopulation from 1.49% to 2.37–2.58%. In contrast, knockdown of miR-221/222 in A549 cells decreased CD133+ CSCs from 1.55% to 0.52–0.75%. Similar results were obtained from H1299 cells (Figures 3C,D). In addition, sphere formation assays were performed to further determine the stemness changes after overexpression (Figure 3E) or knockdown (Figure 3F) of miR-221/222 in A549 cells. Quantitative analysis indicated a positive regulation of both sphere number and sphere size by miR-221/222 (Figures 3G,H). Same assays were applied to H1299 cells and generated similar results (Supplementary Figure 3), verifying the stemness-promoting function of miR-221/222 in NSCLC. Moreover, a group of well-defined stemness genes including Oct4, Nanog, and h-Tert were examined in A549 cells by quantitative RT-PCR and western blot analyses. The results showed that miR-221/222 remarkably increased the expression of Oct4, Nanog, and h-Tert at the both mRNA (Figure 3I) and protein (Figure 3J) levels.
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FIGURE 3. miR-221/222 promoted the cancer cell stemness in NSCLC. (A) Increased percentage of CD133+ CSCs in A549 cells after treatment with miR-221 or miR-222. Conversely, CD133+ CSC percentage decreased after treatment with anti-miR-221 or anti-miR-222. (B) Quantitative analysis of panel (A). (C) H1299 cells were applied with same assays with panel (A). (D) Quantitative analysis of panel (C). (E) Sphere formation assays using A549 cells treated with miR-221 or miR-222 mimics. (F) Sphere formation assays using A549 cells treated with anti-miR-221 or anti-miR-222. (G) Quantitative analysis of the number and size of the spheres in panel (E). (H) Quantitative analysis of the number and size of the spheres in panel (F). (I,J) Quantitative real-time PCR (I) and western blot (J) analyses indicating the increased expression of Oct4, Nanog and h-Tert in A549 cells after treatment with miR-221 or miR-222 mimics. Consistent results were obtained after treatment with anti-miR-221 or anti-miR-222. (K,L) Doxycycline-induced miR-221/222 overexpression promoted CD133+ CSC percentage in A549 cells. (M) Doxycycline-induced miR-221/222 overexpression increased the expression of Oct4, Nanog, and h-Tert in A549 cells. Data are presented as mean ± SEM (N = 3), *p < 0.05, **p < 0.01.


In order to further validate the regulation of cancer cell stemness by miR-221/222 in NSCLC, a tetracycline-inducible system was applied to miR-221/222 as shown in Supplementary Figure 4. Doxycycline-induced miR-221/222 overexpression in A549 cells significantly promoted CD133+ CSC percentage (Figures 3K,L), and increased the expression of Oct4, Nanog, and h-Tert as well (Figure 3M).



Overexpression of miR-221/222 Promoted NSCLC Tumor Growth in vivo

In order to determine the effects of miR-221/222 on the NSCLC tumorigenesis and tumor growth in vivo, a NSCLC xenograft model was established by lung cancer cell xenografting into immunodeficient female nude mice. A549 cells with or without stable overexpression of miR-221/222 (Supplementary Figure 5) were applied for the xenografting, followed by the continuous tracking of tumor growth (Figure 4A). The tumor growth curves showed a significant promotion of tumor growth by overexpression of miR-221/222 (Figure 4B), which was further demonstrated by the average size and weight of the tumors on the day 25 after cell xenografting (Figures 4C,D). In addition, ki67 staining on the paraffin-embedded tumor tissue slides validated the increased tumor cell proliferation by miR-221/222 overexpression (Supplementary Figure 6).
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FIGURE 4. miR-221/222 promoted tumor growth in the xenograft model with NSCLC. (A) Schematic representation of the procedure for in vivo assays. (B) Tumor growth curves of the two groups of mice (miR-221/222-overexpressing group and control group). (C) Tumor images isolated from the mice. (D) Weight of the tumors from both groups of mice. Data are presented as mean ± SEM (N = 8), *p < 0.05, **p < 0.01.




Activation of Notch1 Signaling by miR-221/222 via Suppressing the Expression of Reck

Next we sought to determine the molecular mechanism(s) through which miR-221/222 regulates CSCs in NSCLC. Bioinformatics analyses predicted 2,313 target genes of miR-221/222, 5,346 stem cell-related genes and 87 NSCLC-regulating genes using public databases. Among them 3 genes were overlapped including Ect2, Braf and Reck (Figure 5A). Quantitative RT-PCR analysis revealed that overexpression or knockdown of miR-221/222 significantly decreased or increased Reck gene expression, respectively (Figures 5B,C), suggesting that Reck is a potential target gene of miR-221/222 in lung cancer cells. In order to verify whether Reck is a direct target of miR-221/222, luciferase reporter constructs carrying either wide type (WT) or miR-221/222-binding sites-mutated (MU) 3′UTR of Reck were co-transfected with miR-221/222 mimics into 293T cells (Figures 5D,E), and the results we obtained from this experiment strongly supported that the inhibition of Reck 3′UTR by miR-221/222, relying on their sequence complementary binding (Figure 5E).
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FIGURE 5. Reck gene mediated the miR-221/222-induced Notch1 signaling activation in NSCLC. (A) 2,313 predicted target genes of miR-221/222, 5,346 stem cell-related genes and 87 NSCLC-regulating genes overlapped 3 genes including Ect2, Braf and Reck. (B) Quantitative real-time PCR analysis validated downregulation of Reck by overexpression of miR-221/222 in A549 cells. (C) Upregulation of Reck was shown after knockdown of miR-221/222 in A549 cells. (D) Wild type (WT) or point mutated (MU) Reck 3′UTR were cloned into pGL-3 Luciferase reporter vector. The miR-221/222 binding site was mutated in MU. (E) Luciferase reporter assays indicating the direct inhibition of Reck WT 3′UTR by miR-221/222, which was attenuated by the binding-site mutation. (F) Western blot analyses indicating the activation of Notch1 signaling by miR-221/222 overexpression in A549 cells, including increased level of Notch1 intracellular domain (NICD) and decreased level of uncleaved Notch1, which were associated with downregulation of Reck. Consistent results were obtained in A549 cells after knockdown of miR-221/222. (G) Western blot analyses indicating the increase of NICD by knockdown of Reck. But miR-221/222 did not show regulation on the level of NICD in the si-Reck-treated A549 cells. (H) Schematic representation of the mechanism through which miR-221/222 promoted CSCs properties in NSCLC by suppressing Reck and activating Notch1 signaling. Data are presented as mean ± SEM (N = 3), *p < 0.05, **p < 0.01, ns means non significant.


The protein encoded by Reck is an extracellular protein with protease inhibitor-like domains with downregulation in many tumors and cells transformed by various kinds of oncogenes, functioning as a tumor suppressor. In view of cell stemness regulation by Reck by suppressing Notch1 shedding and activation in gastric cancer (Hong et al., 2014), we tested the expression changes of Reck and Notch1 in A549 cells with or without overexpression of miR-221/222. As shown in Figure 5F, both miR-221 and miR-222 reduced the protein levels of Reck and Notch1, but increased the expression level of Notch1 intracellular domain (NICD). Consistent results were obtained in A549 cells after knockdown of miR-221/222 (Figure 5F). NICD is the activated form of Notch1 after cleavage. It has been demonstrated that NICD functions as a transcriptional factor to induce cell stemness (Hong et al., 2014; Lee et al., 2016). Since Reck negatively regulates the Notch1 cleavage, and thereby suppresses the CSC properties (Hong et al., 2014), siRNA targeting Reck (si-Reck) was applied to A549 cells to test its effect on the Notch1 signaling. Significant increase of NICD was observed when Reck was knocked down by siRNA (Figure 5G). Furthermore, in the si-Reck-treated A549 cells, overexpression of miR-221/222 did not show more induction of the Notch1 activation (Figure 5G). These data suggest the requirement of Reck expression for the miR-221/222-induced Notch1 signaling activation and cell stemness promotion in NSCLC (Figure 5H).



DISCUSSION

Emerging evidences indicate that many genetic and epigenetic changes underlying the aggressive and destructive behavior of cancer cells are orchestrated by a small population of cancer cells called CSCs within tumor tissues (Easwaran et al., 2014). However, the understanding of the identification, biomarkers, and cellular properties of CSCs are limited and variable upon tumor types. Herein, we identified the miR-221/222 cluster with upregulation in CD133+ CSCs as an essential positive regulator promoting the stemness of NSCLC cells, which are closely associated with tumorigenesis and tumor growth in NSCLC. Further, we demonstrated that a Reck-Notch1 signaling mediates the miR-221/222-induced increase of CSC properties in NSCLC.

It has been reported that Reck gene inhibits cell migration, invasion and angiogenesis by negatively regulating matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinase 10 (ADAM10) (Hong et al., 2014). In gastric cancer, ectopic expression of Reck gene suppressed the expression of stemness genes and the sphere formation and sphere size of CD133+ CSCs (Hong et al., 2014). In the current study, we are the first to demonstrate that Reck gene, a direct target of miR-221/222, is an important mediator for the miR-221/222-induced CSC properties, and verify the involvement of Reck gene in the epigenetic regulation of CSCs. Our previous work has demonstrated the oncogenic function of miR-221/222 in regulating the cellular migration, invasion, CSCs and drug-resistance in triple negative breast cancer (Li et al., 2014, 2020). However, the regulatory function and mechanism of miR-221/222 in lung CSCs remain unclear. Garofalo et al. reported in 2009 that the overexpression of miR-221/222 in aggressive NSCLC cells induced TRAIL resistance and enhanced cellular migration by targeting Pten and Timp3 (Garofalo et al., 2009). Besides this, there is no other report regarding the effect of miR-221/222 on NSCLC cells, especially CSCs.

In this study, in order to explore the fundamental mechanism(s) by which how miR-221/222 influences CSCs properties in NSCLC, we decided to look at Notch1 signaling since Reck functions as a tumor suppressor by suppressing Notch1 shedding and activation (Hong et al., 2014). Notch1 signaling has been shown to be critical for cell proliferation, cell fate specification and CSC self-renewal (Chiba, 2006; Venkatesh et al., 2018). It is also reported that a cleaved form of Notch1, NICD promoted the self-renewal capacity of CSCs in head and neck squamous cell carcinoma by activating sphere formation and increasing the expression of stem cell markers (Lee et al., 2016). Here in our study, we found that miR-221/222 downregulates Reck but increases the NICD level, suggesting that miR-221/222 enhances stemness of NSCLC cells mostly through activating Notch 1 signaling. However, how miR-221/222-Reck signaling promotes the cleavage of Notch1 into NICD needs to be further investigated. CSCs are one of the sources for cancer initiation, development and metastasis. Emerging evidences show that targeting Notch signaling pathway of CSCs represents a promising therapeutic strategy to treat cancer (Zhao et al., 2016; Venkatesh et al., 2018). Our in vivo study clearly showed that overexpression of miR-221/222 significantly enhanced tumor growth, providing an evidence to target miR-221/222 as an upstream regulator of Notch1 signaling in regulating CSCs and achieving potential therapeutic effects on NSCLC.

Many transcriptional factors and signaling pathways are involved in regulation of cancer cell dormancy and cancer stem cells (Talukdar et al., 2019). For example, upregulation of Forkhead box M1 (FOXM1) in cancer stem cells is associated with poor prognosis in a variety of tumor types (Zhang et al., 2017). In breast cancer, FOXM1 was found to promote the activity of YAP1 and maintain the cancer cell stemness (Sun et al., 2020). The crosstalk between YAP/TAZ and Notch signaling influences cell self-renewal, stem cell differentiation, cell fate decisions, epithelial-stromal interactions, inflammation, morphogenesis, and large-scale gene oscillations (Totaro et al., 2018). Overexpression of miR-222 has been reported to induce activation of YAP-TEAD1 signaling and promote cell proliferation and invasion in gastric cancer cells (Li et al., 2015). Although a miR-221/222 binding site was predicted in the 3′-UTR of YAP1, it remains unknown whether miR-221/222 regulate YAP1 expression in NSCLC. Nevertheless, the finding in the current study of the mir-221/222-RECK-Notch signaling adds a node to the regulatory network of CSCs in NSCLC.

Epidermal growth factor receptor (EGFR) mutation can lead to pathogenesis in NSCLC (Hsu et al., 2018). EGFR inhibitors including gefitinib and erlotinib have been applied for the first-line treatment of EGFR-mutant NSCLC (Yang et al., 2017). Targeted inhibition of miR-221/222 has been demonstrated to induce cancer cell sensitivity to TRAIL, gefitinib and erlotinib (Garofalo et al., 2009, 2011; Jang et al., 2016). In view of the close correlation between CSCs and chemoresistance, the findings in our study may provide a clue to interpret the miR-221/222-induced chemoresistance in NSCLC.

In summary, our findings indicate that miR-221/222 functions as a novel critical regulator of CSCs in NSCLC through suppressing Reck and activating Notch1 signaling. The miR-221/222-Reck-Notch1 axis not only represents a vital epigenetic mechanism in regulating CSC self-renewal and maintenance, but also provides potential targets for inhibition of CSCs in treatment of SCLC.
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Given the self-renewal, multi-differentiation, immunoregulatory, and tissue maintenance properties, mesenchymal stem cells (MSCs) are promising candidates for stem cell-based therapies. Breakthroughs have been made in uncovering MSCs as key contributors to homeostasis and the regenerative repair of tissues and organs derived from three germ layers. MSC differentiation into specialized cell types is sophisticatedly regulated, and accumulating evidence suggests long non-coding RNAs (lncRNAs) as the master regulators of various biological processes including the maintenance of homeostasis and multi-differentiation functions through epigenetic, transcriptional, and post-translational mechanisms. LncRNAs are ubiquitous and generally referred to as non-coding transcripts longer than 200 bp. Most lncRNAs are evolutionary conserved and species-specific; however, the weak conservation of their sequences across species does not affect their diverse biological functions. Although numerous lncRNAs have been annotated and studied, they are nevertheless only the tip of the iceberg; the rest remain to be discovered. In this review, we characterize MSC functions in homeostasis and highlight recent advances on the functions and mechanisms of lncRNAs in regulating MSC homeostasis and differentiation. We also discuss the current challenges and perspectives for understanding the roles of lncRNAs in MSC functions in homeostasis, which could help develop promising targets for MSC-based therapies.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are heterogeneous, multipotent adult stem cells that originate in the mesoderm and that have been isolated from diverse tissues such as adipose tissue, bone marrow, and umbilical cord. Due to their self-renewal, multilineage differentiation potential, extensive immunomodulatory effects, and tissue maintenance properties, MSCs have emerged as attractive tools for cell-based therapies and have been involved as treatment options for hematological diseases, autoimmune diseases, and peripheral nerve injuries (Chen et al., 2019; Yousefi et al., 2019; Zoehler et al., 2020). Currently, there have been breakthroughs in uncovering MSCs as key contributors to homeostasis and the regenerative repair of tissues and organs derived from three germ layers (mesoderm, ectoderm, and endoderm) (Sui et al., 2020). Notably, the MSCs present in different embryonic development stages, including postembryonic and postnatal tissues, constitute a population of sub-totipotent stem cells or progenitors, which were recently defined as MSC systems, have been confirmed to have molecular heterogeneity at single-cell transcriptomic level. MSCs maintain tissue homeostasis in three main ways. First, the MSCs residing in the major tissues, including adipose, bone, cartilage, muscles, divide and differentiate into targeted cell types to support the expansion, regeneration, and homeostasis of these tissues (Hilgendorf et al., 2019). Second, MSCs residing in tissue perivascular niches interact closely with their surroundings, which harbor varied cell types and soluble factors that further influence MSC behavior (Crisan et al., 2008; Sui et al., 2020). Third, MSCs themselves also secrete abundant types of biofactors and extracellular vesicles (EVs) to potentially affect their surroundings, including supporting hematopoiesis and modulating immune responses (Wang et al., 2014; Kfoury and Scadden, 2015; Sui et al., 2020). These functional capabilities contribute to MSC modulation in tissue homeostasis. However, the regulation of MSC function in these processes is immensely complex and tightly controlled and warrants extensive studies.

Long non-coding RNAs (lncRNAs) are transcripts with an average length of >200 nucleotides, lack protein-coding potential, and were previously considered transcriptional noise (Djebali et al., 2012). Most lncRNAs are evolutionarily conserved and species-specific, albeit less conserved across species, and they have diverse biological functions (Jin et al., 2011). According to genome-wide association studies (GWAS), non-coding intervals cover over one-third of the phenotype-associated locations. Nevertheless, lncRNAs largely remain to be identified, and their association and their functions require intensive studies (Jin et al., 2011). With the development of high-throughput sequencing, microarrays, and bioinformatics, an increasing number of lncRNAs has been identified, and increasing evidence has confirmed their roles as master regulators of various biological processes, including the maintenance of MSC homeostasis and multi-differentiation functions through diverse mechanisms at the epigenetic, transcriptional, and translational level.

In this review, we provide an overview of the MSC characteristics and their contributions to tissue homeostasis, and highlight the role of lncRNAs in modulating MSC homeostasis and differentiation. We also discuss the challenges and perspectives underlying lncRNA usage in preclinical research and clinical application. We aim to elucidate the underlying mechanisms involved in this process, which could help provide promising targets for MSC-based therapies.



MSCS CONTRIBUTE TO TISSUE HOMEOSTASIS

Mesenchymal stem cells were first identified from bone marrow by Friedenstein et al. (1976) in the 1950s; thereafter, scientists revealed that they are present in almost all connective tissues, and can also reside in fetal or adult somatic tissues, including the amniotic membrane (Parolini et al., 2008), umbilical cord (Romanov et al., 2003), adipose tissue (Zuk et al., 2002), skin (Orciani and Di Primio, 2013), peripheral blood (He et al., 2007), dental pulp (Huang et al., 2009), fetal liver (Zhang et al., 2005), and synovial membrane (De Bari et al., 2001). The source tissue from which MSCs are derived determines their differentiation potential (Xu et al., 2017). Bone marrow-derived MSCs (BMSCs) and adipose-derived MSCs (ADSCs) share similar morphological features and cell surface markers; however, many studies have indicated that significant biological differences exist, including differentiation potential. For example, BMSCs exhibit higher osteogenic but lower adipogenic differentiation capacity compared to ADSCs (Xu et al., 2017). ADSCs produce more neurosphere-derived neuron-like cells compared to BMSCs; therefore, ADSCs are a more suitable source for cell transplantation for treating spinal cord injury (Chung et al., 2013). Therefore, clarifying the intrinsic biological characteristic of MSCs derived from different sources and choosing the appropriate MSCs are important for their clinical application. To create a standard criterion for univocally defining the identity of MSCs used for scientific research and preclinical studies, the International Society for Cellular Therapy established the minimum criteria required for defining MSCs (Dominici et al., 2006; Wang et al., 2019): (1) MSCs must be fibroblast-like plastic-adherent cells when maintained in standard culture conditions; (2) ≥ 95% of the MSC population must express CD105, CD73, and CD90, and lack (≤2% positive) CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-class II expression; (3) MSCs must have the capacity to differentiate into adipocytes, osteoblasts, and chondroblasts in vitro. Later studies have indicated that besides the capacity to differentiate into mesenchymal lineages, MSCs also have the potential to trans-differentiate into the unrelated germline ectodermal (neurocytes) and endodermal lineages (hepatocytes).

Recently, a new concept of MSC system was proposed by Wang et al. (2019), which was regarded as all MSCs derived from different stages of embryonic development, from postembryonic sub-totipotent stem cells to progenitors (Zhao, 2013). The MSC system well defined the important self-renewal and differentiation, immunomodulatory, and tissue homeostasis properties of MSCs, which provides a more comprehensive view of MSCs and better explains the heterogeneity of MSCs in differentiation potential and immunomodulatory functions. MSCs that reside in tissues such as bone marrow, adipose, cartilage, and muscle primarily form unique niches with a quiescent state. When exposed to stimulus such as injury, inflammation, and medicine, MSCs enter an active state to divide and differentiate into specialized cell types to support the expansion and homeostasis of these tissues (Méndez-Ferrer et al., 2010; Hilgendorf et al., 2019; Hu et al., 2020). Besides, MSCs interact closely with their surroundings by secreting variable biofactors and EVs to support hematopoiesis and modulate immune responses; the surrounding niches in which MSCs reside also influence their behavior (Crisan et al., 2008; Zhao et al., 2014). For example, during wound healing, skin residential ADSCs divide and migrate to injured sites and differentiate into skin cells such as dermal fibroblasts (DFs) to replace and regenerate damaged cells. On the other hand, ADSCs activate wound healing via the autocrine and paracrine pathways. Together with other skin cells such as DFs, ADSCs secrete factors to form the extracellular matrix and interact with each other to promote wound healing, maintain skin structure, and modulate skin homeostasis (Mazini et al., 2020). Another example is BMSCs, which express nestin, in the perivascular stroma, can self-renew and differentiate into osteochondral lineages that form a unique niche in the bone marrow to maintain hematopoietic stem cell (HSC) homeostasis, such as modulating HSC proliferation, differentiation, and recruitment (Méndez-Ferrer et al., 2010). In the endosteal niche, these BMSCs, together with osteoblasts, maintain HSCs in a quiescent state. When subjected to injury, MSCs expressing LepR and Gli1 divide and contribute to bone repair and regeneration (Zhou et al., 2014; Shi et al., 2017). In lethally irradiated mice, the injection of MSCs deficient in nestin expression notably reduced HSC homing to the bone marrow (Méndez-Ferrer et al., 2010). BMSC dysfunction, including aberrant proliferation and differentiation, is the crucial pathogenesis of bone degeneration and hematopoiesis suppression. Moreover, MSCs are indispensable in maintaining the homeostasis of other tissues, including intestinal (Stzepourginski et al., 2017) and skeletal muscle (Wosczyna et al., 2019).

So far, there have been breakthroughs in understanding the biological characteristics and potential therapeutic values of MSCs. In general, MSCs have multi-directional differentiation potential, can secrete bioactive molecules to migrate and home to injured or inflamed sites, and have powerful immunomodulating ability, thereby making them important contributors in tissue repair and homeostasis maintenance (Figure 1) (Vizoso et al., 2019; Wang et al., 2019; Bulati et al., 2020).


[image: image]

FIGURE 1. Implications of MSCs in homeostasis. MSCs can be isolated from a variety of tissues, including the amniotic membrane, umbilical cord, placenta, adipose tissue, skin, peripheral blood, dental pulp, and fetal liver. All MSCs derived from different stages of embryonic development, from postembryonic sub-totipotent stem cells to progenitors, are defined as MSC systems. During in vitro culture, MSCs must: (1) be fibroblast-like and plastic-adherent; (2) express CD105, CD73, and CD90, and lack CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA class II expression; (3) differentiate into adipocytes, osteoblasts, and chondroblasts. MSCs have trilineage differentiation potential, can secrete bioactive molecules and EVs (microvesicles and exosomes) to help tissue repair and maintain homeostasis. MSC dysfunction leads to disease-related MSC alterations that induce homeostasis disorder systemic disease.



MSCs and Their Multilineage Differentiation Potential in Tissue Repair and Homeostasis

Mesenchymal stem cells maintain tissue homeostasis based on their differentiation potential by serving as a source of renewable progenitor cells to repair injured tissues and replace cells in routine cellular turnover throughout adult life (Spees et al., 2016; Chen et al., 2017). MSCs are adult stem cells that present in many tissues and can differentiate into multiple mesenchymal lineage cell types such as adipocytes, osteoblasts, chondrocytes, and myoblasts under specific culture conditions (Boeuf and Richter, 2010; Scott et al., 2011; Westhrin et al., 2015; Chen et al., 2018). Besides, when exposed to certain extracellular cues, MSCs can also give rise to cross-lineage cell types like endodermal-hepatocyte and ectodermal-neurons, which is also known as trans-differentiate potential (Song and Tuan, 2004).

During bone tissue fracture, MSCs are recruited to the injury site and differentiate into osteoblasts to aid the repair and reconstitution of injured bone tissue (Freitas et al., 2019; Moura et al., 2020). MSCs can differentiate into cardiac cells under specific conditions in vitro; genetically manipulated MSCs with Akt1 and Wnt11 overexpression exhibit enhanced cardiac differentiation as verified by the elevated cardiac markers Nkx2.5, GATA4, α-MHC, and BNP, indicating that the transplantation of genetically engineered MSCs is a promising strategy for treating acute myocardial infarction (Chen et al., 2018). Moreover, MSCs also have the potential to trans-differentiate into endoderm and ectoderm cells to help repair specific tissues and organs. MSCs induced by chemically defined media containing specific cytokines and growth factors in vitro can trans-differentiate into hepatocyte-like cells with the functional properties of albumin synthesis and secretion, cytochrome P450 enzyme activity, glycogen storage, urea biosynthesis, and the expression of hepatocyte-specific genes (He et al., 2013; Fu et al., 2016; Maymó et al., 2018; Furuya et al., 2019), and can reconstitute liver function in vivo in experimental hepatic injury murine models (Xu et al., 2014; Fu et al., 2016). MSCs also have the capacity to produce pancreas-like cells under stepwise induction by cytokine cocktails (Yu et al., 2015; Mehrfarjam et al., 2016), via pancreatic extract or coculture with pancreatic adult stem cells (Lee et al., 2008; Hefei et al., 2015). MSC-derived insulin-producing cells express pancreatic β cell-related genes, respond to glucose challenge in vitro, and have the potential to improve glucose tolerance in diabetic 90% pancreatectomy rats in vivo (Yu et al., 2015). Further, MSCs can tans-differentiate into endothelial cells with the endothelial phenotype and express endothelial nitric oxide synthase, which contributed to improving endothelial function in a vascular injury rat model (Jiang et al., 2006; Yue et al., 2008).

Although the multi-differentiation capacity of MSCs ensures their tissue repair and regeneration function, the increasing application of MSCs clinically has reported that only a small amount of MSCs undergo subsequent differentiation into the targeted cell type after transplantation while still receiving functional improvement (Ferrand et al., 2011; Lai et al., 2015; Vizoso et al., 2019). Other mechanisms may confer MSCs efficacy in damaged tissues and the maintenance of tissue homeostasis.



The MSC Secretome in Tissue Homeostasis

Increasing evidence supports the idea that intravenously injected MSCs can home specifically to sites of ischemia, damage, or inflammation, while not requiring induction into a specific functional cell type in advance (Price et al., 2006; Ye and Zhang, 2017; Ben Menachem-Zidon et al., 2019). Yet, other studies have shown poor survival and transient retainment of transplanted MSCs within the host tissue (Yeo et al., 2013; Miao et al., 2017), indicating that MSCs may not exert their therapeutic effects directly; rather, it occurs through the secretion of bioactive factors to provide a conducive microenvironment to facilitate the repair and regeneration of injured tissues.

Mesenchymal stem cells with the potential for synthesizing and secreting a variety of bioactive factors (e.g., cytokines and chemokines), and to affect nearby cells were first described by Haynesworth et al. (1996). In 2009, Bruno et al. (2009) reported that a new form of MSC secretion, termed microvesicles (80 nm to 1 μm), was protective against acute tubular injury. The next year, Lai et al. (2010) demonstrated a specific class of extracellular vesicles (EVs) with a diameter of 40–100 nm, defined as exosomes. The multiple bioactive factors, together with the EVs (e.g., exosomes and microvesicles), are generally referred to as MSC secretome. Subsequent studies reported that the MSC secretome has important effects in promoting angiogenesis, modulating immunity, and hematopoietic support (Lai et al., 2015; Konala et al., 2016). The composition of the soluble factors of MSCs derived from different tissues may vary, but they often secrete cytokines (e.g., CCL2, CCL5, bFGF, IL-6, TGF-β, and VEGF), contributing to tissue development, cell differentiation, and tumor growth and metastasis (Wang et al., 2019). Some factors (e.g., IL-6, IL-10, PGE2, HGF, nitric oxide, and human HLA-G) account for the immunomodulatory functions of MSCs (Wang et al., 2019). MSCs can also secrete neurotrophic factors, such as brain- and glial-derived neurotrophic factors (e.g., nerve growth factor), making them attractive cellular sources for brain disorders (Lopatina et al., 2019). Moreover, MSC-derived EVs also exhibit tissue repair and immunomodulation functions. Our group demonstrated that MSC-derived exosomes can promote the angiogenesis of human brain microvascular endothelial cells and contribute to alleviating Parkinson disease (PD) in a mouse model (Xue et al., 2021). Further, MSC exosomes inhibited inflammatory responses and reactive astrogliosis in vitro and in vivo, and repaired learning and memory impairments induced by status epilepticus in a mouse model (Xian et al., 2019). In an allogeneic hematopoietic stem cell transplantation animal model, EVs derived from human umbilical cord-derived MSCs prevented acute graft-versus-host disease (GVHD) (Wang et al., 2016).



OVERVIEW OF LncRNAs

Accumulating evidence supports the role of lncRNAs as master regulators of various biological processes, including the maintenance of MSC homeostasis and multi-differentiation functions through diverse mechanisms. The recent development of genome technology opened the door to understanding their functional importance. Conventionally, lncRNAs are transcribed by RNA polymerase II, containing multi-exons, processed by alternative splicing, 3′ polyadenylated and 5′ capped, and present transcriptional activation activity like that of mRNAs (Djebali et al., 2012; Ma et al., 2013; Lagarde et al., 2017). Although lncRNAs are distributed widely across species, they are poorly conserved and exhibit low expression levels, making them species-specific features and easily regarded as transcriptional noise (Ma et al., 2013). Moreover, lncRNAs exhibit a spatiotemporal and cell-, tissue-, and development-specific expression pattern (Shi et al., 2020), and their subcellular location in the nucleus or the cytoplasm determines their functions and working mechanisms (Chen, 2016). Nuclear lncRNAs are usually involved in transcriptional regulation, including interaction with chromatin regulation and RNA processing. Cytoplasmic lncRNAs tend to affect translation, such as modulating mRNA stability and cellular signaling cascades (Schmitt and Chang, 2016).

Based on the genome location of protein-coding genes, lncRNAs can be classified into five groups: intergenic, intronic, sense, antisense, and bidirectional (Ma et al., 2013; Jarroux et al., 2017; Fernandes et al., 2019), which are described in Figure 2A. This classification is widely used by the GENCODE/Ensemble database in the annotation of transcript biotypes, as well as newly assembled lncRNA transcripts identified by laboratories. Initially, lncRNA transcripts can be classified as either intergenic or intragenic; the intragenic lncRNAs overlap with coding genes and are further classified into antisense, bidirectional, intronic, and overlapping sense lncRNAs. Additionally, lncRNAs commonly perform their gene expression regulatory functions by acting as signals, decoys, guides, and scaffolds through main mechanisms by interacting with DNA, protein, and RNA (Wang and Chang, 2011; Schmitt and Chang, 2016), as illustrated in Figures 2B,C. However, the mechanisms underlying lncRNA regulation of gene expression and biological processes are complex and not simply confined to one archetype as we have summarized, and await more extensive discoveries.
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FIGURE 2. Classification and mechanism of lncRNAs. (A) Classification of lncRNAs according to the protein-coding genes as intergenic, intronic, sense, antisense, and bidirectional. (B) LncRNAs acting as guides, scaffolds, decoys, and signals to perform their functions with DNAs and proteins. (C) LncRNAs interact with RNAs to regulate RNA stability, and translation, and sponge miRNAs.


Accumulating studies have implicated lncRNAs as vital regulators of variable bioprocesses, including genomic imprinting, chromosome modification, transcriptional interference, cell cycle, proliferation, immunobiology, and differentiation (Bartolomei et al., 1991; Quinn and Chang, 2016; Yang et al., 2018). In terms of the important biological functions of lncRNAs, dysregulation such as overexpression, deficiency, or mutation is suspected in the occurrence and progression of many diseases, including autoimmune disease, cardiovascular disease, and cancer (Batista and Chang, 2013; Beermann et al., 2016; Atianand et al., 2017). Moreover, emerging evidence has confirmed the contribution of lncRNAs in MSC differentiation, homeostasis, and related diseases (Tye et al., 2015); clarifying the roles and innate mechanisms of MSC-related lncRNAs in homeostasis will help provide promising targets for MSC-based therapies.



MSC-ASSOCIATED LncRNAs IN DIFFERENTIATION AND HOMEOSTASIS

Mesenchymal stem cell differentiation is intricately regulated by multiple factors, including transcriptional factors (Runx2, PPARγ, MyoD, and GATA6), growth factors (VEGF, HGF, and EGF), and epigenetic factors such as DNA methylation, histone modification, RNA modification, and non-coding RNAs (miRNAs and lncRNAs) (Almalki and Agrawal, 2016; Sui et al., 2020). Recent studies have shown that lncRNAs are relatively new differentiation regulators that exert their functions through variable mechanisms, and await extensive studies. Herein, we mainly focus on the MSC-associated lncRNAs in differentiation and homeostasis.


LncRNAs in MSC-Derived Multilineage Differentiation

Long non-coding RNAs involved in MSC-derived lineage (adipocytes, osteoblasts and chondrocytes) differentiation have been extensively studied while remaining relatively less well studied in other directions such as endoderm and ectoderm lineage commitment and differentiation. Herein, we provide an overview of the essential lncRNAs involved in MSC lineage commitment (Figure 3 and Table 1) and elaborate on the representative lncRNAs below.
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FIGURE 3. Representative MSC differentiation- and exosome-associated lncRNAs. Endoderm: ANCR (DANCR), (differentiation) antagonizing non-protein coding RNA; MALAT1, metastasis-associated lung adenocarcinoma transcript 1. Ectoderm: H19. Mesoderm-cardiac: Braveheart. Mesoderm-adipogenic: PGC1β-OT1, peroxisome proliferator-activated receptor γ coactivator-1β-OT1; lnc13728; H19; MEG3, maternally expressed 3. Mesoderm-osteogenic: H19; MEG3; MALAT1; DANCR; PGC1β-OT1. Mesoderm-chondrogenic: DANCR. Mesoderm-endothelial: MEG3; MIAT, myocardial infarction-associated transcript; HULC, highly upregulated in liver cancer. Exosomal lncRNAs: HIF3A-AS1, HIF3A antisense 1; MALAT1; UCA1, urothelial carcinoma-associated 1; NEAT1, nuclear paraspeckle assembly transcript 1; H19; KLF3-AS1, KLF3 antisense 1.



TABLE 1. MSCs-associated lncRNAs in multi-lineage differentiation.

[image: Table 1]

LncRNAs in Mesodermal Lineage Differentiation

Mesenchymal stem cells tend to differentiate toward osteogenic, adipogenic, and chondrogenic lineages. Osteogenic and adipogenic MSC differentiation is a theoretically opposite process, during which the signaling pathways or transcription factors induced in adipogenesis occur at the cost of osteogenesis, and vice versa (Yuan et al., 2016). For example, peroxisome proliferator-activated receptor γ (PPARγ), a master regulator of MSC adipogenesis, and inhibits osteogenic differentiation. Bone morphogenetic protein (BMP) and Wnt, crucial inducers of MSC osteogenic differentiation, may hinder MSC adipogenic commitment by inactivating PPARγ. Many lncRNAs such as H19 and MEG3 act in the same manner. H19 is a paternally imprinted gene (Zhang and Tycko, 1992) that has been recently uncovered as an inhibitor during BMSC adipogenic differentiation through the epigenetic modulation of histone deacetylases (HDACs) (Huang et al., 2016). H19 also has the potential to promote MSC osteogenic differentiation by acting as a competing endogenous RNA (ceRNA) through sponging and inhibiting the expression of miR-22 and miR-141 (Liang et al., 2016). Similarly, H19 promotes tension-induced osteogenesis of BMSCs by sponging miR-138 and activates the downstream FAK pathway (Wu et al., 2018). Therefore, H19 is a key regulator in the multi-direction commitment of MSCs.

MEG3 is also an essential multi-functional regulator during MSC differentiation. During osteogenic differentiation, MSCs from patients with multiple myeloma (MM) had lower MEG3 expression compared to that from normal donors (Zhuang et al., 2015). MEG3 performs its function at multiple levels. At the transcriptional level, it may act as a decoy to dissociate SOX2 binding at the BMP4 promoter, repressing BMP4 expression, thereby transcriptionally activating BMP4 promotion of MSC osteogenic differentiation (Zhuang et al., 2015). MEG3 can also act as histone methylation mediators by binding to the enhancer of zeste homolog 2 (EZH2), which can inhibit the expression of Wnt pathway genes by inducing H3K27 trimethylation to inhibit the osteogenic differentiation of human dental follicle stem cells (hDFSCs) (Deng et al., 2018). At the post-transcriptional level, MEG3 may act as a ceRNA to regulate osteogenic gene expression, and its expression level is increased in postmenopausal osteoporosis (PMOP) patients as compared to that in healthy donors (Wang et al., 2017). During the osteogenic differentiation of BMSCs from PMOP, MEG3 may target miR-133a-3p to inhibit this process (Wang et al., 2017). In addition, MEG3 may control the balance between MSC adipogenic and osteogenic differentiation; its downregulation promotes adipogenic differentiation while inhibiting the osteogenic differentiation of human ADSCs via miR-140-5p (Li et al., 2017). Moreover, MEG3 is an inhibitor of the development of many bone disorders, such as bone tumors, osteoarthritis (OA), osteoporosis, RA, and ankylosing spondylitis (AS). These findings indicate that MEG3 may act as a novel target for diagnosing or treating such bone diseases (Sun et al., 2020).

DANCR was characterized as a differentiation-antagonizing lncRNA of progenitor cells (Kretz et al., 2012). It functions as a positive regulator of chondrogenesis of human synovium-derived MSCs (through the miR-1305–Smad4 axis) (Zhang et al., 2017) while acting as an inhibitor of periodontal ligament stem cell osteogenesis (Wang et al., 2020). Another study revealed that DANCR inhibited the osteogenic differentiation of human BMSCs through the p38–MAPK pathway (Zhang et al., 2018). The lncRNA MALAT1 is another well-known abundant and conserved imprinted gene that acts as a master regulator of osteogenic differentiation via the mechanism of sponging miRNAs such as miR-143 (Gao et al., 2018) and miR-34c (Yang et al., 2019). Another newly identified lncRNA, PGC1β-OT1, reciprocally modulates MSC adipogenic and osteogenic commitment by sponging miR-148a-3p and enhancing the effect of KDM6B (Yuan et al., 2019); the lncRNA ROA inhibits MSC adipogenic differentiation by destroying hnRNPA1 binding to the PTX3 promoter, thereby transcriptionally downregulating PTX3 and the ERK pathway (Pan et al., 2020). Moreover, our lab discovered that lncRNA13728 promoted ADSC adipogenic differentiation by upregulating ZBED3 and inhibiting the WNT–β-catenin pathway (Xu et al., 2021).

The disruption of the balance between MSC osteogenesis and adipogenesis leads to disorders such as osteoporosis (Hoshiba et al., 2012). Notably, lncRNAs such as MEG3 and PGC1β-OT1 reciprocally modulate MSC commitment to adipogenic and osteogenic cells; therefore, understanding the roles and underlying mechanisms of these lncRNAs may provide insights into improving the therapeutic method and effect of MSCs in diseases such as osteosarcoma, obesity, and OA.

In addition, MSCs can differentiate into mesoderm endotheliocytes and myocytes. The dysfunction of endothelial cell and myocyte generation leads to defects in angiogenesis and related cardiovascular disease. MEG3 inhibits BMSC endothelial differentiation by accelerating FOXM1 protein degradation via ubiquitination and decreasing VEGF expression (Sun et al., 2018). Moreover, the lncRNA MIAT, identified as a key contributor to development and disease, acts as a ceRNA of miR-200a and thereby targets VEGF to promote MSC endothelial differentiation (Wang et al., 2018). For MSC myogenesis, a recent study revealed that the lncRNA HULC promotes ADSC epithelial and smooth muscle-like cell differentiation by targeting BMP9, activating the Wnt–β-catenin pathway while inhibiting the Notch pathway (Li Y. et al., 2018). Another report showed the lncRNA Braveheart efficiently facilitates MSC cardiogenic differentiation by upregulating cardiac-specific transcription factors and epithelial-mesenchymal transition (EMT)-associated genes (Hou et al., 2017). Although MSCs have the potential to differentiate into all kinds of myocytes, functional lncRNAs in other types of myocyte commitment remain to be discovered.



LncRNAs in MSC Endodermal- and Ectodermal- Lineage Trans-Differentiation

Mesenchymal stem cells have tri-lineage differentiation potential; despite the mesodermal-lineage cells, MSCs can also trans-differentiate into ectodermal and endodermal lineages. Unlike the well-studied mesoderm lineage-associated lncRNAs described above, studies on the detailed functions of lncRNAs in MSC ectoderm and endoderm commitment are relatively rare (which are summarized in Table 1), and further exploration is warranted.

Generating definitive endoderm (DE) and its lineage hepatocytes is a prerequisite for cell replacement therapy for liver and pancreatic diseases as well as for drug testing and toxicology studies (Li et al., 2019). According to our findings, the lncRNA ANCR (DANCR) is an inhibitor during ADSC trans-differentiation toward DE, and the mechanism linked involves it acting as a scaffold to recruit PTBP1 to ID2 mRNA, enhancing the interaction between them and subsequently stabilizing the ID2 mRNA (Li et al., 2019). This finding reveals another function of ANCR in modulating MSC DE commitment besides regulating chondrogenesis and osteogenesis. MALAT1 also performs a function in MSC trans-differentiation into hepatocyte in addition to adipogenesis and osteogenesis. Tan et al. (2019) successfully induced BMSCs into hepatocytes using HGF in vitro and discovered that MALAT1 coordinated with β-catenin, sponging miR-217, and upregulating ZEB1 to enhance telomerase activity during MSC hepatic trans-differentiation.

Ectoderm lineage neural cells are the foundation of our nervous system; they are relatively difficult to generate in vitro. Generating abundant neural cells will help promote cell-based therapy for treating neurological disorders and nerve injuries. Many studies have demonstrated that MSCs have the potential to trans-differentiate into neural-like cells under specific stimulation, making them a novel therapy for treating nervous system diseases. A study that profiled lncRNAs during BMSC neural cell differentiation found that several lncRNAs were differentially expressed, suggesting their key roles in this process (Wu et al., 2015). A subsequent study confirmed that H19 has a negative effect on BMSC neural-like differentiation through the miR-675–IGFR axis (Farzi-Molan et al., 2018). In the future, the identification of new lncRNAs in MSC neurogenesis and studies of the extensive mechanisms involved, as well as in vivo experiments, are needed, which will contribute to improving MSC-based therapeutic effects in treating neurological disease.

These lncRNAs, i.e., DANCR, MALAT1 MEG3, and H19, represent a subset of lncRNAs that exert various functions through multiple mechanisms in specific cell types under specific stimulations, which subsequently attach MSC unique capabilities to meet the qualifications in vivo and for clinical usage in vitro.



MSC Exosome-Derived LncRNAs and Their Implications in Clinical Usage

Increasing evidence suggests that the efficacy of MSC therapies is largely attributed to their paracrine secretion function, especially the exosomes (Dong et al., 2019). MSC-derived exosomes can shuttle a variety of bioactive molecules such as proteins, lipids, miRNA, lncRNAs, circular RNAs (circRNAs), and DNA to influence various bioprocesses, including development, immunity, and tissue homeostasis (Dong et al., 2019; Pegtel and Gould, 2019). Due to the advantages of low tumorigenic potential and low immunogenicity, exosomes are becoming novel, promising cell-free tools for tissue repair and diseases (Pegtel and Gould, 2019). Recently, functional lncRNAs derived from MSC exosomes have drawn increased attention, and some of these lncRNAs have been discovered. For example, the MSC exosomal lncRNA HIF3A-AS1 exhibits increased capacity in chondrocyte proliferation and cartilage repair in OA, which may be achieved through the miR-206–GIT1 axis (Liu et al., 2018a,b). Another study found that the exosomal lncRNA KLF3-AS1 alleviates cardiomyocyte pyroptosis and myocardial infarction through the miR-138-5p–Sirt1 axis (Mao et al., 2019). MALAT1 also resides in MSC exosomes; functional studies have shown that exosomal MALAT1 ameliorates osteoporotic by modulating the miR-34c–SATB2 axis (Yang et al., 2019) and can sponge miR-92a-3p and target ATG4a to fulfill its cardioprotective roles in doxorubicin-induced cardiac senescence and damage (Xia et al., 2020). Other exosomal lncRNAs such as UCA1 (Chen H. et al., 2020) and NEAT1 (Chen H. et al., 2020) also have a cardioprotective function by acting as ceRNAs.

The transfer of exosomes or microvesicles containing RNAs or other molecules between MSCs and the target cell type is one of the mechanisms by which MSCs perform their tissue repair functions (Spees et al., 2016). For example, H19 derived from MSC exosomes was transferred from MSCs to fibroblasts, thereby inhibiting fibroblast apoptosis and inflammation and activating the wound healing process in diabetic foot ulcers (Li et al., 2020). H19 could also be transferred to trophoblast cells via MSC-derived exosomes, enhancing trophoblast cell invasion and migration while inhibiting their apoptosis in preeclampsia (Chen Y. et al., 2020). Conversely, MSCs could also be the target cells during exosomal lncRNA transfer. MSCs derived from patients with MM had abundant exosomal lncRNA RUNX2-AS1; further studies revealed that it could be transferred from MM cells to MSCs and thereby prevent MSC osteogenesis by downregulating RUNX2 (Li B. et al., 2018), which provides a novel pathological mechanism of the bone lesion in patients with MM and could be a potential therapeutic target in the future.

These findings suggest that MSC-derived exosomes overexpressing lncRNAs such as H19 might be a novel direction for developing cell-free therapeutic strategies. Moreover, these exosomal lncRNAs are promising novel targets or biomarkers for treating and diagnosing diseases such as cardiomyopathy. In addition, understanding the tumor–stroma stem cell interactions, molecular transfer, and communication is also critical for developing novel and more effective strategies against cancer and other diseases.



CONCLUDING REMARKS

Mesenchymal stem cells are key contributors in maintaining tissue homeostasis (Figure 1). The regulatory mechanisms underlying MSC functions are complicated, and are intricately regulated by multiple factors, i.e., transcriptional factors, growth factors, and epigenetic factors such as DNA methylation, histone modification, RNA modification, and non-coding RNAs (lncRNAs, miRNAs, and circRNAs). Recently, lncRNAs have emerged as prominent modulators of MSC fate commitment and functional homeostasis (Table 1) through variable mechanisms (Figure 2). Understanding the roles of lncRNAs in MSC functions in homeostasis will aid the development of promising targets for MSC-based therapies. However, issues and challenges remain to be investigated, including the conditions of MSCs used in basic research and clinical application, as well as the complex characteristics and mechanisms underlying lncRNA function.



CHALLENGES

As MSCs play an important role in tissue repair, regeneration, and homeostasis, their dysfunction may cause various systemic diseases. Clinical observation of allogenic MSC treatment of patients with autoimmune diseases, including systemic lupus erythematosus (SLE), diabetes mellitus (DM), rheumatoid arthritis (RA), and multiple sclerosis (MS) (Vizoso et al., 2019) indicates that the transplantation of external MSCs in good condition restores internal homeostasis. Further, MSC dysfunction indicates the onset of many diseases, including metabolic syndrome, DM, and RA, and aging syndromes such as Werner syndrome and Hutchinson–Gilford progeria syndrome (Liu et al., 2011; Zhang et al., 2015). Conversely, the continued inflammatory environment in these diseases may hinder MSC homing to the damage sites and probably result in MSC pool reduction and exhaustion (Shi et al., 2010), which contributes to the deterioration in MSC function and limits their use in autologous therapy.

To date, significant progress has been made in utilizing MSCs in basic preclinical research and clinical studies. However, some challenges should be overcome before the final clinical application (Wang et al., 2019). First, there is an urgent need for standard and consensus production (e.g., sources, medium, and culture conditions) to ensure the safety, reproducibility, and efficiency of MSCs administered to patients, which is also required in basic research. Second, MSCs derived from different tissues may have varying characteristics and functions; therefore, it is important to uncover the genetic background of different MSC sources and understand the specific innate characteristics of MSCs, which would aid the selection of the best seeds for fulfilling the specific clinical usage. Third, there is an urgent need to discover new genes or regulators such as the lncRNAs, as well as outstanding technologies to be developed to genetically modify MSCs and enhance their functions to boost their clinical application. Besides, the signals and mechanisms that modulate MSCs in tissue expansion, repair, and regeneration remain to be clarified, including the program that determines the balance between self-renewal and differentiation, the growth factors or signals that destroy the balance and trigger MSC expansion or differentiation, and how MSCs communicate with their surrounding niches to support a functional environment.

Mesenchymal stem cells maintain tissue homeostasis based on their differentiation potential to produce renewable progenitor cells to repair tissues and to replace cells in routine cellular turnover. MSCs tend to differentiate into mesenchymal lineage cells, while their trans-differentiation into endodermal and ectodermal lineage cells is limited. There are persistent challenges to fully understanding the underlying mechanisms in MSC differentiation, including identifying new signal and master transcription factors, and crosstalk between the signaling pathways involved in mediating and promoting MSC lineage differentiation and trans-differentiation rate. Manipulating MSCs with the overexpression of transcriptional factors increases their potential to differentiate into an intended cell type (Chen et al., 2018). However, a long journey remains before these genetically manipulated MSCs enter clinical application for treating diseases, unless safer methods are developed for manipulating MSCs with forced gene expression and to avoid activating the innate tendency of MSCs to differentiate into other unintended cell types.

Numerous lncRNAs participate in MSC lineage commitment, and lncRNAs derived from MSC exosomes exhibit enhanced tissue-protective and repair function. However, some challenges remain. On one hand, lncRNAs have multiple and varied functions and mechanisms of action, and lncRNAs largely remain unknown. e.g., H19 contributes to adipogenesis and osteogenesis, and resides in MSC exosomes to accelerate wound healing through different mechanisms. Moreover, lncRNAs may have an opposite effect on the same biological process, such as MEG3, which promotes and inhibits MSC osteogenic differentiation. First, the source of MSCs may confer the bidirectional effect on the lncRNA. lncRNAs usually display tissue- and spatiotemporal-specific expression patterns, and their aberrant expression is highly associated with disease and cancer occurrence. Therefore, lncRNAs may be differentially expressed at different stages of development, which confers their variable roles. Second, the MSC culture conditions in vitro may influence their stemness and functions, and the passage of MSCs used also matters. Therefore, as discussed above, there is an urgent need to establish a gold-standard approach for MSC basic research and clinical application. Taken together, extensive functional studies on one particular lncRNA can be performed in the future, and accompanying advanced molecular biotechnologies are being developed to better clarify and identify lncRNA targets and pathways and to screen for unknown lncRNA-interacting proteins. In addition, lncRNAs comprise a large proportion of the genome, and myriad functional lncRNAs remain to be discovered and studied. Moreover, most mechanisms of the existing studies on lncRNAs are focused on the downstream targets and pathways; the upstream stimulators and regulators that modulate lncRNA expression should be discovered. On the other hand, lncRNAs are poorly conserved among different species (Mirza et al., 2014), rendering it difficult or complicated to generate conditional knockout animal models to study the full function of lncRNAs, and complicating the development of lncRNAs as drug targets (Matsui and Corey, 2017). Despite these challenges, MSC-associated lncRNAs are promising targets and biomarkers for treating and diagnosing diseases. Nevertheless, opportunities coexist with challenges. There are emerging studies on lncRNA-based or -targeted drugs are emerging (Matsui and Corey, 2017), making them attractive therapeutic interventions in the future.



PERSPECTIVES

Mesenchymal stem cell exosome-derived lncRNAs such as H19 shuttle between MSCs and fibroblasts to perform their function in facilitating wound healing in diabetic foot ulcers (Li et al., 2020), which indicates that MSC-derived exosomes with lncRNA overexpression might be a novel direction for developing cell-free therapeutic strategies and will improve MSC efficacy. With continued research in the future, genetically modified MSCs with improved tissue repair and regeneration functions will be achieved soon.

Over the last decade, non-coding RNAs (e.g., miRNAs and lncRNAs) have emerged as significant new therapeutic targets; many efforts have been dedicated to developing new oligonucleotide-based therapies aimed at promoting or antagonizing them. To date, over 100 antisense oligonucleotide (ASO)-based therapies have been developed and tested in clinical trials. The US Food and Drug Administration (FDA) has approved fomivirsen for treating cytomegalovirus retinitis and mipomersen for treating familial hypercholesterolemia (Adams et al., 2017). Unlike miRNAs, which are small and advantageous for delivering their mimics or inhibitors through synthetically modified oligoribonucleotides, lncRNAs are relatively large and usually are of a structured nature that makes it difficult to design effective mimics or inhibitors (Scacalossi et al., 2019). Although no clinical advances have been made with lncRNAs, they remain striking targets for clinical therapeutic intervention in the future. In addition, lncRNAs are relatively large and therefore more stable, rendering them suitable diagnostic and prognostic biomarkers for cancer. In recent years, it has been confirmed that circulating lncRNAs are valuable for detecting cancer types, as they are quite easily detected by common methods such as qRT-PCR, RNA sequencing (RNA-seq), and microarray in whole blood, plasma, serum, urine, saliva, and gastric juice samples; some circulating lncRNAs have been proven as sensitive biomarkers. More lncRNAs are being identified as diagnostic and prognostic biomarkers for varied diseases, especially for those caused by aberrant MSC dysfunction.
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Autophagy is an intracellular scavenging mechanism induced to eliminate damaged, denatured, or senescent macromolecular substances and organelles in the body. The regulation of autophagy plays essential roles in the processes of cellular homeostasis and senescence. Dysregulated autophagy is a common feature of several human diseases, including cancers and neurodegenerative disorders. The initiation and development of these disorders have been shown to be associated with the maintenance of disease-specific stem cell compartments. In this review, we summarize recent advances in our understanding of the role of autophagy in the maintenance of stemness. Specifically, we focus on the intersection between autophagy and adult stem cells in the initiation and progression of specific diseases. Accordingly, this review highlights the role of autophagy in stemness maintenance from the perspective of disease-associated mechanisms, which may be fundamental to our understanding of the pathogeneses of human diseases and the development of effective therapies.
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INTRODUCTION

Stem cells are a group of self-renewing cells that originate during embryogenesis and persist throughout the lifespan of the organism. These cells can be classified into two main types based on the stage of origin: embryonic stem cells (ESCs) and adult stem cells (Boya et al., 2018). ESCs are characterized by unlimited proliferation and a pluripotent state, whereas adult stem cells generally originate and reside in specific tissues and have a limited differentiation capacity (Boya et al., 2018). Under physiological conditions, stem cells largely remain quiescent and retain their stemness; however, they are able to either proliferate or differentiate to meet regenerative demands and maintain tissue homeostasis. In this way, the balance between the growth and degeneration of tissues and organs can be maintained by the dynamic status of stem cells.

Existing evidence indicates that the fate of adult stem cells is influenced by several factors, including growth factors, the cellular niche, metabolic pathways, calcium homeostasis, and autophagy.

Growth factors are essential signaling molecules that promote the proliferation and differentiation of adult stem cells. These factors interact with cell-cell contacts and cell-matrix adhesions to engineer a microenvironment that regulates the survival and fate of stem cells. For example, in random skin flaps used to treat type 1 diabetes mellitus, the release of vascular endothelial growth factor improves the ability of mesenchymal stem cells (MSCs) to repair ischemia via angiogenesis (Chehelcheraghi et al., 2019). Fibroblast growth factor-2, a mitogen, shortens the cell cycle and improves the proliferation efficiency of neural stem cells (NSCs) (Hicks and Miller, 2019). In contrast, transforming growth factor-β1 (TGF-β1) promotes cell cycle exit and inhibits the proliferation efficiency of NSCs (Hicks and Miller, 2019).

The cellular niche, also known as the microenvironment, is composed of neighboring cells and extracellular matrix and contains a reservoir of stem cells (Vazin and Schaffer, 2010). Notably, mechanical and physical cues from the niche are required for adult stem cells to maintain their potency during tissue development and regeneration (Vining and Mooney, 2017). Accordingly, the niche facilitates the essential functions of adult stem cells in maintaining tissue homeostasis and responding to foreign stimuli.

The mitochondrion is traditionally described as the powerhouse of the cell due to its fundamental role in energy production (Xu et al., 2013). However, in the tissues and organs of an adult organism, pluripotent stem cells preferentially use non-oxidative glycolysis as the major source of energy and display reduced mitochondrial mass and oxidative phosphorylation (Rehman, 2010). Consistently, hypoxia is a potent suppressor of mitochondrial oxidation and it appears to promote the stemness of adult stem cells (Rehman, 2010). Accordingly, undifferentiated stem cells are characterized by low mitochondrial oxidative phosphorylation levels. Moreover, this cell population maintains pluripotency and self-renewal by regulating mitochondrial oxidative metabolism.

Calcium (Ca2+) is a ubiquitous intracellular signaling molecule that regulates differentiation, proliferation, and apoptosis. As an intracellular messenger, Ca2+ plays a crucial role in cell signaling pathways during various stages of stem cell differentiation (Tonelli et al., 2012). For example, after being induced by increased extracellular Ca2+ levels, bone morphogenetic protein-2 promotes the osteogenic differentiation of human adipose-derived stem cells (Yanai et al., 2019).

Autophagy, which literally translates as “self-eating,” is a cellular process of self-digestion, by which intracellular compartments are scavenged within the cell (Chang, 2020). Thus far, three main types of autophagy have been identified in mammalian cells: microautophagy, chaperone-mediated autophagy, and macroautophagy (Scrivo et al., 2018). Macroautophagy is the prevalent form of autophagy, and is hereby referred to as “autophagy.” It is a highly conserved process for the degradation and recycling of damaged and aged proteins and organelles, which thereby prevents cellular damage.

The autophagy-mediated recycling of cellular components is a critical step in cell homeostasis and tissue remodeling during development (Chang, 2020). More than 30 autophagy-related genes (Atgs) have been identified by screening yeast for autophagy-absent abnormalities. These genes are also evolutionarily conserved in a diverse range of species. The proteins encoded by these genes form a series of complexes that engage in different stages of the autophagic process, including autophagy induction, autophagosome formation, and the fusion of autophagosomes and lysosomes (Wang et al., 2019). Autophagy induction is regulated by the mammalian target of rapamycin (mTOR) complex 1 (mTORC1) pathway (Wang et al., 2019). Under conditions of starvation, the inhibition of mTORC1 promotes the formation of the ULK complex, which includes Atg13, ULK (uncoordinated-51 like kinase) 1, FIP200 (an interacting protein of the focal adhesion kinase family), and Atg101, thus leading to the activation of autophagy. Studies have also shown that 5′-AMP-activated protein kinase (AMPK) is involved in autophagy induction by suppressing mTOR (Liu L. et al., 2017). The class III phosphatidylinositol 3-kinase (PI3K) complex I translocates to the endoplasmic reticulum (ER) after the formation of the ULK complex. The ULK and PI3K complexes then promote the nucleation and assembly of the isolation membrane (IM) to form the precursor of the autophagosome. Atg9 is also recruited by the ULK complex to the IM to carry membrane components used for IM expansion. Furthermore, two ubiquitin-like conjugation systems, the Atg12 conjugation system (Atg12-Atg5-Atg16) and the microtubule-associated protein light chain 3 (LC3) system, facilitate IM expansion and the final formation of the autophagosome (Geng and Klionsky, 2008). The mature autophagosome then fuses with lysosomes or endosomes to form an autolysosome. The contents of the autolysosome are degraded and recycled to the cytoplasm for further utilization (Wang et al., 2019).

In recent years, an increasing number of studies have shown that autophagy plays an essential role in the maintenance of homeostasis and stemness in both ESCs and adult stem cells under physiological conditions, as well as in the initiation and progression of human diseases (Garcia-Prat et al., 2016; Zuo et al., 2019). In ESCs, autophagy activation is important for the maintenance of their stemness (Wang et al., 2019). For example, it has been shown that the pluripotency of ESCs is inhibited by ULK1 deficiency (Gong et al., 2018). Ectopic P-granules autophagy protein 5 homolog (EPG5) is a eukaryotic-specific autophagy regulator that mediates the fusion of autophagosomes and lysosomes. Mechanistically, the non-classical K63-linked ubiquitin chain of EPG5 is removed by the ubiquitin-specific peptidase USP8, an enzyme that catalyzes deubiquitination. Once EPG5 is deubiquitinated, the interaction between EPG5 and LC3 is enhanced, which results in increased autophagy flux, thus promoting the maintenance of ECS stemness (Gu et al., 2019). However, compared to the role of autophagy in maintaining the stemness of ESCs, its role in maintaining the stemness of adult stem cells is more complicated due to different types of adult stem cells, as discussed in detail in the follow section. The involvement of autophagy-related genes and proteins in the proliferation and differentiation of stem cells, as well as the maintenance of their stemness, has been intensively studied in several types of adult stem cells, including hematopoietic stem cells (HSCs), NSCs, MSCs, intestinal stem cells (ISCs), induced pluripotent stem cells (iPSCs), and cancer stem cells (CSCs) (Figure 1). More importantly, impaired autophagy has been shown to contribute to the pathogenesis of various diseases, such as cancer (Zhu et al., 2013; Yao et al., 2020), neurodegenerative disorders (Park et al., 2014), and responses to viral infections (Tiwari et al., 2020). Therefore, in this review, we will also discuss the roles that autophagy plays in stem cells from the point of view of stem cell-related diseases, to facilitate improved utilization of autophagy-related targets for clinical therapies.
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FIGURE 1. Regulatory mechanisms of autophagy in different adult stem cells. In HSCs, Atg7/5, Atg12, and FIP200 are able to maintain stemness and promote differentiation. Autophagy-related proteins Eva1a, Beclin-1, and FIP200 could promote NSCs differentiation through activating autophagy. In MSCs, Beclin-1, Atg5, and LC3-II could contribute to differentiation. For ISCs, Autophagy could reduce DNA damage and cell cycle arrest with ISCs proliferation also promoted. For iPSCs, autophagy is implicated in the inhibition of ROS-induced injury and promotion of self-renewal and differentiation. Autophagy plays an important role in CSCs through several pathways. Specifically, in the hepatic cancer stem cells, mitophagy could suppress p53 which hampers stemness maintenance. While in the breast cancer, autophagy regulates self-renewal of several breast cancer stem cells through different pathways including TGF-β/Smad, IL-6 secretion, and EGFR/STAT3. Besides, autophagy is involved in the tumor metastasis, which is evidenced in various cancers.




THE PHYSIOLOGICAL ROLES OF AUTOPHAGY IN DIFFERENT ADULT STEM CELLS AND RELATED DISEASES


Physiological Role of Autophagy in HSCs

Hematopoietic stem cells are the primary source of all blood cells, and they maintain blood homeostasis by producing myeloid- and lymphoid-precursor cells (Birbrair and Frenette, 2016). Myeloid-precursor cells differentiate further to produce the majority of white blood cells, while lymphoid precursor cells differentiate into lymphocytes. HSCs are distributed ubiquitously in the extremely hypoxic and specialized bone marrow niche. They contain relatively few mitochondria to keep mitochondrial oxidative phosphorylation quiescent and maintain their self-renewal ability. Based on the duration of their stemness, HSCs can be divided into long-term HSCs (at least 6 months) and short-term HSCs (up to 3 months) (Zon, 2008).

The self-renewal of HSCs is regulated via various pathways. For example, in long-term HSCs, pyruvate dehydrogenase kinase activation induced by hypoxia inducible factor (HIF-1α) inhibits pyruvate dehydrogenase, which promotes the maintenance of glycolytic flow and the inhibition of mitochondrial oxidative phosphorylation, thus maintaining cell cycle quiescence in HSCs (Takubo et al., 2013). Apart from anaerobic glycolysis mentioned above, autophagy, especially mitophagy (a specific selective term for autophagy related to mitochondrial removal), also plays an important role in HSC self-renewal. Damaged and redundant mitochondria are eliminated and recycled via mitophagy to sustain the stemness of HSCs (Murakami et al., 2021). Impaired mitophagy, presenting as an increase in mitochondrial respiration and subsequent oxidative stress, causes an increase in reactive oxygen species (ROS) production and limits self-renewal potential, resulting in the transformation of long-term HSCs to short-term HSCs (Koschade and Brandts, 2020). Although short-term HSCs cannot maintain their stemness for as long as long-term HSCs, they generate hematopoietic progenitor cells, which may further differentiate into blood cells (Koschade and Brandts, 2020). In colony-forming cellular assays, when autophagosome formation is blocked with 3-methyladenine (3-MA), the number of HSCs decreases and self-renewal capacity is inhibited, which is similar to the results when Atg5 expression is blocked with an Atg5-specific shRNA (Salemi et al., 2012). In the Atg12flox/flox:Mx1-Cre conditional knockout (Atg12cKO) mouse model, enhanced mitochondrial production and accelerated oxidative phosphorylation increased the entry of HSCs into the cell cycle, which disrupted their quiescence (Ho et al., 2017). Liu et al. reported that augmented mitochondrial mass and ROS levels in FIP200-deficient fetal HSCs prevent their stemness maintenance (Liu et al., 2010). Consequently, these results indicate that autophagy contributes to the regulation of HSC stemness.

In addition to its role in stemness maintenance, exogenous TGF-β1 has been shown to increase the rate of differentiation of HSCs to red blood cells by stimulating mitophagy (Kuhikar et al., 2020). FIP200 is involved in the differentiation of HSCs to mature red blood cells, and therefore, the depletion of FIP200 inhibits erythropoiesis (Zhang et al., 2015). Similarly, the conditional deletion of Atg7 in HSCs leads to the accumulation of mitochondria and superoxide, resulting in a failure to differentiate into myeloid- and lymphoid-precursor cells (Mortensen et al., 2011).



Disease-Relevant Mechanism of Autophagy in HSCs

A defect in the balance between the self-renewal and differentiation of HSCs leads to various diseases related to the hematopoiesis system. Hematopoietic cells convert into leukemia cells at the stem cell (leukemia stem cells [LSCs]) or progenitor cell stage (Koschade and Brandts, 2020). As a double-edged sword, autophagy may delay or contribute to the initiation and progression of HSC-related diseases. Here, we will discuss three major diseases related to HSCs, namely, acute myeloid leukemia (AML), chronic myeloid leukemia (CML), and B-cell acute lymphoblastic leukemia (B-ALL), and focus on the role of autophagy in these diseases.

Atg5- or Atg7-deficient hematopoietic stem and progenitor cells exhibit defective autophagy, which leads to bone marrow hyperplasia, dysregulated glycolytic metabolism, and an increased susceptibility to AML (Watson et al., 2015). CD147 is a transmembrane protein that performs various functions in cancers, including AML. Studies have found that CD147 levels increase in cancer cells, resulting in tumor progression and chemotherapeutic resistance. Isabella et al. found that AC-73, an inhibitor of CD147, decreases leukemia cell proliferation through the inhibition of the extracellular-signal-regulated kinase (ERK)/signal transducer and activator of transcription 3 (STAT3) pathway and the activation of autophagy. They also reported that CD147 is co-expressed in leukemia cells with CD371, a surface marker of LSCs, suggesting that AC-73-induced autophagy induction in LSCs may be a promising strategy for AML treatment (Spinello et al., 2019). Accordingly, these results demonstrate that autophagy activation helps delay the progression of AML. However, autophagy can also be instrumental in LSCs, which aggravate the disease. AMPK/FIS1-mediated intrinsic mitophagy plays an important role in clearing stressed mitochondria, thus maintaining the self-renewal capacity of LSCs (Pei et al., 2018). Furthermore, autophagy helps form a drug-resistance mechanism to protect LSCs against apoptosis. The effect of the bromodomain and extraterminal domain inhibitor JQ1 on AML is limited, partly because AMPK-ULK1-mediated autophagy is activated to decrease LSC apoptosis (Jang et al., 2017). Therefore, even though autophagy plays a dual role in AML development, targeting autophagy remains a promising therapeutic strategy for AML.

Chronic myeloid leukemia is caused by the malignant transformation of HSCs, and its pathogenesis involves BCR/ABL tyrosine kinase (Bellodi et al., 2009). Imatinib is a tyrosine kinase that has been used for CML therapy; however, the benefits are limited due to the development of drug resistance. Researchers have previously found that imatinib induces protective autophagy in LSCs (Bellodi et al., 2009). Accordingly, combined treatment with an autophagy inhibitor and a tyrosine kinase inhibitor, such as imatinib, was found to almost completely eliminate LSCs. However, a recent study confirmed that combined treatment with a histone deacetylase inhibitor and imatinib increases the apoptosis of LSCs, partly due to autophagy activation, as knockout of the autophagy-related gene BECN1, which encodes Beclin-1 (inducer of autophagosome formation), was found to inhibit LSC apoptosis (Lernoux et al., 2020). The effect of this type of combined therapy on LSCs requires further exploration. Collectively, these findings provide robust evidence for the need to investigate CML from the view of autophagy and LSCs.

B-cell acute lymphoblastic leukemia mostly occurs in children and is caused by the malignant transformation of B cells (Delahaye et al., 2021). In patients with B-ALL, LSCs express the phenotypic surface markers CD34 and CD19. Experimentally, treatment with bafilomycin A1 (BafA1), an inhibitor of the fusion of autophagosomes and lysosomes, leads to a significant reduction in the number of CD34+CD19+ LSCs in the G0 phase of the cell cycle (Xu et al., 2020). In other words, BafA1 induces quiescent LSCs to enter the cell cycle, while retaining normal HSCs. Autophagy inactivation eventually leads to an impaired self-renewal capacity of LSCs in primary B-ALL, which is followed by apoptosis. Nevertheless, rapamycin-mediated autophagy activation promotes the survival of animals with B-ALL via the partial restoration of HSCs and cell-cycle arrest of ALL cells (Yuan et al., 2015). Therefore, both the suppression and induction of autophagy may be instrumental in B-ALL treatment. This treatment strategy should be considered and studied extensively.



Physiological Role of Autophagy in NSCs

Neural stem cells reside in the embryonic nervous system and certain parts of the adult brain, where they generate a diverse range of new neurons to maintain homeostasis and repair damage. NSCs are mainly confined to two regions in adulthood: the subventricular zone (Yazdankhah et al., 2014) and the subgranular zone (Obernier and Alvarez-Buylla, 2019). NSCs generate a large number of neurons and glial cells during brain development, and in the subventricular and subgranular zones, they have lifelong adult neurogenesis ability, which is of great significance for learning, memory, and damage repair. Basal autophagy plays a pivotal role in brain growth, synaptic plasticity, neurodegenerative disease development, and neoplasia via its protective effects, which involve the elimination of damaged organelles and proteins. Accordingly, basal autophagy is implicated in the proliferation and differentiation of NSCs, and it also regulates the survival or death of these cells under stressful conditions. On one hand, autophagy maintains NSC homeostasis through several pathways. On the other hand, chronic restraint stress activates the autophagic cell death pathway, by which NSCs undergo programmed death (Jung et al., 2020).

Neural stem cell proliferation and differentiation are pivotal components of self-renewal and damage repair processes within the nervous system. The autophagy-related gene EVA1A (Eva-1 homolog A) has been shown to regulate the self-renewal and differentiation of NSCs. In vitro and in vivo studies have shown that when Eva1a is depleted, the PI3K-AKT axis is activated before mTOR activation, to inhibit autophagy, leading to embryonic neurogenic defects (Li M. et al., 2016). This study also showed that embryonic neurogenic defects caused by Eva1a depletion were recovered after adding methylpyruvate to the culture during NSC differentiation. Thus, we speculate that autophagy plays an energy-providing role during NSC differentiation. Further, Beclin-1 knockout or 3-MA treatment leads to the inhibition of autophagy and a significant suppression of NSC differentiation (Yazdankhah et al., 2014). Similarly, the conditional knockout of FIP200 in mice leads to a decrease in the number of adult NSCs, the disruption of neuronal differentiation, and the eventual disappearance of the NSC pool (Wang et al., 2013). FIP200 also regulates NSC differentiation via a novel non-cell autonomous mechanism. FIP200-deficient NSCs in the subventricular zone have increased expression levels of Ccl5 and Cxcl10, both of which are able to recruit microglia of the M1 phenotype to infiltrate this zone. Activated microglia can then indirectly inhibit the differentiation of FIP200-null NSCs (Wang et al., 2017). Other studies have also found that FIP200 activates mTOR, thus facilitating cell growth by either interfering with the formation of tuberous sclerosis complex protein (TSC)1 and TSC2 (Gan et al., 2005) or by degrading TSC1 via the ubiquitin-proteasomal pathway (Chano et al., 2006), in mouse embryonic fibroblasts and neuromuscular cells, respectively. TSC1 and TSC2 (or hamartin and tuberin, respectively) are both tumor suppressor proteins that negatively regulate mTOR. In these two studies, the finding that FIP200 regulates mTOR to promote cell growth is contradictory to previous findings that mTOR is a negative regulator of autophagy activation, which promotes cell growth and differentiation (Li M. et al., 2016). It may be interesting to explore how FIP200 regulates mTOR in NSCs and whether FIP200-mediated autophagy is involved in the control of cell growth.



Disease-Relevant Mechanism of Autophagy in NSCs

Much attention has been paid to the relationship between NSCs and autophagy during viral infections. Zika virus (ZIKV), a flavivirus, mainly infects NSCs of the growing fetus, causing brain defects, including microcephaly (Chiramel and Best, 2018). Autophagy plays a dual role in NSCs infected by ZIKV. Virophagy, a selective form of autophagy, is used by NSCs to sequester viral components in an effort to defend against ZIKV infection (Tiwari et al., 2020). Autophagy in NSCs can also be used by ZIKV to promote its own replication in host cells by inhibiting the AKT-mTOR pathway through its non-structural proteins, NS4A and NS4B (Liang Q. et al., 2016).

Autophagy failure is a known characteristic of Alzheimer’s disease (AD) (Nixon and Yang, 2011). Such a failure is caused by presenilin 1 deficiency, as a consequence of dysregulated ERK/CREB signaling, as evidenced by a reduction in the number of autophagosomes and autophagy-related mRNA and protein levels in presenilin 1-deficient NSCs (Chong et al., 2018). Studies have confirmed that autophagy activation can ameliorate AD. Specifically, the combination of berberine and curcumin extracted from herbal medicine effectively attenuates inflammation and oxidative stress in AD via autophagy induction through the AMPK pathway (Lin et al., 2020). Another study showed that the AMPK pathway activated by resveratrol is instrumental for NSCs to ameliorate inflammation and oxidative stress caused by amyloid-beta deposition. Although the authors of this study did not mention the involvement of autophagy in inhibiting inflammation and oxidative stress in NSCs, other studies have shown that AMPK-activated autophagy helps clear amyloid-beta deposits (Rahman et al., 2021; Wani et al., 2021), which have a strong relationship with neuroinflammation and oxidative stress (Moore and O’Banion, 2002). In conclusion, these results make it reasonable to speculate that AMPK-related autophagy in NSCs is a promising target for AD treatment.

Furthermore, based on the positive regulation of mTOR by FIP200 during cell growth (Chano et al., 2006), it has also been found that in differentiated neurons, FIP200 dysfunction leads to neurite atrophy and apoptosis and eventually exacerbates AD. These effects also occur through mTOR repression (Chano et al., 2007). NSCs have the ability to differentiate into new neurons, while FIP200 engages in regulating cell growth. It may be interesting to explore the relationship between FIP200 and mTOR using NSCs as a model, to facilitate the development of novel AD treatments.



Physiological Role of Autophagy in MSCs

The pluripotency of MSCs was first identified using cells from murine bone marrow (Friedenstein et al., 1968). MSCs can be isolated from various tissues, including bone marrow, umbilical cord, adipose tissue, liver, and pancreas, and they exhibit varying degrees of differentiation and proliferation potential.

Autophagy regulates MSC stemness and differentiation under several conditions. Autophagy may be activated in response to extreme conditions, such as hyperglycemia, senescence, increased ROS levels, or hypoxia. In this context, autophagy may be protective or destructive for MSCs (Sbrana et al., 2016). The specialized differentiation of MSCs requires autophagy. For example, upon activation by cAMP, the ERK1/2-Beclin-1 signaling pathway induces autophagy in MSCs, thus inhibiting the proliferation of MSCs and also contributing to their differentiation into nerve cells (Ugland et al., 2011). Irisin is produced after exercise and is involved in the transformation of white adipose tissue to brown adipose tissue, thus regulating energy consumption. A recent study found that irisin promotes the osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) by activating autophagy, as evidenced by increased levels of LC3II and Atg5 (Chen et al., 2020). ROS accumulation and radiation-induced DNA damage induce a loss of stemness in autophagy-deficient MSCs, suggesting that autophagy protects MSCs against oxidative damage, thus maintaining their stemness (Hou et al., 2013). Interestingly, another study found that under hypoxic conditions, autophagy activated by the AMPK/mTOR pathway leads to MSC apoptosis (Zhang et al., 2016).



Disease-Relevant Mechanism of Autophagy Concerning MSCs

Due to their pluripotency, the potent regenerative properties of MSCs have attracted considerable attention in research on human disease therapies. In this review, we mainly focus on the roles of autophagy in recipient cells after MSC transplantation. Specifically, Parkinson’s disease, myocardial infarction, myocardial ischemia/reperfusion (I/R) injury, and cerebral I/R injury will be discussed in detail in this section.

In Parkinson’s disease, abnormal proteins produced by mistranslation are not properly processed, causing aggregates to precipitate. The accumulation of α-synuclein, which is toxic to neurons and ultimately causes neuronal death, is commonly seen. In the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated animal model of Parkinson’s disease, levels of α-synuclein in dopaminergic neurons have been shown to decrease after MSC administration, partly due to autophagy induction (Park et al., 2014). Specifically, MSCs release certain small molecules that activate the PI3K/AKT pathway in neurons, which upregulates autophagy-related proteins, such as Beclin-1, leading to autophagosome formation and the clearance of α-synuclein (Shin and Lee, 2020). Another study found that MSC administration promotes the fusion of autophagosomes and lysosomes (Park et al., 2014). Similarly, MSC treatment induces the clearance of amyloid-beta in AD, along with the promotion of autophagosome formation and fusion (Shin et al., 2014), which may also be a promising treatment strategy for other neurodegenerative diseases. However, further studies should also be conducted to explore the exact mechanism of MSC treatment in these diseases.

In myocardial infarction, MSC treatment also regulates autophagy. The transplanted MSCs release apoptotic bodies, which are engulfed by recipient endothelial cells. Apoptotic bodies increase the expression of transcription factor EB in recipient cells. The induction of the autophagy transcription factor EB then promotes angiogenesis and the recovery of cardiac function (Liu et al., 2020).

Myocardial ischemia is defined as a lack of blood flow to cardiac tissue, which causes an oxygen imbalance, with subsequent cardiac dysfunction and myocardial tissue damage. The effective and timely restoration of blood perfusion can reduce the associated myocardial injury and necrosis, but it may cause further tissue damage. BMSCs relieve ischemic myocardial reperfusion injury via two mechanisms (Wang and Li, 2007). First, these cells can differentiate into myocardial and vascular cells. Second, BMSCs secrete various growth factors, cytokines, and exosomes and thus mediate endogenous regeneration, particularly angiogenesis, via paracrine activation of resident cardiac stem cells and other stem cells.

In the case of myocardial ischemia and associated hypoxia, the mTOR pathway is involved in autophagy regulation in BMSCs. mTOR is negatively regulated by AMPK. Hypoxia enhances AMPK/mTOR signaling pathway activity (Liu L. et al., 2017), and BMSCs play a potential role in inhibiting myocardial apoptosis via the induction of myocardial autophagy under conditions of hypoxic stress. During myocardial ischemia and hypoxia, intracellular ATP levels significantly decrease in cardiac myocytes, leading to an increased AMP/ATP ratio (Matsui et al., 2008). Activated AMPK then phosphorylates TSC2 and thus inhibits mTOR activation (Wang et al., 2018). This signaling cascade mainly suppresses protein synthesis and induces autophagy, which enables the myocardium to adapt to the hypoxic environment. When myocardial ischemia occurs, autophagy is inhibited. BMSCs promote the activation of AMPK in cardiomyocytes to block the mTOR pathway, reactivate autophagy, and inhibit apoptosis. At this time, autophagy has a protective effect on ischemic myocardial cells (Liu L. et al., 2017). Therefore, regulation of the AMPK/mTOR signaling pathway may be the mechanism of action underlying the effects of BMSCs in the treatment of myocardial I/R injury.

However, autophagy activation exacerbates cerebral I/R injury. In a rat model of cerebral I/R injury (middle cerebral artery occlusion), the intravenous transplantation of BMSCs leads to increased p-AKT and p-mTOR levels, but decreased LC3 and Beclin-1 levels, which facilitates behavioral improvements, reduced cerebral infarction volume, and decreased neuronal apoptosis (He et al., 2019). In summary, activation of the PI3K/AKT/mTOR signaling pathway protects the brain from cerebral I/R injury by suppressing autophagy.



Physiological Role of Autophagy in ISCs

In mammals, the intestinal lumen is lined with a single layer of epithelial cells that are renewed every 2–5 days. The intestinal epithelium comprises crypts, which contain ISCs, and villi, which contain differentiated and specialized intestinal cells. The rapidly cycling ISCs are located at the basement membranes of the crypts, and they maintain continuous epithelial regeneration and epithelial homeostasis under intact circumstances (Sailaja et al., 2016).

Epithelial intestinal cells can be rapidly activated, and thus, ISCs require extraordinarily precise control. The ability of ISCs to reenter the cell cycle upon request critically depends on their ability to maintain a quiescent state. In ISCs, an elevated basal level of autophagy maintains cellular function, whereas the blockade of autophagy in the intestinal tract leads to the premature death of ISCs. Autophagy-deficient ISCs exhibit increased DNA damage and cell cycle arrest (Trentesaux et al., 2020). Knocking out Atg5 in ISCs causes ROS accumulation, which in turn decreases the number of ISCs in the pool (Asano et al., 2017). Another study showed that mitophagy is activated by the innate immune receptor NOD2 to reduce mitochondrial ROS levels and thus protect ISCs (Levy et al., 2020). Therefore, autophagy is considered as an essential factor in sustained cell proliferation and the preservation of the stem cell pool.



Disease-Relevant Mechanism of Autophagy in ISCs

Autophagy plays a dual role in ISC-related diseases. Slit2 is a secreted glycoprotein that belongs to the Slit family. It binds to the roundabout receptor Robo1, which activates the Slit2/Robo1 pathway. In ulcerative colitis, the Slit2/Robo1 pathway regulates ISC proliferation to attenuate inflammation in the colon by activating autophagy (Xie et al., 2020).

Similarly, in the early stage of tumorigenesis, tumor suppressive autophagy inhibits the excessive proliferation and malignant transformation of ISCs by degrading epidermal growth factor receptor (EGFR) (Zhang et al., 2019a). Autonomous autophagy deficiency leads to the induction of intestinal hyperplasia and colon cancer (Zhang et al., 2019b). However, in the later stage of tumorigenesis, autophagy is hijacked by CSCs to provide energy and nutrients for themselves. Prox1 is a transcription factor involved in tumor progression (Elsir et al., 2012), and it is not expressed in normal ISCs. Under pathological conditions, Prox1 promotes ISC survival through autophagy activation, thus facilitating tumor growth (Wiener et al., 2014).



Physiological Role of Autophagy in iPSCs

In 2006, the research team of Shinya Yamanaka was the first to induce and designate “induced pluripotent stem cells.” These cells are similar to embryonic stem cells with respect to morphology; gene expression profile; and many crucial functions, including cell multiplication, embryogenesis, teratogenesis, and the capacity to differentiate and form chimeras (Takahashi and Yamanaka, 2006).

The stemness of iPSCs is maintained by a high level of autophagic flux, which also prevents genomic defects and ROS-induced injury. Autophagy clears the mitochondria during iPSC reprogramming, during which a necessary metabolic transformation from mitochondrial oxidative phosphorylation to glycolysis occurs (Xu et al., 2013). In other words, autophagy protects the self-renewal and differentiation capacities of iPSCs. In a previous study, the autophagy inhibitor 3-MA was used to evaluate the induction and protective effects of autophagy in iPSCs. Notably, the authors determined that the loss of autophagy leads to a near-complete block of iPSC proliferation (Ma et al., 2015).



Disease-Relevant Mechanism of Autophagy Concerning iPSCs

Many disease and drug mechanisms have been studied in cellular and animal models. However, there are differences between animal models of disease and human disease. Due to their pluripotency, iPSCs have the ability to generate different types of tissues. Thus, iPSCs derived from patients have been extensively used to establish models of diseases, such as neurodegenerative diseases (Amin et al., 2019; Seranova et al., 2020), providing a new and powerful model for disease research.

For example, autophagy impairment has been shown to be a pathological characteristic of AD that is caused by presenilin 1 deficiency (Chong et al., 2018). These results were previously confirmed by Martin-Maestro using a patient-derived iPSC model of AD (Martin-Maestro et al., 2017). Moreover, iPSCs from AD patients can be used as an experimental model to explore the mechanism of drugs used for AD treatment. Dantrolene has been approved by the Food and Drug Administration for the treatment of malignant hyperthermia, but it has also been shown to help prevent memory decline in animal models of AD. In iPSCs from patients with AD, dantrolene restores intracellular Ca2+ homeostasis and physiological autophagy, thus attenuating impaired neurogenesis and synaptogenesis (Wang et al., 2020). In another pharmacological study, iPSC-derived NSCs were used to explore the effect of bexarotene, an autophagy-activation drug, on AD (Martin-Maestro et al., 2019). Taken together, these results suggest that iPSCs derived from patients may be an ideal model for research on related diseases.



Physiological Role of Autophagy in CSCs

Autophagy, as a ubiquitous survival pathway in cells, is closely linked with cancer, in which it plays a dual role as either a tumor suppressor or a tumor promoter (Yun et al., 2021). In the early stage of tumorigenesis, autophagy maintains cellular homeostasis through protein and organelle quality control mechanisms (Li et al., 2020). Autophagy sustains genomic stability and inhibits the occurrence of inflammation by degraded oncogenic proteins, thus hindering tumor initiation, development, and metastasis (Zhong et al., 2016; Chao et al., 2021). The tumor-suppressive function of autophagy can also be evidenced by the fact that knocking down Atg7 promotes cell proliferation in non-small cell lung cancer (NSCLC) cells (Cao et al., 2020). However, at the later stage of tumorigenesis, autophagy helps cancer cells survive and adapt to unfavorable microenvironments, such as hypoxia and nutrient deprivation (Xue et al., 2016; Guo et al., 2018). Moreover, autophagy inhibition reduces drug resistance in gastric cancer (Xin et al., 2019), multiple myeloma (Zhang et al., 2020), colorectal carcinoma (Wang and Gu, 2018), and NCSLC (Lotsberg et al., 2020). Accordingly, autophagy plays an important role in tumorigenesis. It is reasonable to speculate that autophagy is necessary for CSCs to continuously generate new cancer cells.

Cancer stem cells are functionally similar to stem cells, but they can drive tumorigenesis. Tumor cells can form a cellular hierarchy similar to that in normal tissue, in which CSCs remain at the peak and control the occurrence, malignant transformation, drug resistance, and recurrence of tumors. Compared with normal stem cells, CSCs exhibit dysregulated migration and invasion abilities, as well as an abnormal tolerance to pharmacologic and immune factors (Smith and Macleod, 2019). There is increasing evidence suggesting that CSC maintenance and differentiation rely on autophagy (Camuzard et al., 2020; Yao et al., 2020; Wang et al., 2021).

Cancer stem cells reside in the niche, which is also a part of the tumor microenvironment. However, the niche has anatomically distinct regions within the tumor microenvironment that maintain the key properties of CSCs and protect them from the immune system (Plaks et al., 2015). The microenvironment has been shown to provide some necessary factors for the stability of stem cell niches so that the stem cells retain their properties. Autophagy is a process that is necessary in the tumor microenvironment, and it may modulate the interaction between tumor cells and components of both the innate and adaptive immune systems and supply nutrients or other factors to regulate the growth of tumor cells (Levy et al., 2017). For example, autophagy promotes the release of damage-associated molecular patterns and ATP from dying tumor cells, thus recruiting CD8+ cytotoxic T lymphocytes that synergize with conventional therapeutics to eliminate cancers (Michaud et al., 2011).

However, another study reported that autophagy is induced in certain other non-tumor cells in the tumor microenvironment in a manner that further promotes tumor cell growth and progression (Sousa et al., 2016). To adapt to conditions of hypoxia, cancer cells prefer to generate energy through glycolysis, a process that generates pyruvate and lactate. This is termed the “Warburg effect” (also known as aerobic glycolysis) (Gentric and Mechta-Grigoriou, 2021). However, a novel metabolite pathway known as the “reverse Warburg effect” is also used by cancer cells. Specifically, epithelial cancer cells induce oxidative stress in cancer-associated fibroblasts (CAFs), followed by mitophagy activation in CAFs. The CAFs are forced to undergo aerobic glycolysis, whose energy-rich metabolites pyruvate and lactate are utilized by cancer cells to undergo the TCA cycle for abundant energy production (Martinez-Outschoorn et al., 2011), thereby promoting the generation of new CSCs (Pavlides et al., 2009; Figure 2).
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FIGURE 2. The general characteristics of cancer stem cells and the regulation of mitophagy in hepatic cancer stem cells. Cancer cells benefit from cancer-associated fibroblasts whose products including anaerobic glycolysis lactic acid and ketone are utilized by cancer cells to generate new cancer stem cells. Cancer stem cells are characterized by self-renewal, infinite proliferation, movement and migration and drug resistance with a series of intracellular factors and surface markers changing. Transcription factors including SOX2, OCT4, and STAT3 are activated through autophagy-related pathways to be involved in the self-renewal of hepatic CSC. Autophagy promotes the maintenance of CD44+/CD24low/– phenotype in the MDA-MB-468 breast cancer cell lines via proinflammatory factor IL-6 secretion. CD133 is a stem cell marker located on both liver cancer stem cells and pancreatic cancer stem cells. In AML, LSCs express surface markers including CD371. In B-ALL, CD34, and CD19 are located on the surface of LSCs. There are three kinds of cancer stem cells in the breast cancer, whose surface markers are characterized by CD44+/CD24low/–, ALDH+, and CD29hiCD61+, respectively. Mitophagy plays an essential role in hepatic CSC maintenance. Specifically, mitophagy will be activated under the unfavorable condition such as hypoxia or nutrient stress followed by p53 inhibition, thus promoting NANOG expression which can facilitate stemness of liver CSCs. However, if mitophagy is suppressed, PINK1 will be activated to phosphorylate p53 at S392, making it possible for p53 to translocate into the nucleus. Then p53 binds to the NANOG promoter, leading to the failure of OCT4 and SOX2 to reach to their binding sites on the NANOG promoter, thus suppressing NANOG expression.




Disease-Relevant Mechanism of Autophagy in CSCs

During early tumorigenesis, autophagy maintains intracellular homeostasis by removing damaged mitochondria, peroxisomes, and other cytotoxic substances from normal cells, thus inhibiting the activation of oncogenes and preventing further tumorigenesis. In malignantly transformed cancer cells, however, autophagy recycles cellular components to provide nutrients that are essential for survival, thereby promoting cell proliferation, invasion, and metastasis. In this section, we will mainly focus on the role of autophagy in hepatic and breast CSCs, and discuss the intersection between autophagy and drug resistance in other types of CSCs from cancers including epithelial ovarian cancer, bladder cancer, pancreatic cancer, glioblastoma, and gastric cancer.

In hepatoma carcinoma, chloroquine, an autophagy inhibitor, reduces the formation of autophagic lysosomes, blocks pSTAT3, and inhibits the self-renewal of hepatic CSCs (Li et al., 2017). Moreover, studies have shown that mitophagy is also involved in cancer progression. Specifically, when mitophagy is impaired in hepatic CSCs, the tumor suppressor p53 is phosphorylated at S392 by PINK1, a kinase associated with mitophagy, in the mitochondria. p53 then translocates to the nucleus and binds to the NANOG promoter, causing a failure of OCT4, SOX2 transcription factors to activate expression of NANOG which is a pivotal transcription factor in maintenance of hepatic CSCs (Liu K. et al., 2017). Conversely, mitophagy can be enhanced under conditions such as hypoxia and starvation. After p53 is inhibited by mitophagy, it localizes in the mitochondria and is degraded in a mitophagy-dependent manner, after which it cannot affect NANOG expression, thereby promoting the self-renewal of hepatic CSCs (Lee et al., 2018). These findings suggest that autophagy activates hepatic CSCs and thus facilitates their stemness and self-renewal (Figure 2).

CD133 is a biomarker of stem-like cells, and its expression has been demonstrated in liver CSCs (Suetsugi et al., 2006). In low-glucose medium, CD133 has been shown to promote the uptake of glucose and the generation of sufficient energy for the survival of Huh-7 cells (human hepatoma cells), in which autophagy is activated (Chen et al., 2013a). A monoclonal anti-CD133 antibody (CD133mAb) has also been shown to promote the death of hepatoma cells expressing CD133 on their surface, by repressing autophagy (Chen et al., 2013b). Notably, the tumor-suppressive effect of CD133mAb on liver CSCs is more effective under conditions of nutrient deprivation, such as in low-glucose medium. Therefore, combined therapy with a hypoglycemic agent, which simultaneously decreases glucose concentration in the tumor microenvironment, increases the sensitivity of CSCs to CD133mAb.

In breast cancer, tumor growth and metastasis require blood vessels, whereas tumor stem cells differentiate into endothelial cells to promote the formation of new blood vessels. The levels of autophagy-related factors have been shown to be elevated during the differentiation of breast cancer stem cells (BCSCs), and the use of autophagy blockers or the conditional knockout of Atg5 inhibits the differentiation process (Yao et al., 2020). In the process of tumor cell metastasis, there is excessive blood supply, resulting in hypoxia, a lack of nutrients, and other unfavorable conditions. Autophagy helps BCSCs combat hypoxia and perform protein catabolism to supply BCSCs under conditions of starvation (Espina et al., 2010). When antiangiogenic drugs are used to treat breast cancer, instead of inhibiting the development of the cancer, they have been found to promote metastasis by generating intratumoral hypoxia (Conley et al., 2012). As we discussed above, the increase in BCSC metastasis may attribute to the hypoxic microenvironment formed by antiangiogenic drugs, under which autophagy is activated to provide sufficient energy for BCSC metastasis and tumor development.

Research on the relationship between autophagy and BCSCs must be designed specifically based on different types of BCSCs, because the autophagic process differs in different cell types. Based on surface markers, there are three distinct CSC types, namely CD44+/CD24low/–, ALDH+, and CD29hiCD61+ phenotypes (Ricardo et al., 2011; Yeo et al., 2016). Although all BCSCs have the potential for tumor initiation, autophagy promotes their maintenance via different pathways. For example, autophagy promotes the maintenance of CD44+/CD24low/– MDA-MB-468 breast cancer cells via IL-6 secretion. However, autophagy does not promote the survival of CD44+/CD24low/– MCF-7 CSCs (Maycotte et al., 2015). Autophagy has also been implicated in the tumor-initiating potential of distinct BCSC subsets through different pathways (Yeo et al., 2016). Autophagy deficiency induced by FIP200 depletion causes a decrease in the number of CD29hiCD61+ BCSCs and their potential to initiate tumors by inhibiting the TGF-β/Smad pathway. However, the inhibition of autophagy by FIP200 knockout reduces the number of ALDH+ BCSCs as well as their tumor-initiating potential. In summary, there is a need for a comprehensive consideration of how to utilize autophagy against these three distinct types of BCSCs.

Triple-negative breast cancer (TNBC) is an important form of breast cancer. The drug resistance and recurrence of TNBC are mainly attributed to the ability of CSCs to generate an unlimited number of new cancer cells, during which autophagy plays an important role. Data from patient-derived xenograft models indicate that autophagy is activated in chemo-resistant xenografts, as evidenced by higher levels of autophagy markers (BECN1 mRNA) than those detected in chemo-sensitive models (Bousquet et al., 2017). This study implies that autophagy inhibition may be effective for cancer therapy. Chloroquine (an autophagy inhibitor) has been used to target CSCs to inhibit autophagy, which causes damage to the mitochondrial structure, increased oxidative stress levels, and changes in the degree of DNA methylation, thereby reducing the metastatic potential of TNBC (Liang D.H. et al., 2016). Furthermore, the combination of chloroquine and standard chemotherapy exerts favorable effects. For example, chloroquine sensitizes TNBC cells to paclitaxel by inhibiting autophagy and decreasing the population of CD44+/CD24–/low CSCs by blocking the Janus-activated kinase (JAK) 2/STAT3 pathway (Choi et al., 2014). The anti-tumor effect of pterostilbene, a natural demethylated analog of resveratrol from blueberries, potentiates the effect of the autophagy inhibitor 3-MA (Chen et al., 2014). Accordingly, autophagy inhibition is a promising target for TNBC treatment and a combined therapy is worth consideration.

Links have also been identified between autophagy and other types of CSCs, including those in epithelial ovarian cancer, bladder cancer, pancreatic cancer, glioblastoma, and gastric cancer. In view of the role of autophagy in the resistance of tumors to chemotherapy, the tumor suppressor gene BRCA1 has been shown to render epithelial ovarian CSCs resistant to cisplatin (a chemotherapeutic drug) by regulating autophagy (Li D. et al., 2016). Autophagy inhibitors may attenuate the drug resistance of epithelial ovarian CSCs mediated by BRCA1 (You et al., 2019). A recent study has also demonstrated that the autophagy inhibitor chloroquine in combination with cisplatin decreases the drug resistance of epithelial cancer cells (Hwang et al., 2020). These results indicate that autophagy may be a promising target for overcoming drug resistance in epithelial ovarian cancer.

Similarly, autophagy is also linked to the drug resistance of bladder cancer cells. Greater autophagic flux has been observed in bladder CSCs (Ojha et al., 2014). Atg7 promotes the maintenance of bladder CSCs by stabilizing CD44, which serves as a classical marker of stem cells and also favors sphere formation, invasion, and lung metastasis (Zhu et al., 2019). JAK2 expression activates autophagy in CSCs, leading to increased expression levels of genes related to drug resistance in CSCs (Ojha et al., 2016). Accordingly, autophagy inhibition may be an effective therapeutic strategy. Icaritin, a flavonol glycoside, delays the progression of bladder cancer by inhibiting autophagy (Pan et al., 2016). Furthermore, autophagy inhibition can render CSCs more sensitive to the chemotherapeutic drugs, cisplatin (Ojha et al., 2014) and taxol (Ma et al., 2021).

In a hypoxic microenvironment, increased levels of HIF-1α induce autophagy to promote the transformation from non-stem pancreatic cancer cells to CD133+ pancreatic CSCs (Zhu et al., 2013). Additionally, HIF-1α-induced autophagy has been shown to promote the epithelial-to-mesenchymal transition of pancreatic CSCs, resulting in increased tumor aggressiveness (Zhu et al., 2014). Rausch reported that a balanced autophagy flux, with neither hyperactivation nor over-inhibition, maintains pancreatic CSC survival (Rausch et al., 2012). The stem cell-like characteristics of pancreatic cancer cells are diminished following the inhibition of nutrient-deprivation autophagy factor-1, an important factor that regulates autophagy and oxidative stress (Qin et al., 2020). Autophagy is also involved in drug resistance, as exemplified by the negative regulation of pancreatic CSC stemness by mitophagy impairment as a result of ISGylated protein depletion (Alcala et al., 2020). The addition of chloroquine inhibits pancreatic CSC activity and increases the anti-tumor effect of gemcitabine (Yang et al., 2015).

The autophagy-related factor DRAM1 promotes to the localization of p62, an essential regulator of autophagy, to autophagosome. p62 has a short LC3-interacting region, which can promote binding with LC3, which results in the selective degradation of p62 through autophagy (Li et al., 2020). Defective autophagy causes p62 accumulation, and therefore, p62 is a negative marker of autophagy activation. DRAM1 and p62 regulate the migration and invasion of glioma stem cells (GSCs) and autophagy-mediated cell degradation (Galavotti et al., 2013). GSCs and other glioblastoma cells survive and promote tumor growth through the induction of autophagy and the inhibition of apoptosis under a hypoxic microenvironment (Chakrabarti et al., 2016). A demethoxycurcumin analog is used to inhibit the growth of glioblastomas via the activation of apoptosis, but it also induces autophagy, which protects GSCs from apoptosis (Shi et al., 2020). Therefore, the combination therapy of demethoxycurcumin and an autophagy inhibitor may be more effective than monotherapy for cancer treatment. The PI3K/AKT pathway is considered to be involved in the maintenance of GSCs. Treatment with chloroquine, while concomitantly inhibiting the PI3K/AKT pathway, significantly inhibits glioblastoma progression (Graham et al., 2014). GSCs are resistant to temozolomide, an oral anti-tumor drug. A low concentration of temozolomide can promote the growth of GSCs. A recent study suggested that GSC-derived PD-L1-containing exosomes activate AMPK/ULK1-mediated autophagy, thus increasing drug-resistance in glioblastoma (Zheng et al., 2021). Accordingly, autophagy inactivation increases the sensitivity of GSCs to drugs (Buccarelli et al., 2018).

The level of autophagy is significantly higher in CD44+ CD54+ gastric CSCs than in non-CSCs. There is considerable evidence to suggest that Notch signaling regulates gastric CSC resistance. Combined treatment with chloroquine (an autophagy inhibitor) and 5-fluorouracil (a chemotherapeutic agent) inhibits CSC activity, increases the expression levels of Notch1 protein, and increases the sensitivity of cells to drugs (Li et al., 2018). In Helicobacter pylori-infected gastric cancer, levels of the autophagy marker LC3 increase concomitantly with the upregulation of CD44 (Courtois et al., 2021), a classical marker of stem cells, indicating that autophagy plays a vital role in gastric CSCs. However, incomplete autophagy also exists in gastric CSCs to protect H. pylori from contact with antibiotics.



CONCLUSION

The highly conserved process of autophagy works as a “cleaner” to degrade damaged proteins and impaired organelles in cells. This process contributes to the homeostasis of adult stem cells in terms of their quiescence, self-renewal, and differentiation. Dysfunctional autophagy in adult stem cells leads to the progression of diseases, especially various types of cancers. Autophagy plays different roles in different stages of tumorigenesis, such as initiation, development, and metastasis, either inhibiting tumor growth or promoting tumor development. In the earlier stages of tumor progression, autophagy regulates cellular homeostasis by eliminating damaged mitochondria and oncogenic proteins, thus inhibiting tumor initiation and delaying tumor growth. However, in the later stages of tumorigenesis, autophagy is a survival mechanism for cancer cells, allowing them to acquire energy and materials through autophagic degradation, which helps them to adapt to unfavorable environments, thereby promoting tumor progression, metastasis, and invasion. Although autophagy inhibition has been shown to be a promising strategy for cancer treatment (Yang et al., 2015; Pan et al., 2016; Buccarelli et al., 2018; Bie et al., 2021), there are some studies indicating that autophagy activation can also be utilized in cancer treatment. For example, autophagy activation, not inhibition, increases the sensitivity of GSCs to drugs (Hung et al., 2020). Another study showed that the co-suppression of mTORC1, histone deacetylase, and estrogen receptor 1 decreases the number of CSCs via autophagy activation in TNBC (Sulaiman et al., 2018). These results are reasonable based on the dual role of autophagy in tumorigenesis. Consequently, before utilizing autophagy as a target for cancer treatment, the tumorigenesis stage, the context, microenvironment stress levels, and nutrient availability need to be taken into consideration.

A study published in 2018 showed that autophagy suppression increased the sensitivity of GSCs to temozolomide, which is used for glioblastoma treatment through the activation of ferroptosis (an iron-dependent form of programmed cell death) (Buccarelli et al., 2018). This suggests that autophagy suppression may affect other intracellular events, such as ferroptosis and apoptosis, indicating essential roles for autophagy during these cellular processes (Jang et al., 2017, 2020). In addition, in the transplantation of bone-derived MSCs for the treatment of myocardial infarction and myocardial and cerebral I/R injury, targeting autophagy may significantly improve therapeutic efficacy. Therefore, targeting autophagy is a promising strategy not only for cancer but also for transplantation treatment.

In summary, our review has comprehensively demonstrated the essential roles of autophagy in CSC regulation and CSC-related diseases, suggesting that autophagy is a promising target for clinical therapy.
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Platelets, the tiny anucleate cells responsible for stopping bleeding through thrombosis, are derived from hematopoietic stem cells through a series of differentiation steps. Thrombocytopenia, characterized by abnormally low blood platelet counts, may arise from cancer therapies, trauma, sepsis, as well as blood disorders, and could become a life-threatening problem. Platelet transfusion is the most effective strategy to treat thrombocytopenia, however, the source of platelets is in great shortage. Therefore, in vitro generation of platelets has become an important topic and numerous attempts have been made toward generating platelets from different types of cells, including hematopoietic stem cells, pluripotent stem cells, fibroblast cells, and adipose-derived cells. In this review, we will detail the efforts made to produce, in the in vitro culture, platelets from these different cell types. Importantly, as transfusion medicine requires a huge number of platelets, we will highlight some studies on producing platelets on a large scale. Although new methods of gene manipulation, new culture conditions, new cytokines and chemical compounds have been introduced in platelet generation research since the first study of hematopoietic stem cell-derived platelets nearly 30 years ago, limited success has been achieved in obtaining truly mature and functional platelets in vitro, indicating the studies of platelets fall behind those of other blood cell types. This is possibly because megakaryocytes, which produce platelets, are very rare in blood and marrow. We have previously developed a platform to identify new extrinsic and intronic regulators for megakaryocytic lineage development, and in this review, we will also cover our effort on that. In summary, stem cell-based differentiation is a promising way of generating large-scale platelets to meet clinical needs, and continuous study of the cellular development of platelets will greatly facilitate this.

Keywords: platelet, megakaryocyte, hematopoietic stem cell, pluripotent stem cell, lineage reprogramming, transcription factor, histone deacetylase (HDAC), GABA


INTRODUCTION

Platelets, small and anucleate cells in the blood, are multifunctional and implicated in many pathophysiological processes, including hemostasis, thrombosis, vessel constriction and repair, and inflammations during host defense and tumor growth/metastasis (Harrison, 2005). Platelets, generated from hematopoietic stem cell-derived megakaryocytes, have a short lifespan of only 8–10 days (McArthur et al., 2018), and therefore in healthy persons, new platelets have to be produced constantly to maintain a normal level. Thrombocytopenia, defined by a platelet count of <1.5 × 1011/L in the blood, is not only commonly seen in some hematological diseases, for example, leukemia, bone marrow abnormalities, and hematopoietic aplastic anemia (Squires, 2015), but also may arise from multiple other conditions including connective tissue diseases, critical care medicine, hepatopathy, infectious illnesses, as well as cancer radiotherapy and chemotherapy (Robb and Begley, 1997). To reduce the mortality caused by bleeding in these situations, platelet transfusion has become an effective and irreplaceable treatment strategy.

Currently, platelets used in the clinic are provided solely through blood donations. With the rising population of hematological cancer patients and the development of clinical treatment options for various diseases, demands for platelets in transfusion medicine have been steadily growing in the aging society. However, blood donations have not been increased proportionally, therefore, the severe shortage of platelets has become a worldwide problem. To address this issue, researchers have been focusing on pursuing alternative strategies to obtain platelets. Since the first report of in vitro generation of platelets from hematopoietic stem cells by Choi et al. (1995) about 30 years ago, efforts have been made to derive, from in vitro culture, human platelets from different types of cells, including hematopoietic stem cells, human embryonic stem cells, human induced pluripotent stem cells, fibroblast cells, and adipose tissue-derived cells. Among all these sources, stem cells have attracted the most attention because they secure an unlimited supply. To date, existing protocols have been established by the ectopic expression of key transcription factors (TFs) which control megakaryocyte and platelet cell fate during development, by the activation or inhibition of external signals with cytokines or chemical compounds, as well as by the co-culture with stromal cells or in 3D conditions to provide an environment similar to that during embryonic development. The ability to regenerate platelets in vitro would address the urgent and unmet needs of platelet supply in clinics and provide a promising way to solve the life-threatening bleeding problem in different diseases. Besides, these methods also have significant advantages over the current donor-dependent program, in terms of variations between donors, number of cells that could be obtained, risk of bacteria and virus contamination, cell viability, and storage, etc. Figure 1 shows how different cell sources could be used in vitro for platelet-required clinical applications.
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FIGURE 1. Overview of the concept of generating human platelets in vitro for clinical applications. Different cell types, including HSCs, hESCs, hiPSCs, fibroblasts and adipocyte-derived cells, could be induced to differentiate into MkPs/MKs, then bioreactors could be introduced to produce platelet from MK on a larger scale for transfusion purpose. The generated platelets could finally be injected into human for platelet-related diseases. HSCs, hematopoietic stem cells; hESCs, human embryonic stem cells; hiPSCs, human induced pluripotent stem cells; MkPs, megakaryocyte progenitors; MKs, megakaryocytes.


However, only limited success has been achieved so far in producing truly mature and functional platelets from these in vitro cultures. With various differentiation methods, platelets could be generated, and they are phenotypically similar to plasma-derived platelets, however, the in vivo functions of these platelets were either not tested or not as good as plasma-derived platelets. More importantly, their lifespan is much shorter than that of primary platelets. Therefore, platelet differentiation protocols require further optimization. One of the possible reasons why in vitro derived platelets are not as expected is our lack of knowledge on how megakaryocyte and platelet generation from hematopoietic stem cells is precisely regulated during development. Megakaryocytes in the blood are very rare, and in bone marrow, they represent only 0.01% of all nucleated cells (Nakeff and Maat, 1974), which makes it difficult to isolate and culture these cells, and therefore, the research on megakaryocyte generation and differentiation falls far behind that of other hematopoietic cell types. We have described the identification of new intrinsic and extrinsic regulators for megakaryocyte development with an established platform that is designed to identify the hematopoietic regulatory network by combining the Gene Expression Commons (GeXC), which profiles the absolute expression of any gene on the microarray (Seita et al., 2012), CRISPR/Cas9 mediated gene knockout screening and lentivirus-mediated gene overexpression.

In this review, we will first summarize the existing research progress on in vitro generation of platelets from stem cells and other cell types and then discuss the promising solutions to hit the final goal of generating large-scale mature platelets in vitro for basic research and clinical applications.



CELL SOURCES FOR IN VITRO MEGAKARYOCYTE AND PLATELET GENERATION

Different cells have been used as the starting materials to derive megakaryocytes and platelets in vitro, and these cells belong to two types: embryonic or adult stem cells including hematopoietic stem cells and human pluripotent stem cells which can directly differentiate into megakaryocytes and platelets naturally, while the other cell types including fibroblasts and adipose tissue-derived cells that are not its natural progenitors and require a conversion of cell fates from one to another. Stem cells as the cell source for platelets usually have the advantages in terms of scalability, ease of genetic modification, and platelet functions. However, different stem cells have their unique characteristics, and may require different methods to be directed to generate platelets. Table 1 summarizes current progress in platelet production in vitro from these different types of cells, which covers differentiation methods, efficiency, etc., and although all groups successfully characterized the generated megakaryocytes and platelets with various in vitro assays, functional tests in animal models (mouse, rabbit, etc.) were performed in only one third of these studies. Of note, Guan et al. (2017) not only demonstrated generated human megakaryocytes could engraft in mice and produce functional platelets, but also showed platelet recovery in non-human primates that were transplanted with autologous megakaryocytes, bringing one step closer to the clinical applications of human platelet transfusion.


TABLE 1. Summary of current methods for in vitro generation of megakaryocytes and platelets from different type of cells.

[image: Table 1]

Generation of Platelets From Hematopoietic Stem Cells

Hematopoietic stem cells (HSCs), which could be found in bone marrow (BM), peripheral blood (PB), and cord blood (CB) after birth, continuously divide to provide more hematopoietic stem and progenitor cells to balance self-renewal and differentiation. Through multiple steps, HSCs differentiate into multipotent progenitors (MPPs), common myeloid progenitors (CMPs), megakaryocyte-erythroid progenitors (MEPs), megakaryocyte progenitors (MkPs), and then megakaryocytes (MKs), which finally mature and produce functional platelets (Seita and Weissman, 2010; Machlus and Italiano, 2013). Therefore, the generation of HSC-derived platelets seems to be a natural process, and the earliest attempts to create platelets in vitro were using CD34-enriched HSCs as the starting materials. Choi et al. (1995) first described a method in which isolated HSCs from PB were cultured in conditions supplemented with human and aplastic canine serum to induce MK differentiation. Aplastic canine serum was then removed from the culture medium in which plasma factors from human serum promoted MK differentiation to platelets, which exhibited a similar ultrastructure to platelets isolated from plasma and could be aggregated after platelet agonist adenosine diphosphate (ADP) treatment. However, the differentiation efficiency is very low, with only 3 × 106 mature MKs obtained from one leukapheresis unit, and only about 40% MKs could generate platelets upon further differentiation (Choi et al., 1995).

Various optimizations were later tried to improve the differentiation efficiency. Norol et al. (1998) searched for cytokines that could stimulate the generation of MKs and platelets from HSCs. They tested the functions of megakaryocyte growth and development factor (MGDF, now commonly known as thrombopoietin, TPO), the ligand for Mpl, either alone or in various combinations with stem cell factor (SCF), interleukin-3 (IL-3), and IL-6. They found both TPO alone and its combination with these three cytokines accelerated MK differentiation, while TPO alone was able to promote platelet production by 10-fold, highlighting the critical role of TPO in MK differentiation, maturation, and platelet generation (Norol et al., 1998). Currently, TPO is regarded as one of the most important cytokines in megakaryocytopoiesis and thrombopoiesis. Proulx et al. (2004), in an interesting study, showed the unexpected effect of elevated temperature on differentiation of HSCs to MK-committed cells. Compared to those at 37°C, the differentiation cultures maintained at 39°C promoted the proliferation and differentiation efficiency of HSCs, accelerated MK maturation by 3–4 days, and improved platelets output by more than 15-fold (Proulx et al., 2004). Later, the 3D culture method, specifically the roller-bottle cell culture system, was also found to be able to improve the efficiency of platelet generation from CB HSCs by a few folds, compared with the routinely used static culture condition, either in a small research scale (Yang et al., 2016) or in a Good Manufacturing Practice (GMP) standard culture (Guan et al., 2020).

To fulfill transfusion purposes, attempts were also made to generate platelets on a large scale. Matsunaga et al. (2006) reported a 33-day three-phase culture system using HSCs isolated from CB. By combining co-culture with telomerase gene-transduced human stromal cells for MK differentiation and expansion, and liquid culture medium for platelet production, they were able to obtain 1.26–1.68 × 1011 platelets from 1 unit of CB (which contains 3–5 × 106 CD34+ HSCs). These platelets exhibited features similar to those from plasma in both morphology and in vitro functions, including ADP-induced aggregation (Matsunaga et al., 2006).

However, despite all the current progress, the biggest challenge of producing platelets from HSCs is still the low differentiation efficiency and the difficulty of large-scale production in a time- and cost-efficient manner. Besides, there is no detailed analysis of the production of each progenitor population (CMPs, EPs, and MkPs) during the differentiation process, which led to the incomplete establishment of the differentiation path from HSCs to platelets.



Generation of Platelets From Human Pluripotent Stem Cells

Human pluripotent stem cells (hPSCs) comprise human embryonic stem cells (hESCs) and the recently discovered human induced pluripotent stem cells (hiPSCs). hPSCs could proliferate (self-renew) infinitely in vitro, and under specific conditions, they can differentiate into any cell type of the human body. Therefore, hPSCs could serve as an unlimited source for platelet production in vitro.


Generation of hESC-Derived Platelets

Thomson et al. (1998) reported the derivation of the first hESCs from the inner cell mass of blastocyst-stage human embryos, opening the door for platelet differentiation from hESCs. Gaur et al. (2006) established an OP9 stromal cell co-culture system to increase MK production from hESCs, while the yield was unsatisfactory (less than 1 MK produced per 10 input hESCs) and no release of platelets was demonstrated. Takayama et al. (2008) further refined the scheme, in which hESCs were co-cultured with either C3H10T1/2 or OP9 stromal cells and supplemented with human vascular endothelial growth factor (VEGF) to promote the emergence of sac-lick hematopoietic progenitors, which were then further differentiated into MKs and platelets by adding TPO. The platelets displayed activation in response to ADP. This study showed that adding factors that promote mesoderm differentiation from hESCs will eventually benefit the MK and platelet generation. However, MKs generated in this system produced very few platelets (Takayama et al., 2008). Later, Lu et al. (2011) described a more competent method to obtain functional MKs and platelets from hESCs on a large scale, in which they isolated hESC-derived early hematopoietic progenitor cells, the hemangioblasts/blast cells, for further differentiation into MK lineage cells through coculture with OP9. They were able to generate over 100 CD41a+ MKs per hESC, an efficiency much higher than the previous 0.05–0.2 MKs and 2–5 MKs as reported by Gaur et al. (2006) and Takayama et al. (2008), respectively. After being transplanted into a mouse model, these platelets form thrombi at the sites of injury, which is the first report demonstrating the in vivo function of platelets derived from hESCs. However, only fewer than 7 platelets were produced from each hESC-derived MK with this method (Lu et al., 2011). A serum- and feeder-free culture system through embryoid bodies (EBs) differentiation was also established, moving one step forward toward using hESC-derived platelets for transfusion medicine, though the differentiation efficiency is very low, with only 100–800 MK-containing cell colonies obtained per 100,000 sorted CD41a+ cells derived from hESCs (Pick et al., 2013).

These studies above suggest that hESC-derived platelet production is feasible.



Generation of hiPSC-Derived Platelets

Human induced pluripotent stem cells possess similar self-renewal capacity and multipotency to hESCs and could be generated from somatic cells of any individual by overexpression of the TF combinations OCT3/4, SOX2, KLF4, and c-MYC (OSKM) or OCT3/4, SOX2, NANOG, and LIN28 (OSNL) (Takahashi et al., 2007; Yu et al., 2007), which is a breakthrough in the stem cell field. Therefore, hiPSCs represent another promising unlimited source to obtain platelets without the risk of immune rejection, particularly for patients with a rare HLA, and ethical concerns of embryo destruction related to hESCs. Takayama et al. (2010) first demonstrated OSKM hiPSCs could give rise to CD41a+CD42b+ platelets. They co-cultured hiPSCs with mouse cell line C3H10T1/2 for differentiation into hematopoietic progenitors, which were subsequently cultured in MK differentiation medium to produce platelets. In vivo imaging revealed that these CD42b+ platelets were present in thrombi after laser-induced vessel wall injury. Importantly, they showed that c-MYC promoted megakaryopoiesis in the early stage of differentiation but later inhibited thrombopoiesis, indicating complicated roles c-MYC is playing in this differentiation process (Takayama et al., 2010). Nakamura et al. (2014) developed inducible imMKCLs cell lines to improve the consistency and efficiency of platelet generation from hiPSCs. The imMKCLs cell lines are immortalized megakaryocytic cell lines which were differentiated from hiPSCs by inducible overexpression of c-MYC, BMI1, and BCL-XL through the Tet-on system, and then the expression of these three genes would be shut down when further differentiation of imMKCLs into platelets is needed. The imMKCLs could be expanded in vitro for 4–5 months, after which they could still be differentiated into platelets that are similar to those isolated from blood (Nakamura et al., 2014). In 2018, turbulence, which mimics the shear stress of blood and helps cut megakaryocytes into small platelets, was introduced by Ito et al. (2018) on a large-scale generation of platelets from hiPSCs. They established a 3D differentiation system in which each hiPSC-derived MK generated 70–80 platelets, almost a 20-fold increase compared with previous reports, although it is still much less than that of 104 platelets per megakaryocyte in the human body (Machlus and Italiano, 2013). Nevertheless, they eventually collected 100 billion platelets from hiPSC-MKs in an 8L turbulence-controllable bioreactor, which represents a breakthrough for in vitro generation of platelet on a clinical scale for transfusion medicine (Ito et al., 2018).

Besides, other methods were also developed to induce the generation of platelets from hiPSCs. These methods either utilize stepwise differentiation from hiPSCs to early hematopoietic progenitors, then to MKs and finally to platelets, by using different cytokine combinations and culture media (Feng et al., 2014), or applied the microcarrier beads assisted stirred bioreactors to promote MK generation (Eicke et al., 2018), or rely on ectopic expression of key MK TFs GATA1, FLI1, and TAL1 in hiPSCs to directly promote platelet generation (Moreau et al., 2016). 2 × 1011 MKs releasing 1 × 1012 platelets – the equivalent of 3 transfusion units – could be obtained from only 1 × 106 input hiPSCs (Moreau et al., 2016). Furthermore, by knocking out the β2-microglobulin gene, several groups have generated platelets without major histocompatibility antigens (HLA), which theoretically does not require additional HLA-match and does not cause immune rejection in clinical applications (Feng et al., 2014; Norbnop et al., 2020; Suzuki et al., 2020). Therefore, the application of hiPSC-based technology could potentially yield a consistent supply of HLA- and/or HPA-matched or even autologous platelets for clinical applications.



Generation of Platelets From Other Cell Types

Besides all studies described above to use various stem cells as the starting materials for platelet in vitro production, other cell types have also been used to generate megakaryocytes and platelets. However, the efficiency is low, and it is still far away from a practically feasible clinical implementation for platelet transfusion. Alternatively, they can be used for in vitro disease modeling and drug screening purposes for platelet-related disorders.


Generation of Fibroblast-Derived Platelets

Transdifferentiation, also known as lineage reprogramming, was recognized as the direct conversion from one mature cell type to another. After the generation of hiPSCs from fibroblasts by overexpression of OSKM or OSNL, fibroblasts or other mature cells have been successfully converted to many different types of cells, such as neurons, cardiomyocytes, hepatocytes, etc. (Wang et al., 2021). Therefore, researchers have also attempted and accomplished, through overexpression of TFs critical for megakaryocytic lineage development, the direct conversion of fibroblasts to MKs, which could further produce platelets in vitro or in vivo after transplantation into mice. In one study, 3T3 fibroblast cell line and adult human dermal fibroblasts could be transdifferentiated into induced megakaryocytes (iMKs) through the overexpression of p45NF-E2 and its binding proteins MafG and MafK (Ono et al., 2012). iMKs could further produce CD41+ platelets which were shown to be involved in thrombosis on the collagen-coated chip in vitro. However, the conversion efficiency is pretty low, and they only obtained 8–10 × 105 iMKs from 20 × 106 fibroblasts, indicating further optimization is required. Pulecio et al. (2016), in a previous study, identified a set of TFs GATA1, TAL-1, LMO2, and c-MYC (GTLM) that was able to convert fibroblast cells into EPs in the presence of erythropoietin (EPO). As EPs and MkPs are both derived from MEPs during development, they may share some core transcriptional regulators. Indeed, in a later study, they successfully generated MkPs from human fibroblasts by adding TFs GATA2 and RUNX1 to the GTLM combo (Pulecio et al., 2016). These MkPs could further differentiate and produce platelets in vitro as well as generate CD41+/CD42+ platelets in vivo after transplantation into immunocompromised mice. This direct conversion to MkPs takes only 12 days and the CD41+/CD45+ cells appear in 8% cell population. Importantly, they also showed in a Fanconi Anemia patient which has extremely low HSCs and frequent thrombocytopenia, that fibroblast cells could be isolated and in vitro gene-corrected, and then directly converted to generate healthy megakaryocytes and platelets.



Generation of Adipose Tissue Cell-Derived Platelets

Matsubara et al. (2009) have been trying to study the capacity of adipose tissue-derived cells in differentiating into MKs and platelets. In 2009, they first showed that megakaryocytes and platelets could be generated from human subcutaneous adipose tissues (Matsubara et al., 2009). Later, to further increase the differentiation efficiency, they generated an adipose tissue-derived mesenchymal stem cell line (ASCL) from adipose-derived stromal cells. As the starting materials, these ASCL cells were able to proliferate for more than 2 months in vitro, and upon differentiation, these cells could generate platelets, which express typical platelet cell surface markers and could be activated by ADP. In the end, they were able to obtain one platelet from one starting ASCL (Tozawa et al., 2019).



REGULATORY NETWORK OF MEGAKARYOCYTE DEVELOPMENT

Despite all current progress, the generation of truly mature and functional platelets from in vitro cultures was demonstrated in few studies, and one possible reason is, the percentage of MKs in bone marrow is very low (about 0.01% of all nucleated cells) (Nakeff and Maat, 1974), therefore, although MKs were discovered over 100 years ago, it is very difficult to study their development and biology. So far, researchers have been focusing on the study of internal and external factors that affect the fate of megakaryocytic lineage cells. The external factors are exogenous signal transduction and microenvironment, and internal factors are mainly TFs and epigenetic regulators. To date, only a few TFs have been reported to be involved in this process, including GATA1 (Crispino and Horwitz, 2017), FLI1 (Li et al., 2015), MEIS1 (Zeddies et al., 2014), RUNX1 (Goldfarb, 2009), and SCL (Robb and Begley, 1997). Not surprisingly, some of these genes, including RUNX1, ERG and MEIS1, and TPO-encoding gene Thrombopoietin have all been demonstrated to be involved in hESC in vitro differentiation into MKs and platelets (Tu et al., 2017; Wang et al., 2018; Zhang et al., 2018), indicating that studies in MK regulators will eventually help establish methods to drive platelet in vitro generation.

Our laboratory is devoted to discovering more TFs and mapping the regulatory network to understand the decision-making factors during platelet development (Zhu et al., 2018). To identify the regulators for HSC differentiation to MkPs, the immediate precursor cells for MKs and platelets, we applied Gene Expression Commons (GeXC), a platform developed in Irving Weissman’s laboratory at Stanford University (Seita et al., 2012), to get the candidate gene list, in which these genes have high expression level in MkPs but low in EPs and MEPs, a common progenitor for MkPs and EPs. This expression pattern indicates that genes in this list may play a role in MkP differentiation. To address this hypothesis, we deleted these candidate genes separately in HSCs using CRISPR/Cas9 and found that the knockout of some genes inhibited MkP generation from HSCs. Subsequently, 9 candidate TFs, which include MZF1, GSX2, HOXC6, HES7, FOXB1, MXD3, HOXA9, NFATC1, and PCGF2, were identified to promote MkP generation from HSCs by lentivirus-mediated overexpression. Further analysis showed that MkP generation was increased by four–five fold with this TFs overexpression. To our knowledge, the functions of these 9 TFs in MK lineages development have not been reported previously. We also found inhibition of histone deacetylase (HDAC) activity could also promote the differentiation of HSCs into MkPs and platelets, possibly through regulating some of the 9 newly identified TFs: gene expression analysis showed GSX2, MXD3, HOXC6, and HES7 were significantly up-regulated while PCGF2, FOXB1, and MZF1 were moderately up-regulated after HDAC inhibition. These results have added more players into the regulatory network of endogenous factors during MkP development and platelet generation.

In another study to identify the exogenous signals, we found the neurotransmitter GABA was involved in the occurrence of platelets, indicating there is a link between the neural and hematopoietic systems (Zhu et al., 2019). We found GABRR1 is the only GABA receptor that is expressed in subsets of HSCs and MkPs. Electrophysiological recording experiment showed that GABRR1+ but not GABRR1– HSCs and MkPs respond to GABA in patch-clamp studies. Besides, GABA signaling through GABRR1 affected mouse HSC differentiating into megakaryocytic lineage cells. Stimulated by GABA agonists, including TACA and Muscimol, the mouse showed increased platelet numbers. We also found similar functions of GABRR1 in human hematopoiesis. Treatment with GABRR1 antagonist inhibited the number of MkPs and platelets generated from HSCs, while agonist treatment or overexpression of GABRR1 in HSCs significantly promoted MkP and platelet generation. Thus, this is the first study that showed the role of GABA signaling in the differentiation of HSCs and MkPs, and provides another evidence for the correlation between the neural and hematopoietic systems. This study not only indicates GABA may be a potential target in platelet-related disorders, but also shows it may help increase the MK and platelet production from HSCs (and potentially other stem cells) by adding GABA or its agonists during in vitro differentiation cultures.

Taken together, our studies reveal the complexity and the lack of knowledge of comprehensive MK regulators. Our laboratory is devoted to identifying more MK lineage-specific genes and signaling factors and completing the regulatory network of platelet generation, which may hopefully not only provide new drug targets related to platelet counts, activation, and aggregation, but also facilitate platelet generation in vitro.



DISCUSSION

Currently, various methods have been developed and great progress has been made toward the generation of platelets from different cell types in vitro to fulfill the transfusion medicine purpose independent of or as a supplement to blood donations. However, certain limits still exist in using each of these cell types as the starting materials for platelet in vitro biogenesis, and these problems and/or questions must be resolved before they could be used in clinical applications.

Due to the rareness of HSCs in PB and the difficulty in obtaining BM, HSCs from CB are now routinely used for in vitro platelet differentiation. Based on this, new cytokines (such as IL-11) and new chemical compounds (such as Y27632 and DAC) have been identified, a new 3D culture system (such as roller-bottle culture system), and new stromal cells (such as hTERT-transduced stroma) have been introduced to the culture conditions. These optimizations have significantly improved the differentiation efficacy, with 2 × 104 MKs obtained from 1 seeded CD34+ HSC, compared with the previous 5 MKs per HSC (Norol et al., 1998; Guan et al., 2020), and 1.26 × 1011–1.68 × 1011 platelets generated from one CB unit, which equal to 2.5–3.4 units of donor-derived platelets (Matsunaga et al., 2006). However, only a limited number of CD34+ HSCs, about 3-5 × 106, could be extracted from one unit of CB, and these cells are difficult to obtain and culture. Besides, the number of platelets generated by current differentiation methods still cannot meet the requirement of transfusion medicine, therefore, more work is needed to improve the efficacy for large-scale generation of platelets in vitro. It has also been reported that, although CB HSCs were able to yield the highest number of MKs compared with those from PB and BM, the CB-derived MKs showed reduced ploidization indicating less maturation (van den Oudenrijn et al., 2000). Last but not least, there is no detailed analysis of the production of each progenitor population during the differentiation process, which led to the incomplete establishment of the differentiation path from HSCs to platelets.

Human embryonic stem cells and hiPSCs can proliferate indefinitely in vitro, which may bypass some limits associated with CB-derived HSCs as the starting materials. However, hESCs are derived from blastocyst-stage embryos (Thomson et al., 1998), so there are ethical controversies and potential risks of viral infection and congenital diseases in the human embryos. hiPSCs are derived from human somatic cells (Takahashi et al., 2007; Yu et al., 2007), thus avoid ethical controversy as in hESCs, but there are still some obstacles to use hiPSCs for in vitro generation of platelets, which include safety issues, long differentiation cycles, and the huge cost. One safety concern is the residual undifferentiated hiPSCs in the final products, as hiPSCs have the potential to form tumors after transplantation in vivo. Considering that a large number of platelets is needed for each transfusion (about 3 × 1011 platelets per unit), even contamination of 0.01% hiPSCs in platelets means 3 × 107 undifferentiated hiPSCs in a treatment unit, which is more than enough to form tumors in human. Although platelet products are usually irradiated by gamma-ray before transfusion, one still cannot exclude the possibility of hiPSC contamination after irradiation. Another safety issue is that the oncogene c-MYC was overexpressed for the best results of platelet generation (Takayama et al., 2010; Nakamura et al., 2014; Ito et al., 2018), which leads to the risk of oncogenicity. Even though regulated by Doxycycline, the c-MYC gene may be reactivated in other ways. As for the production cycle, it takes weeks or even months to establish the hiPSC cell lines and carry out various assays to identify the best clones (Takahashi et al., 2007; Yu et al., 2007). Then, the differentiation of hiPSCs into platelets involves multiple steps and a long period. For example, in a study by Ito et al. (2018), it takes about 14 days to differentiate hiPSCs into hematopoietic progenitors in vitro, then several weeks to establish and expand imMKCLs by overexpression of c-MYC, BMI1, and BCL-XL, finally, another 6 days are needed to obtain mature platelets from these expanded imMKCLs. In another study by Feng et al. (2014), it takes 6 days to direct hiPSCs in vitro to hematopoietic progenitors, after which early MkPs were generated in another 7 days, a final 7 days are then required to induce mature MKs and platelet generation. The cost associated with hPSC-derived platelets is mainly due to the use of growth factors/small molecules and plasma/serum during the cell culture medium. Some growth factors like bFGF are indispensable in the routine culture of hPSCs, and more cytokines are needed in the platelet differentiation from these hPSCs. Ito et al. (2018) introduced human plasma/serum, SCF, TA-316, KP-457SR-1, GNF-351, and Y27632 at multiple stages of their differentiation method, and Feng et al. (2014) used even more cytokines, including BMP-4, VEGF, bFGF, TPO, SCF, Flt3-L, IL-3, IL-6, and IL-9. A common issue with both hESC- and hiPSC-derived platelets is, these generated platelets have a much shorter lifespan than those from plasma (Feng et al., 2014; Moreau et al., 2016), indicating these differentiated platelets are not as fully mature and functional as primary platelets.

Transdifferentiation from fibroblasts to platelets is not feasible for making large-scale platelets due to the limited sources, difficulty in expansion of fibroblasts, as well as low conversion efficiency (Ono et al., 2012; Pulecio et al., 2016). As to using adipose tissue-derived cells for in vitro platelet production, although expandable cell lines could be established from adipocytes, it is difficult to use these cells in large-scale manufacture because of their limited proliferation and inefficient differentiation. Moreover, the final products not only express typical platelets cell surface markers but also possess some features of mesenchymal stem cells, such as expression of CD90, indicating that these final products are not bona fide platelets, and the mechanism of adipocytes converting to platelets is still unknown (Tozawa et al., 2019).

In summary, although significant progress has been made toward the in vitro generation of platelets from HSCs, hPSCs, fibroblasts, and adipose-derived cells, with various stem cells as the most promising starting materials, the current issues of scalability, cost, duration of differentiation, and cell functionality are all hurdles to applying these in vitro generated platelets into clinical applications. A better understanding of the biology and development of megakaryocytes will hopefully address some of these issues and greatly facilitate in vitro platelet biogenesis on a large scale for transfusion medicine.



AUTHOR CONTRIBUTIONS

FZ contributed to the conception and design of the structure of the manuscript and wrote the first draft of the manuscript. HL collected information from reference literature, organized the database, and wrote some sections of the manuscript. FZ, HL, JL, and LW contributed to manuscript revision and read and approved the submitted version of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by Shanghai Municipal Education Commission (ZXWF082101) and the Double First-Class Initiative startup research fund (WF220408222) to FZ from Shanghai Jiao Tong University.



ACKNOWLEDGMENTS

The authors thank colleagues for discussion during the preparation of this manuscript. They would also like to thank all the researchers, cited or not, that contributed to progress related to the discussed topic in this manuscript. Due to space limitations, the authors were not able to list all related references in this manuscript.



REFERENCES

Choi, E. S., Nichol, J. L., Hokom, M. M., Hornkohl, A. C., and Hunt, P. (1995). Platelets generated in vitro from proplatelet-displaying human megakaryocytes are functional. Blood. 85, 402–413. doi: 10.1182/blood.v85.2.402.bloodjournal852402

Crispino, J. D., and Horwitz, M. S. (2017). GATA factor mutations in hematologic disease. Blood. 129, 2103–2110. doi: 10.1182/blood-2016-09-687889

Eicke, D., Baigger, A., Schulze, K., Latham, S. L., Halloin, C., Zweigerdt, R., et al. (2018). Large-scale production of megakaryocytes in microcarrier-supported stirred suspension bioreactors. Sci. Rep. 8:10146. doi: 10.1038/s41598-018-28459-x

Feng, Q., Shabrani, N., Thon, J. N., Huo, H., Thiel, A., Machlus, K. R., et al. (2014). Scalable generation of universal platelets from human induced pluripotent stem cells. Stem cell Rep. 3, 817–831. doi: 10.1016/j.stemcr.2014.09.010

Gaur, M., Kamata, T., Wang, S., Moran, B., Shattil, S. J., and Leavitt, A. D. (2006). Megakaryocytes derived from human embryonic stem cells: a genetically tractable system to study megakaryocytopoiesis and integrin function. J. Thromb. Haemost. 4, 436–442. doi: 10.1111/j.1538-7836.2006.01744.x

Goldfarb, A. N. (2009). Megakaryocytic programming by a transcriptional regulatory loop: a circle connecting RUNX1, GATA-1, and P-TEFb. J Cell Biochem. 107, 377–382. doi: 10.1002/jcb.22142

Guan, X., Qin, M., Zhang, Y., Wang, Y., Shen, B., Ren, Z., et al. (2017). Safety and efficacy of megakaryocytes induced from hematopoietic stem cells in murine and nonhuman primate models. Stem Cells Transl. Med. 6, 897–909. doi: 10.5966/sctm.2016-0224

Guan, X., Wang, L., Wang, H., Wang, H., Dai, W., and Jiang, Y. (2020). Good manufacturing practice-grade of megakaryocytes produced by a novel ex vivo culturing platform. Clin. Transl. Sci. 13, 1115–1126. doi: 10.1111/cts.12788

Harrison, P. (2005). Platelet function analysis. Blood Rev. 19, 111–123. doi: 10.1016/j.blre.2004.05.002

Ito, Y., Nakamura, S., Sugimoto, N., Shigemori, T., Kato, Y., Ohno, M., et al. (2018). Turbulence activates platelet biogenesis to enable clinical scale ex vivo production. Cell 174, 636-648.e18. doi: 10.1016/j.cell.2018.06.011

Li, Y., Luo, H., Liu, T., Zacksenhaus, E., and Ben-David, Y. (2015). The ets transcription factor Fli-1 in development, cancer and disease. Oncogene 34, 2022–2031. doi: 10.1038/onc.2014.162

Lu, S. J., Li, F., Yin, H., Feng, Q., Kimbrel, E. A., Hahm, E., et al. (2011). Platelets generated from human embryonic stem cells are functional in vitro and in the microcirculation of living mice. Cell Res. 21, 530–545. doi: 10.1038/cr.2011.8

Machlus, K. R., and Italiano, J. E. (2013). The incredible journey: From megakaryocyte development to platelet formation. J. Cell Biol. 201, 785–796. doi: 10.1083/jcb.201304054

Matsubara, Y., Saito, E., Suzuki, H., Watanabe, N., Murata, M., and Ikeda, Y. (2009). Generation of megakaryocytes and platelets from human subcutaneous adipose tissues. Biochem. Biophys. Res. Commun. 378, 716–720. doi: 10.1016/j.bbrc.2008.11.117

Matsunaga, T., Tanaka, I., Kobune, M., Kawano, Y., Tanaka, M., Kuribayashi, K., et al. (2006). Ex vivo large-scale generation of human platelets from cord blood CD34+ cells. Stem Cells 24, 2877–2887. doi: 10.1634/stemcells.2006-0309

McArthur, K., Chappaz, S., and Kile, B. T. (2018). Apoptosis in megakaryocytes and platelets: the life and death of a lineage. Blood 131, 605–610. doi: 10.1182/blood-2017-11-742684

Moreau, T., Evans, A. L., Vasquez, L., Tijssen, M. R., Yan, Y., Trotter, M. W., et al. (2016). Large-scale production of megakaryocytes from human pluripotent stem cells by chemically defined forward programming. Nat. Commun. 7:11208. doi: 10.1038/ncomms11208

Nakamura, S., Takayama, N., Hirata, S., Seo, H., Endo, H., Ochi, K., et al. (2014). Expandable megakaryocyte cell lines enable clinically applicable generation of platelets from human induced pluripotent stem cells. Cell stem cell. 14, 535–548. doi: 10.1016/j.stem.2014.01.011

Nakeff, A., and Maat, B. (1974). Separation of megakaryocytes from mouse bone marrow by velocity sedimentation. Blood 43, 591–595. doi: 10.1182/blood.v43.4.591.591

Norbnop, P., Ingrungruanglert, P., Israsena, N., Suphapeetiporn, K., and Shotelersuk, V. (2020). Generation and characterization of HLA-universal platelets derived from induced pluripotent stem cells. Sci. Rep. 10:8472. doi: 10.1038/s41598-020-65577-x

Norol, F., Vitrat, N., Cramer, E., Guichard, J., Burstein, S. A., Vainchenker, W., et al. (1998). Effects of cytokines on platelet production from blood and marrow CD34+ cells. Blood 91, 830–843. doi: 10.1182/blood.v91.3.830.830_830_843

Ono, Y., Wang, Y., Suzuki, H., Okamoto, S., Ikeda, Y., Murata, M., et al. (2012). Induction of functional platelets from mouse and human fibroblasts by p45NF-E2/Maf. Blood 120, 3812–3821. doi: 10.1182/blood-2012-02-413617

Pick, M., Azzola, L., Osborne, E., Stanley, E. G., and Elefanty, A. G. (2013). Generation of megakaryocytic progenitors from human embryonic stem cells in a feeder- and serum-free medium. PLoS One. 8:e55530. doi: 10.1371/journal.pone.0055530

Proulx, C., Dupuis, N., St-Amour, I., Boyer, L., and Lemieux, R. (2004). Increased megakaryopoiesis in cultures of CD34-enriched cord blood cells maintained at 39 degrees C. Biotechnol. Bioeng. 88, 675–680. doi: 10.1002/bit.20288

Pulecio, J., Alejo-Valle, O., Capellera-Garcia, S., Vitaloni, M., Rio, P., Mejia-Ramirez, E., et al. (2016). Direct conversion of fibroblasts to megakaryocyte progenitors. Cell Rep. 17, 671–683. doi: 10.1016/j.celrep.2016.09.036

Robb, L., and Begley, C. (1997). The SCL/TAL1 gene: roles in normal and malignant haematopoiesis. Bioessays 19, 607–613. doi: 10.1002/bies.950190711

Seita, J., Sahoo, D., Rossi, D. J., Bhattacharya, D., Serwold, T., Inlay, M. A., et al. (2012). Gene expression commons: an open platform for absolute gene expression profiling. PLoS One. 7:e40321. doi: 10.1371/journal.pone.0040321

Seita, J., and Weissman, I. L. (2010). Hematopoietic stem cell: self-renewal versus differentiation. Wiley Interdisc. Rev. Syst. Biol. Med. 2, 640–653. doi: 10.1002/wsbm.86

Squires, J. E. (2015). Indications for platelet transfusion in patients with thrombocytopenia. Blood Transfus. 13, 221–226. doi: 10.2450/2014.0105-14

Suzuki, D., Flahou, C., Yoshikawa, N., Stirblyte, I., Hayashi, Y., Sawaguchi, A., et al. (2020). iPSC-derived platelets depleted of HLA class I are inert to anti-HLA class I and natural killer cell immunity. Stem Cell Rep. 14, 49–59. doi: 10.1016/j.stemcr.2019.11.011

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al. (2007). Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell 131, 861–872. doi: 10.1016/j.cell.2007.11.019

Takayama, N., Nishikii, H., Usui, J., Tsukui, H., Sawaguchi, A., Hiroyama, T., et al. (2008). Generation of functional platelets from human embryonic stem cells in vitro via ES-sacs, VEGF-promoted structures that concentrate hematopoietic progenitors. Blood 111, 5298–5306. doi: 10.1182/blood-2007-10-117622

Takayama, N., Nishimura, S., Nakamura, S., Shimizu, T., Ohnishi, R., Endo, H., et al. (2010). Transient activation of c-MYC expression is critical for efficient platelet generation from human induced pluripotent stem cells. J. Exp. Med. 207, 2817–2830. doi: 10.1084/jem.20100844

Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J., Marshall, V. S., et al. (1998). Embryonic stem cell lines derived from human blastocysts. Science 282, 1145–1147. doi: 10.1126/science.282.5391.1145

Tozawa, K., Ono-Uruga, Y., Yazawa, M., Mori, T., Murata, M., Okamoto, S., et al. (2019). Megakaryocytes and platelets from a novel human adipose tissue-derived mesenchymal stem cell line. Blood 133, 633–643. doi: 10.1182/blood-2018-04-842641

Tu, Q., Liu, C. C., Wu, D., and Pei, S. U. (2017). Establishment of the screening model for highly efficient generation of megakaryocytes and platelets from human pluripotent stem cells (in Chinese). Sci. Sin. Vitae 47, 1363–1374. doi: 10.1360/N052017-00270

van den Oudenrijn, S., von dem Borne, A. E., and de Haas, M. (2000). Differences in megakaryocyte expansion potential between CD34(+) stem cells derived from cord blood, peripheral blood, and bone marrow from adults and children. Exp. Hematol. 28, 1054–1061. doi: 10.1016/s0301-472x(00)00517-8

Wang, H., Liu, C., Liu, X., Wang, M., Wu, D., Gao, J., et al. (2018). MEIS1 regulates hemogenic endothelial generation, megakaryopoiesis, and thrombopoiesis in human pluripotent stem cells by targeting TAL1 and FLI1. Stem Cell Rep. 10, 447–460. doi: 10.1016/j.stemcr.2017.12.017

Wang, H., Yang, Y., Liu, J., and Qian, L. (2021). Direct cell reprogramming: approaches, mechanisms and progress. Nat. Rev. Mol. Cell Biol. 22, 410–424. doi: 10.1038/s41580-021-00335-z

Yang, Y., Liu, C., Lei, X., Wang, H., Su, P., Ru, Y., et al. (2016). Integrated biophysical and biochemical signals augment megakaryopoiesis and thrombopoiesis in a three-dimensional rotary culture system. Stem Cells Transl. Med. 5, 175–185. doi: 10.5966/sctm.2015-0080

Yu, J., Vodyanik, M. A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J. L., Tian, S., et al. (2007). Induced pluripotent stem cell lines derived from human somatic cells. Science 318, 1917–1920. doi: 10.1126/science.1151526

Zeddies, S., Jansen, S. B., di Summa, F., Geerts, D., Zwaginga, J. J., van der Schoot, C. E., et al. (2014). MEIS1 regulates early erythroid and megakaryocytic cell fate. Haematologica 99, 1555–1564. doi: 10.3324/haematol.2014.106567

Zhang, L., Liu, C., Wang, H., Wu, D., Su, P., Wang, M., et al. (2018). Thrombopoietin knock-in augments platelet generation from human embryonic stem cells. Stem Cell Research Therapy. 9:194. doi: 10.1186/s13287-018-0926-x

Zhu, F., Feng, M., Sinha, R., Murphy, M. P., Luo, F., Kao, K. S., et al. (2019). The GABA receptor GABRR1 is expressed on and functional in hematopoietic stem cells and megakaryocyte progenitors. Proc. Natl. Acad. Sci. U.S.A. 116, 18416–18422. doi: 10.1073/pnas.1906251116

Zhu, F., Feng, M., Sinha, R., Seita, J., Mori, Y., and Weissman, I. L. (2018). Screening for genes that regulate the differentiation of human megakaryocytic lineage cells. Proc. Natl. Acad. Sci. U.S.A. 115, E9308–E9316. doi: 10.1073/pnas.1805434115


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 Liu, Liu, Wang and Zhu. 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.










	 
	REVIEW
published: 13 August 2021
doi: 10.3389/fcell.2021.710964





[image: image]

RNA m6A Modification Plays a Key Role in Maintaining Stem Cell Function in Normal and Malignant Hematopoiesis

Peipei Wang1,2†, Mengdie Feng2†, Guoqiang Han2†, Rong Yin2, Yashu Li2, Shuxin Yao2, Pengbo Lu2, Yuhua Wang1 and Haojian Zhang1,2,3*

1The State Key Laboratory Breeding Base of Basic Science of Stomatology and Key Laboratory of Oral Biomedicine Ministry of Education, School and Hospital of Stomatology, Wuhan University, Wuhan, China

2Frontier Science Center for Immunology and Metabolism, School of Medicine, Medical Research Institute, Wuhan University, Wuhan, China

3RNA Institute, Wuhan University, Wuhan, China

Edited by:
Jianjun Zhou, Tongji University, China

Reviewed by:
Xiaocheng Weng, University of Chicago, United States
Yuan-I Chang, National Yang Ming Chiao Tung University, Taiwan

*Correspondence: Haojian Zhang, haojian_zhang@whu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Stem Cell Research, a section of the journal Frontiers in Cell and Developmental Biology

Received: 17 May 2021
Accepted: 28 July 2021
Published: 13 August 2021

Citation: Wang P, Feng M, Han G, Yin R, Li Y, Yao S, Lu P, Wang Y and Zhang H (2021) RNA m6A Modification Plays a Key Role in Maintaining Stem Cell Function in Normal and Malignant Hematopoiesis. Front. Cell Dev. Biol. 9:710964. doi: 10.3389/fcell.2021.710964

N6-methyladenosine (m6A) is a commonly modification of mammalian mRNAs and plays key roles in various cellular processes. Emerging evidence reveals the importance of RNA m6A modification in maintaining stem cell function in normal hematopoiesis and leukemogenesis. In this review, we first briefly summarize the latest advances in RNA m6A biology, and further highlight the roles of m6A writers, readers and erasers in normal hematopoiesis and acute myeloid leukemia. Moreover, we also discuss the mechanisms of these m6A modifiers in preserving the function of hematopoietic stem cells (HSCs) and leukemia stem cells (LSCs), as well as potential strategies for targeting m6A modification related pathways. Overall, we provide a comprehensive summary and our insights into the field of RNA m6A in normal hematopoiesis and leukemia pathogenesis.
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INTRODUCTION

Hematopoietic homeostasis is maintained by rare multipotent hematopoietic stem cells (HSCs) via efficient self-renewal and differentiation into all lineage blood cells. This process is tightly controlled at multilayers such as the transcriptional and post-transcriptional levels (Orkin and Zon, 2008; Olson et al., 2020; Wilkinson et al., 2020). Alterations in these regulatory mechanisms affect the function of HSCs, and frequently cause hematologic diseases. Acute myeloid leukemia (AML) is an aggressive and fatal hematologic malignancy characterized by uncontrolled expansion of poorly differentiated myeloid cells (Dohner et al., 2015), and its development is associated with accumulation of acquired genetic and epigenetic changes in hematopoietic stem/progenitor cells (HSPCs) (Cancer Genome Atlas Research Network Ley et al., 2013; Shlush et al., 2014). These alterations confer HSPCs with increased self-renewal capacity and impair their normal differentiation trajectory, thereby subsequently transforming HSPCs into leukemia stem cells (LSCs) (Lu et al., 2016; Yang et al., 2016). The existence of LSCs is also considered as the main reason for AML relapse. Therefore, exploring the underlying mechanisms of maintaining the function of HSCs and LSCs is always an attractive topic in this field.

The post-transcriptional modification of RNA plays important roles in regulating gene expression. m6A was first discovered in the 1970s, and is the most abundant one among about 160 chemical marks on cellular RNA that have been discovered to date (Desrosiers et al., 1974; Helm and Motorin, 2017). About one-third of mammalian mRNAs have been identified as containing m6A modification with an average of 3–5 modifications per mRNA (Huang et al., 2020). Along with the development of m6A high-throughput sequencing technology that enables profiling of m6A modifications at the transcriptome-wide level, it is found that m6A modification sites have a typical consensus motif DRACH and are mainly enriched in the coding sequence and 3’untranslated region (Dominissini et al., 2012; Meyer et al., 2012). Moreover, m6A modification is reversible and dynamically controlled by m6A modifiers including writers, erasers and readers, and plays key roles in determining RNA fate by regulating RNA processing such as decay, stability, splicing, transportation, and translation. Increasing evidences including studies from our laboratory indicate that RNA m6A is involved in many biological processes, including hematopoiesis and leukemogenesis (Vu et al., 2019; Wang et al., 2020). In this review, we summarize the roles of m6A writers, readers and erasers in normal hematopoiesis and acute myeloid leukemia by focusing on their function in HSCs and LSCs maintenance, as well as potential strategies for targeting m6A modification related pathways.



REGULATION OF RNA m6A MODIFICATION

RNA m6A is a dynamic and reversible modification that is executed by m6A modifiers and related factors, which can be divided into three different functional groups, writers, erasers, and readers. The writers are responsible for installing m6A marks to RNA, the erasers selectively remove m6A marks, and the readers recognize m6A marks specifically. m6A methyltransferase complex, also called “m6A writer,” is composed of methyltransferase-like 3 (METTL3), METTL14, WT-associated protein (WTAP), RBM15/RBM15B, KIAA1429, and ZC3H13 (Liu et al., 2014; Ping et al., 2014; Knuckles et al., 2018; Wen et al., 2018; Hu et al., 2020). m6A erasers, FTO and ALKBH5, are the main demethylases (Jia et al., 2011; Zheng et al., 2013). m6A modifications are recognized by different m6A readers, including YTH domain-containing protein 1–2 (YTHDC1/2), YTH domain-containing family member 1–3 (YTHDF1/2/3), and insulin-like growth factor-2 mRNA-binding protein (IGF2BP) family IGF2BP1/2/3 (Theler et al., 2014; Xiao et al., 2016; Hsu et al., 2017; Huang et al., 2018). They closely collaborate in controlling m6A modification and determining RNA fates (Figure 1).
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FIGURE 1. Overview of RNA m6A modification. m6A methylation is catalyzed by the writer complex that is composed by METTL3, METTL14, WTAP, METTL16, VIRMA, RBM15, ZC3H13, and KIAA1429. m6A methylation is removed by erasers including ALKBH5 and FTO. The m6A-modified RNA reader proteins include YTHDF1/2/3, YTHDC1/2, IGF2BP1/2/3, and HNRNPs. These readers bind to the target RNA in an m6A-dependent manner, and affects the metabolic processes of RNA, such as pre-mRNA splicing, nuclear export, RNA decay, RNA stability and RNA translation.



Writer of RNA m6A

Writer of m6A, the methyltransferase complex, is responsible for catalyzing the transfer of methyl group from S-adenosylmethionine (SAM) to the sixth N atom of RNA adenosine. It is currently believed that METTL3 is the only catalytical protein in this complex, whereas METTL14 maintains the activity and structural stability of METTL3/METTL14 heterodimer (Wang P. et al., 2016). METTL3 contains the leading helix structure (LH) domain, nuclear localization signal (NLS) domain, CCH-type zinc finger domain (ZFD), and two SAM structure binding domains–methyltransferase domain (MTD). LH and NLS mediate the interaction of METTL3 with METTL14 (Liu et al., 2014; Wang P. et al., 2016; Wang X. et al., 2016). ZFD serves as the target recognition domain and fulfills the methyltransferase activity of the METTL3-METTL14 complex (Huang J. et al., 2019).

The activity and specificity of m6A writer also relies on the subunits of this complex. As an important subunit of m6A writer complex, WTAP promotes METTL3-METTL14 heterodimer to enter the nuclear plaque and stabilize it (Ping et al., 2014). Biochemical experiments have proved that WTAP protein alone does not function as a methyltransferase in vitro but as an indispensable subunit for the complex. RBM15 is another important subunit and facilitates the recruitment of m6A writer complex to specific RNA (Patil et al., 2016). ZC3H13 exists in an evolutionarily conserved complex ZC3H13-WTAP-Virilizer-Hakai. ZC3H13 loss promotes the transfer of WTAP from nucleus to cytoplasm accompanying with decreased nuclear METTL13 and METTL14, thus blocking m6A installation (Knuckles et al., 2018; Wen et al., 2018). VIRMA contains the RBP domain, and facilitates m6A writer complex to the 3′UTR region, suggesting that VIRMA plays a significant role in m6A modification concentrated near 3′UTR and stop codon (Yue et al., 2018). Together, RNA m6A installation is a complicated process, and multiple factors involved in this process guarantee its accuracy.



Erasers of RNA m6A

Currently, two m6A demethylases have been reported, FTO and ALKBH5, and both belong to the ALKB family (Jia et al., 2011; Zheng et al., 2013). Although FTO is a member of the ALKB family, its C-terminus has a specific domain (long loop) that can demethylate methylated bases (Zhang et al., 2019). Beyond m6A, FTO can also catalyze the demethylation of m6Am on mRNA and m1A on tRNA. Recent study showed that the cellular distribution of FTO is distinct among different cell lines, which affects the access of FTO to different RNA substrates. FTO in the nucleus has a higher affinity for m6A, while FTO in the cytoplasm has a higher affinity for m6Am (Wei et al., 2018). Although a nuclear localization signal at the N-terminus guides FTO into the nucleus, factors that influence FTO location remain unknown yet. ALKBH5 is another demethylated enzyme that specifically recognizes the m6A on RNA. Knockout of ALKBH5 in mice does not affect the health status except for the defect of spermatogenesis in mice, which makes ALKBH5 more suitable as a therapeutic target (Zheng et al., 2013; Shen et al., 2020; Wang et al., 2020). Notably, α-KG and Fe2+ are essential for the demethylation activity of FTO and ALKBH5, however, it remain elusive how the activities of these m6A erasers are regulated in different contexts.



Readers of RNA m6A

Identification of m6A readers has provided important information about how m6A acts in determining RNA fates, and the list of m6A readers is still expanding. Both YTHDF1/2/3 and YTHDC1/2 can be grouped into one class, as they all contain the same YTH domain that is responsible for recognizing m6A. YTHDF2 mainly promotes degradation of m6A-tagged mRNAs (Du et al., 2016), while YTHDF1 and YTHDF3 affect the translation of their target transcripts (Shi et al., 2017). The different consequences brought by these different readers may result from their associated regulatory machinery or related factors. For instance, YTHDF1 interacts with eukaryotic initiation factor 3 (eIF3) in the 48S translation initiation complex and further recruits other translational factors for facilitating translation (Lee et al., 2015); YTHDF3 recruits eIF4G2 directly bound to internal ribosome entry sites to initiate eIF4E-independent translation (Yang et al., 2017; Di Timoteo et al., 2020); YTHDF2 recruits CCR4-NOT deadenylase complex for mRNA decay (Du et al., 2016). Similarly, YTHDC1/2 executes a distinct function in fine-tuning m6A-tagged transcripts, although they share the same sequence pattern with YTHDF1/2/3. YTHDC1 mainly locates in the nucleus and participates in m6A-tagged mRNA export from the nucleus to the cytoplasm (Zhang et al., 2010; Xu et al., 2014; Xiao et al., 2016; Roundtree et al., 2017). Recent studies indicate that YTHDC1 also mediates mRNA splicing by recruiting two competitive mRNA splicing factors serine/arginine-rich splicing factor 3 (SRSF3) and SRSF10 (Xiao et al., 2016). YTHDC2 affects the stability and translation of mRNA by recognizing m6A modification (Xu et al., 2015; Wojtas et al., 2017; Kretschmer et al., 2018).

IGF2BPs form another group of m6A readers as they use common RNA binding domains (RBDs) for recognizing m6A-tagged RNA. IGF2BPs contains 4 repetitive KH protein domains, and the third and fourth KH protein domains are essential for IGF2BPs to recognize m6A. IGF2BPs mainly regulate the stability of their target mRNA in an m6A-dependent manner, and in Hela cells they share about 60% target transcripts (Huang et al., 2018). But the regulatory machinery of IGF2BPs remains elusive. Our recent work revealed that YBX1 cooperates with IGF2BPs to promote the stability of m6A-tagged transcripts (Feng et al., 2021), suggesting YBX1 is one component of IGF2BP regulatory machinery. However, what the other factors are involved in the machinery still needs investigation in the future. Several heterogeneous nuclear ribonucleoproteins (HNRNPs) including HNRNPC, HNRNPG, and HNRNPA2/B1 also function as m6A reader. For instance, HNRNPA2B1 can directly bind to the primary miRNA (pri-miRNA) that carry m6A mark, and promotes the processing of the mature of pri-miRNA through cooperating with miRNA microprocessing complex DGCR8 (Alarcón et al., 2015).



Open Scientific Questions

The biology of RNA modification has attracted burst interests, and the important role of m6A modification in regulating RNA fates has been appreciated. While the field become flourishing, some key scientific questions remain unknown. First, how are the activities of m6A modifiers regulated? Changing the expression levels of m6A modifiers in different cells may be a major approach for fine-tuning their activities. For instance, increased expression of several m6A modifiers such as METTL3, FTO, and ALKBH5 have been observed in leukemia cells (discussed in the following) (Li et al., 2017; Vu et al., 2017; Wang et al., 2020). In addition, the activities of m6A modifiers may be affected by metabolites. Recent study showed that oncometabolite 2-hydroxyglutarate (2HG) inhibits FTO (Su et al., 2018). Moreover, the cellular distribution and post-translational modification of m6A modifiers also regulate their activities (Lin et al., 2016; Du et al., 2018; Wei et al., 2018; Sun et al., 2020). Second, what determines the transcript specificity of m6A modifiers? It is known that m6A is installed on mRNA co-transcriptionally by m6A writer complex (Yang et al., 2018), but it is still unknown how the transcripts are selected by m6A writer. Same question is also applicable to m6A erasers and readers. Increasing evidence shows that diverse regulatory machinery can be recruited to m6A-tagged mRNA through m6A readers, and RBPs involved in these machineries might convey specificity of m6A readers toward certain m6A sites or m6A-tagged RNA. Thus, identifying the cofactors of m6A modifiers may be more important in the future. Last, we should appreciate the importance of context issue in RNA modification biology. From this point, it becomes reasonable that RNA m6A is highly dynamic and context-dependent.



RNA m6A IN MAINTAINING THE FUNCTION OF HSCs AND LSCs

HSCs locate at the top of the hematopoietic hierarchy and are responsible for replenishing blood system throughout life. LSCs transformed from normal HSCs initiate the development of myeloid leukemia such as AML. Increasing evidence show that RNA m6A plays key roles in sustaining the function of HSCs and LSCs in normal and malignant hematopoiesis. In the following, we summarize the research advances in this field (Figure 2).
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FIGURE 2. RNA m6A in maintaining HSCs and LSCs function in normal and malignant hematopoiesis. (A) m6A modification regulates normal hematopoietic system. Mettl3 mediated m6A modification regulates HSPC fate specification by inhibiting Notch signaling during early definitive hematopoiesis. During HSPC expansion in fetal liver, Mettl3 deletion promotes dsRNA formation, activates OAS RNase L and PKR-eIF2a pathways, and upregulates MDA5/RIG-I, leading to hematopoietic failure. In adult HSCs, Mettl3 regulates the translation of c-Myc and promotes the proliferation of hematopoietic stem cells. Ythdf2-deficient HSCs display chronic activation of inflammatory pathways, resulting in a progressive myeloid bias. EHT, endothelial-to-hematopoietic transition. (B) The role of RNA m6A for LSCs in myeloid leukemia. The m6A level of cancer-related genes are affected with m6A “writer,” “reader,” and “eraser” by regulating mRNA translation, decay, stability in the development of AML. These cancer-related genes promote the development of leukemia by affecting proliferation, differentiation, cancer self-renewal, and apoptosis.



RNA m6A Is Essential for HSC Maintenance in Normal Hematopoiesis

Both the emergence and functional maintenance of HSCs in hematopoiesis are delicately controlled. HSCs are derived early from embryonic precursors, such as hemogenic endothelial cells and pre-hematopoietic stem cells (Zhou et al., 2016). The first HSC appears in mid-gestational mouse embryos at embryonic day 10.5 (E10.5), and progressively colonizes fetal liver and dramatically expands there from E12. Before birth, HSCs migrate into bone marrow, where they maintain the homeostasis of hematopoietic system by extensively self-renewing and differentiating into entire blood lineages throughout lifetime.

RNA m6A modification controls the fate determination of HSCs and progenitor cells during vertebrate definitive hematopoiesis. Using a zebrafish model and deleting Mettl3 expression by morpholino (MO), a recent study found that HSPCs differentiation toward erythroid, myeloid, and lymphoid cells is substantially impaired in mettl3 morphants, while the primitive hematopoiesis is relatively unaltered (Zhang et al., 2017). Mettl3 loss abolishes the transition of endothelial cells into HSCs, as showing the decreased number of hemogenic endothelium and emerging HSPCs in mettl3 morphants. They investigated the molecular mechanisms by integrating RNA-seq with m6A-seq, and found that deletion of mettl3 in endothelial cells upregulates the Notch and vascular endothelial growth factor pathways, and identified that notch1a as one of the downstream targets of mettl3. They confirmed that Mettl3-mediated m6A modification regulates HSPC generation through inhibiting endothelial Notch signaling, which is mediated by m6A reader Ythdf2 (Zhang et al., 2017). Thus, m6A modulates HSPC specification in early definitive hematopoiesis of zebrafish embryogenesis. Recent studies showed that Mettl3 is also essential for mammalian hematopoiesis (Gao et al., 2020; Jiang et al., 2021). Deletion of Mettl3 and m6A in Vav-Cre;Mettl3fl/fl mice caused hematopoietic failure with expansion of phenotypical Lin–Sca-1+c-Kit+ (LSK) HSPCs in the fetal liver that were functionally defective. Further analysis revealed that loss of m6A results in robust transcriptional upregulation of interferon-stimulated genes (ISGs) and 2′, 5′-oligoadenylate synthetase (Oas) genes and induces a dsRNA-mediated innate immune response, showing activation of the OAS-RNase L and PKR-eIF2a pathways and upregulation of the dsRNA sensors MDA5 and RIG-I (Gao et al., 2020). These studies reveal that RNA m6A plays key role in embryonic hematopoiesis.

In adult hematopoiesis, m6A is essential for maintaining HSC function. Inducible deletion of Mettl3 in adult hematopoietic system in Mx1-Cre;Mettl3fl/fl mice does not significantly change the production ratio of mature myeloid cells, but blocks the normal differentiation and causes accumulation of phenotypical HSCs with long-term hematopoietic disorder and impaired hematopoietic reconstitution potential (Yao et al., 2018; Cheng et al., 2019; Lee et al., 2019). Knockdown of METTL3 or METTL14 by shRNAs can also significantly inhibit the proliferation and promote the differentiation of human umbilical cord blood derived CD34+ HSPCs (Vu et al., 2017; Martin and Park, 2018). Using single-cell RNA-seq in combination with transcriptomic profiling of HSPCs, researchers found that m6A-deficient HSCs fails to symmetrically differentiate due to alteration of Myc mRNA abundance, and enforced expression of Myc rescues differentiation defect of Mettl3-deficient HSCs (Cheng et al., 2019; Lee et al., 2019). Thus, these studies reveal a key role of m6A in governing HSC differentiation in adult hematopoietic system, which is distinct to its function in embryonic hematopoiesis, indicating a developmental stage-specific requirement for m6A in hematopoiesis.

Interestingly, recent works further add the complexity about the role of m6A in hematopoiesis. Two early studies found that YTHDF2 depletion significantly expands hematopoietic stem cells in mouse and human umbilical cord blood without skewing lineage differentiation preference or leading to hematopoietic malignancy (Li et al., 2018; Paris et al., 2019). Intriguingly, Mapperley et al. (2021) recently analyzed the long-term effect of Ythdf2 deletion on HSC maintenance and multilineage hematopoiesis. They found that HSCs from young mice with Ythdf2 deficiency cannot be transplanted continuously. Furthermore, Ythdf2-deficient HSCs displays chronic activation of inflammatory pathways, resulting in a progressive myeloid bias, loss of lymphoid potential and HSC expansion with functional defect of long-term reconstitution (Mapperley et al., 2021). Of course, the roles of other m6A readers in hematopoiesis remain unknown. However, it becomes clear that m6A eraser AlKBH5 is not dispensable for adult hematopoiesis and HSC function. Using Mx1-Cre to conditional delete Albkh5 in mouse hematopoietic cells, we found that Alkbh5 deficiency does not affect normal hematopoiesis. We also performed serial transplantation and confirmed that loss of Alkbh5 does not affect HSCs self-renewal, differentiation and long-term hematopoietic function (Shen et al., 2020; Wang et al., 2020). Knockdown of ALKBH5 also does not affect the colony forming ability of HSPCs derived from human umbilical cord blood (Wang et al., 2020). We speculate that FTO, another m6A eraser, may compensate the function of Alkbh5 in Alkbh5-deficient cells, thus loss of Alkbh5 alone does not significant affect normal hematopoiesis and HSC function. Overall, we believe that m6A acts much more complex role in hematopoiesis (Figure 2A).



The Role of RNA m6A for LSCs in Myeloid Leukemia

Most myeloid leukemia is initiated by LSCs that are transformed from dysregulated HSCs. Similarly, RNA m6A also plays essential roles in leukemia and LSC function. Compared with normal HSPCs or other types of tumor cells, the expression level of METTL3 is obviously higher in AML (Barbieri et al., 2017; Vu et al., 2017). Overexpression of METTL3 inhibits leukemia cell differentiation and increases cell growth; conversely, deletion of METTL3 in human myeloid leukemia cells can induce cell differentiation and promote apoptosis, and delay in vivo leukemia development (Barbieri et al., 2017; Vu et al., 2017; Guirguis et al., 2020). Single-nucleotide-resolution mapping coupled with RNA-seq and ribosome profiling revealed that m6A promotes the translation of downstream targets including c-MYC, BCL2, and PTEN (Vu et al., 2017). METTL3 may act in another way. In another study, ChIP-seq experiment showed that METTL3, independently of METTL14, binds to chromatin and localizes to transcriptional start site (TSS) of active genes. Promoter-bound METTL3 recruits CEBPZ and regulates the translation of downstream oncogenic drivers SP1 and SP2. SP1 in turn regulates the expression of c-MYC and ultimately promotes the occurrence and development of leukemia (Barbieri et al., 2017). Another subunit of m6A writer core complex, METTL14 is also highly expressed in AML cells and is required for leukemia. In mechanism, transcription factor SPI1 negatively regulates METTL14 expression, and MYB and MYC are functional downstream targets of METTL14 (Weng et al., 2018).

Actually, FTO is the first m6A modifier that is reported to play an oncogenic role in AML (Li et al., 2017). FTO is highly expressed in leukemia cells from different subtypes of AML, and especially in leukemia stem cells. FTO knockout or inhibition can significantly inhibit the self-renewal of leukemia stem cells, thus hindering the occurrence and development of AML; conversely, high expression of FTO promotes the growth of leukemia cells and accelerates leukemogenesis. Mechanistically, FTO regulates the degradation of ASB2 and RARA mRNA in an m6A-dependent manner (Li et al., 2017). IDH1/2 catalyze the oxidative decarboxylation of isocitrate to α-ketoglutarate (α-KG). IDH1/2 mutations occur in about 20% of AML, resulting in increased production of R-2-hydroglutarate (R-2HG). Thus, R-2HG is considered as an oncometabolite. Interestingly, as R-2HG is structurally close to α-KG, it competitively inhibits the activity of α-KG-dependent dioxygease, FTO, thereby increasing the overall level of m6A without affecting FTO expression and decreasing the stability of MYC and CEBPA mRNA in R-2HG-sensitive leukemia cells (Su et al., 2018). Moreover, a recent study found that R-2HG also suppresses glycolysis in leukemia cells by abrogating FTO/m6A/YTHDF2-mediated upregulation of two critical glycolytic genes phosphofructokinase platelet (PFKP) and lactate dehydrogenase B (LDHB) (Qing et al., 2021). Thus, these works provide rationale for FTO as a potential therapeutic target for AML treatment.

ALKBH5 is regarded as the major demethylase for most mRNA m6A, as FTO only demethylates 5–10% of mRNA m6A in common cells (maybe up to 40% in some AML cells). Recent works from our group and Dr. Chen’s group simultaneously revealed the key and selective role of ALKBH5 in self-renewal and maintenance of leukemia stem cells (Shen et al., 2020; Wang et al., 2020). We found that ALKBH5 expression is regulated by chromatin state alteration during leukemogenesis of human AML, which is mediated by histone demethylase KDM4C. KDM4C reduces H3K9me3 levels and promotes recruitment of MYB and Pol II to ALKBH5 promoter region (Wang et al., 2020). Using MLL-AF9 mouse model and a series of leukemia reconstitution experiments in the Alkbh5 conditional knockout mice, we confirmed that Alkbh5 deletion could significantly inhibit the occurrence and development of AML and prolong the survival time of the knockout mice. Furthermore, integration of m6A-seq, SLAM-seq, Ribo-seq data analysis showed that ALKBH5 knockdown significantly increases the overall level of m6A modification, decreases the stability of the overall mRNA, and does not affect the overall mRNA translation. We focused on a receptor tyrosine kinase AXL and found that ALKBH5 affects AXL mRNA stability in an m6A-dependent way. AXL belongs to the TAM (TYRO3, AXL, MER) receptor kinase family, and has been reported that AXL can phosphorylate FLT3 in AML to promote the pathological progress of AML. At the same time, AML patients with high expression of AXL have poor prognosis (Park et al., 2015). We confirmed that AXL activates downstream PI3K/AKT pathway in AML and mediates the function of ALKBH5 in AML. Meanwhile, Cheng et al. (2020) and Shen et al. (2020) found that ALKBH5 knockdown accelerates the degradation of TACC3 mRNA, an oncogenic factor described to be critical in the growth of various cancer cells. These two complimentary studies clearly uncover the important role of ALKBH5 in the pathogenesis of AML and LSCs maintenance, but has no significant effect on normal hematopoietic differentiation. The findings from our group also link chromatin state dynamics with expression regulation of m6A modifiers.

The roles of other m6A modifiers in LSC maintenance and leukemogenesis are also being recognized recently. It has been reported that WTAP is highly expressed in AML and is associated with poor prognosis. Knockdown of WTAP inhibits cell proliferation, induces apoptosis and enhances myeloid differentiation, and plays a oncogenic role in leukemia (Bansal et al., 2014; Naren et al., 2021). Importantly, upregulation of WTAP is not enough to promote the proliferation of leukemia cells when the function of METTL3 is absent, indicating that the oncogenic role of WTAP depends on METTL3 and RNA m6A (Sorci et al., 2018). Paris et al. (2019) found that YTHDF2 is highly expressed in AML and is required for disease initiation as well as propagation in mouse and human AML. Ythdf2 loss decreases the half-life of diverse m6A transcripts that contribute to the overall integrity of LSC function, including the tumor necrosis factor receptor Tnfrsf2, whose upregulation in Ythdf2-deficient LSCs primes cells for apoptosis (Paris et al., 2019). IGF2BPs promote mRNA stability and translation (Huang et al., 2018). It has been found that IGF2BP1 affects the proliferation and tumorigenic potential of leukemia cells by regulating the key factors of self-renewal, such as HOXB4, MYB, and ALDH1A1 (Elcheva et al., 2020; Schuschel et al., 2020). Overall, while the function of the remaining m6A modifiers in hematologic malignancies is being exploited, the studies so far clearly show that RNA m6A is essential for the development of myeloid leukemia and LSCs maintenance (Figure 2B).



Targeting m6A Modifiers: A Promising Therapeutic Strategy for Myeloid Leukemia

Current studies have established a rationale for developing therapeutic approaches against leukemia by targeting RNA m6A modifiers. In a recent study, via a high throughput screen of 250,000 diverse drug-like compounds, a highly potent and selective first-in-class catalytic inhibitor of METTL3, STM2457, was identified (Yankova et al., 2021). STM2457 can directly bind to the SAM binding site of METTL3, thereby blocking its methyltransferase activity and affecting the translation of BRD4, c-Myc, SP1 and other genes. STM2457 treatment significantly inhibits proliferation, induces differentiation and increase apoptosis of leukemia cells. Surprisingly, STM2457 has no significant effect on normal HSCs and other normal cells, although previous studies showed that genetic deletion of METTL3 impairs HSC differentiation and damage normal hematopoiesis (Vu et al., 2017; Martin and Park, 2018). This study may present a promising targeting strategy for AML treatment. Notably, given that METTL3 is the core subunit of RNA m6A writer complex and is essential for various physiological processes, it needs to pay much attention to the possible side effects resulting from targeting METTL3 in the future.

FTO is another potential target for cancer therapy, and small molecules against FTO are being developed. Meclofenamic acid (MA) is an inhibitor of FTO (Huang et al., 2015), and based on the structural principles underlying FTO/MA interaction, recently. Huang Y. et al. (2019) developed new FTO inhibitors FB23 and FB23-2, and found that FB23-2 displays inhibitory effects on leukemia cells in vitro and in vivo. They further conducted a structure-based virtual screening of the 260,000 compounds, and identified two small molecule inhibitors CS1 (bisantrene) and CS2 (brequinara). Inhibition of FTO by these two compounds attenuates LSC self-renewal and reprograms immune response (Su et al., 2020). The inhibition of immune escape of leukemia cells with targeting FTO is mainly associated with the immunosuppressive molecule LILRB4, which is highly expressed in leukemia cells. These studies may provide a model for identifying potential inhibitors for m6A modifiers. In the future, it is necessary to further clarify the role of FTO in normal hematopoiesis and HSCs. Strikingly, recent studies of our group and Dr. Chen’s group have clearly showed that ALKBH5 is essential for AML stem cells but dispensable for normal HSCs and hematopoiesis, which signify ALKBH5 as a novel target for AML treatment. In addition, genetic deletion of Alkbh5 has no significant effect on the whole life span and physiological status of mice except spermatogenesis (Zheng et al., 2013). From this point, we believe ALKBH5 might be another very promising therapeutic target.



Open Scientific Questions

It becomes clear that RNA m6A modification and the related modifiers play critical roles in maintaining stem cell function in normal and malignant hematopoiesis. However, some key scientific questions remain unclear. For instance, in term of definitive hematopoiesis during mammalian embryogenesis, which developmental stages are really affected by RNA m6A? Why does m6A play distinct roles in embryonic and adult hematopoiesis? What is the underlying mechanism? Interestingly, some m6A modifiers are selectively essential for LSCs and leukemia but are dispensable for normal hematopoiesis. What is the underlying rationale for these different effects on LSCs and normal HSCs of certain m6A modifiers, such as ALKBH5? Moreover, genomic instability is one of main mechanisms for cancer development and progression, and various genetic deletions, insertions or chromosome translocations have been found in leukemia. Recent studies have shown that m6A involves in DNA damage repair and genomic stability (Xiang et al., 2017; Zhang et al., 2020), it will be interesting to explore whether RNA m6A modification regulates genomic instability during leukemogenesis. Rapidly accumulating evidence also shows the crosstalk between RNA methylation and histone/DNA epigenetic mechanisms (Huang H. et al., 2019; Liu et al., 2020; Wei and He, 2021), which guides the recruitment of chromatin modifiers or RNA m6A machinery, and regulates the transcriptional activity and translation. Thus, further exploring the underlying mechanisms might provide more information for the specification of RNA m6A in normal and malignant hematopoiesis. In addition, m6A writers and erasers are all required for hematologic malignancies, and deletion of either one results in similar phenotypes. From the biochemical or molecular view, m6A writers and erasers act in totally opposite ways in m6A modification, why do they function similarly at the pathological context? We propose that m6A plays a protective role under stress setting, such as oncogene transformation, which induces higher level of transcription during leukemogenesis. In response to this higher oncogenesis-induced transcriptional stress, cells strengthen the regulatory networks including RNA m6A pathway to maintain the homeostasis of RNA metabolism. Thus, interfering RNA m6A pathway by altering either m6A writers or erasers results in the similar cellular consequence under pathogenesis. Overall, these questions need to be addressed in the future.



CONCLUSION AND PERSPECTIVES

In summary, accumulated evidences in the past few years show that m6A modification plays essential role in normal hematopoiesis and leukemia pathogenesis. However, the underlying molecular mechanisms are still unclear. How does RNA m6A specifically and precisely regulate the physiological and pathological processes of hematopoiesis. RBPs such as YBX1 regulate the interaction between m6A-tagged RNA substrates and m6A modifiers (Feng et al., 2021), suggesting that RBPs or cofactors for m6A modifiers may act key roles in determining the precision and specificity of RNA m6A. In addition, it is necessary to investigate the dynamics of RNA m6A profiling during normal and malignant hematopoiesis. Unfortunately, current approaches of m6A-seq are not suitable for rare stem cells. Therefore, developing a highly sensitive m6A-seq is urgent and very useful in the future. Given the important role of RNA m6A in AML, it will be very exciting to explore the therapeutic potentials and clinical benefit by targeting m6A modifiers in AML treatment. Indeed, small molecule compounds that target m6A regulators (METTL3 and FTO) have been developed (Qiao et al., 2016; Huang Y. et al., 2019; Yankova et al., 2021). In the next, developing effective therapeutic strategies by targeting RNA m6A pathway and clarifying their feasibility in the clinical should be paid much attention. Taken together, these studies shed light on the role of RNA m6A in normal and malignant hematopoiesis, and we believe this just opens the door for us to explore the unknown RNA modification world.
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Cell transplantation has been proposed as a promising therapeutic strategy for curing the diseases requiring tissue repairing and functional restoration. A preclinical method to systematically evaluate the fates of donor cells in recipients, spatially and temporally, is demanded for judging therapeutic potentials for the particularly designed cell transplantation. Yet, the dynamic cell tracking methodology for tracing transplanted cells in vivo is still at its early phase. Here, we created a practical protocol for dynamically tracking cell via a three-dimensional (3D) technique which enabled us to localize, quantify, and overall evaluate the transplanted hepatocytes within a liver failure mouse model. First, the capacity of 3D bioluminescence imaging for quantifying transplanted hepatocytes was defined. Images obtained from the 3D bioluminescence imaging module were then combined with the CT scanner to reconstruct structure images of host mice. With those reconstructed images, precise locations of transplanted hepatocytes in the liver of the recipient were dynamically monitored. Immunohistochemistry staining of transplanted cells, and the serology assay of liver panel of the host mice were applied to verify the successful engraftment of donor cells in the host livers. Our protocol was practical for evaluating the engraftment efficiency of donor cells at their preclinical phases, which is also applicable as a referable standard for studying the fates of other transplanted cells, such as stem cell-derived cell types, during preclinical studies with cell transplantation therapy.
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INTRODUCTION

Today, cell transplantation therapy plays important roles in clinical therapies for many types of diseases. Since 1967, the well-known success of bone marrow transplantation had started a new era of cell transplantation for the therapies of blood diseases (Thomas, 1987, 2005; Cossu et al., 2018). Later, hepatocyte transplantation was also successfully used in the clinical trials for some liver diseases (Ott and Castell, 2019). The current studies in the fields of stem cells and regenerative medicine are hoped to provide the adequate sources of donor cells and bring the cell transplantation therapy into even newer era, which have widely opened the scope to forecast its potential applications into therapies of many injuries or diseases for tissue repairing or replacements. Especially, stem cell-derived functional cells for various tissues are increasingly considered sources of donor cells for cell transplantation therapy in the future.

To evaluate the therapeutic effects of cell transplantation, the dynamic migration and movements of donor cells in the hosts are required to be comprehensively analyzed during preclinical studies. Therefore, a practical method to track the state and fate of donor cells posttransplantation spatially and temporally is highly demanded in many current and future studies on the preclinical applications of cell transplantation-based therapies (Nguyen et al., 2014).

The dynamic study with comprehensive analyses on transplanted cells through using the new technology of in vivo tracking has become a powerful strategy to judge the fate of transplanted cells (Feigenbaum et al., 2009). Such new technology is under a non-invasive condition, which does not require the multiple rounds of sacrificing animals and harvesting samples. Especially, non-invasive tracking has many common advantages to perform the dynamic cell tracking in a real-time process, which were able to monitor the fate of transplanted cells in vivo during various dynamic processes, including the stages of cell homing and engraftments, as well as target tissue repairing or replacements for functional recoveries of many tissues (Kircher et al., 2011).

Bioluminescence imaging (BLI) technique system carries many potential advantages for dynamic tracking on cells in vivo. Most used bioluminescence is firefly luciferase, with Mg2+, ATP, and O2, which catalyze its substrate luciferin to generate bioluminescence signals. Luciferase has been used as a reporter gene product to recognize those luciferase-expressing cells during their biological processes (Dubey, 2012). With a set of optical inspection instruments, dynamic activities of the transplanted luciferase-expressing cells in the body of recipients can be directly monitored, based on the luciferase-induced bioluminescence signal (Herter-Sprie et al., 2014).

Normally, BLI could only be used at the mode of two dimensions (2D), which was successfully applied in the studies on observations of tumor growth in vivo (Yao et al., 2018). However, BLI of 2D mode (2D BLI) could not reach to the enough depths of tissues to track signals of detected cells that located deeply in the body of recipients (Kocher and Piwnica-Worms, 2013). Recently, BLI of 3D mode (3D BLI) has been developed with significant improvements, which enable scientists to capture both the information more accurately about localization and quantification of donor cells during the dynamic cell tracking after cell transplantation.

Based on the latest generation of instrument for IVIS® Spectrum computed tomography (CT) scanner that combines optical imaging and CT in one platform (Aalipour et al., 2019), we investigated how to establish a practical protocol to perform 3D cell tracking of transplanted hepatocytes in mice. This protocol was also expected to be a useful and referable standard for the 3D tracking of other cell types during their dynamic process of cell transplantation.

In our study, the fumarylacetoacetate hydrolase-deficient (Fah–/–) mouse model was used as the preferable system for hepatocyte transplantation and liver repopulation. Fah–/– mice can undergo induced liver failure and animal death once lacking enough 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) water. However, they can also be successfully rescued from death by restoring their liver function through the liver repopulation after transplantation of hepatocytes from wild-type animals. In our experiment, the dynamic process, including the stages of cell engraftment, migration, proliferation, and liver regeneration in final, was continuously tracked in a real-time manner after transplanting luciferase-expressing hepatocytes into the body of Fah–/– mouse.



METHOD


Animals

All mice received humane care according to the guidelines of Tongji University Animal Care and Use Committees. Luciferase transgenic mice were purchased from Shanghai Model Organisms Center, Inc., maintained under specific pathogen-free conditions and used at 8–10 weeks of age.



Mice Model With Liver Failure

As described in previous studies (He et al., 2010; Wang et al., 2018), Fah–/– mice undergo liver failure and death. To survive, the mice need to be maintained with continuous supplement of 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) in their drinking water (7.5 mg/L). To induce liver injury, NTBC was totally withdrawn from the drinking water of Fah–/– mice.



Hepatocyte Isolation and Transplantation

Donor luciferase-expressing hepatocytes were isolated from luciferase transgenic mice (Shanghai Model Organisms Center, Inc., Shanghai, China) with the perfusion protocol that is established in previous studies (He et al., 2012; Wang et al., 2014). Briefly, the liver was preperfused with 1 × Earle’s balanced salt solution (EBSS) (Gibco, Amarillo, TX, United States) with 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Gibco) for 10 min at 37°C, and then perfused with 1 × EBSS with 5 mM HEPES with collagenase D (Sigma-Aldrich, St. Louis, MO, United States) for 10 min at 37°C. The dissociated cells were filtered through a 70-μm Nylon cell strainer (BD Biosciences, San Jose, CA, United States), and then centrifuged twice for 2 min at 50 g to remove clumps. Furthermore, viability of isolated hepatocytes was above 80% evaluated by Trypan blue stain (Sigma-Aldrich). Harvested hepatocytes were resuspended in DMEM and injected into Fah–/– recipient animals through the spleen (1 × 106 cells/recipient) as described (Wang et al., 2014).



CT for Three-Dimensionally Localizing Luciferase-Expressing Hepatocytes

Computed tomography scanning was carried out with IVIS® Spectrum CT in vivo Imaging System (PerkinElmer, Waltham, MA, United States). CT images were captured with 50 kVp X-rays at a tube current of 1 mA, with exposure time of 50 ms, and with an aluminum filter. CT images were reconstructed with Living Image 4.5 software, which not only provided a field of view (FOV) of 20 cm × 20 cm × 20 cm but also allowed an isotropic resolution of 0.15 mm for the anatomical location of transplanted cells with bioluminescence.



Bioluminescence Imaging of Transplanted Hepatocytes


In vitro BLI of Luciferase-Expressing Hepatocytes in 2D System

The isolated luciferase-expressing hepatocytes were seeded in 96-well plates with different densities (1 × 103, 1 × 104, and 1 × 105). After being attached in the CO2 incubator for 4 h under 37°C, the value of bioluminescence excited by cells was measured for depleting the background signals. D-Luciferin (250 μM) was then added to the attached hepatocytes in the 96-well plate. After reacting for 5 min, the plate with cells was placed in the IVIS® Lumina III In Vivo Imaging System (PerkinElmer) for detecting the intensity of bioluminescence. The imaging data were analyzed by Living Image software to determine correlations between signal intensity (p/s/cm2/sr) and cell numbers.



In vivo BLI of Luciferase-Expressing Hepatocytes in Host Mice After Transplanting

Bioluminescence imaging of Fah–/– mice were captured at different intervals after transplantation (3 days, 1, 3, 5, 8, and 10 weeks). To conduct the BLI, host Fah–/– mice were intraperitoneally injected with D-luciferin (100 mM) right after anesthesia. After reaction for 5 min (for 2D BLI) or 8 min (for 3D BLI), the mice were placed in the light-tight chamber in the IVIS® Spectrum CT in vivo Imaging System. Dorsal imaging was performed for all host mice at different time points. For 2D BLI, no emission filter was used during the imaging process. For 3D BLI, five bandpass open emission filters were centered at 560, 580, 600, 620, and 640 nm to collect the optical signal, respectively.

The imaging signals collected within 5 min were used to locate the transplanted luciferase-expressing hepatocytes under 3D BLI, and the density of proliferating cell groups or nodules could be distinguished by different colors intuitively. Those colors indicated diverse intensity level and corresponding color scale at the right side of every picture. Beforehand, the reconstructed 3D whole-body structure image of Fah–/– mouse recipient was captured by CT scanner. By combining the 3D BLI with CT-reconstructed whole-body structure images, the results of the real-time distributions of transplanted luciferase-expressing hepatocytes in the liver and other organs of each Fah–/– mouse recipient were collected for further analysis. FOV = 13.2 × 13.2 cm, f/stop = 1, binning = 8.



Analysis of BLI

Bioluminescence signal intensity was calculated by Living Image 4.5 Software (PerkinElmer). The photon radiance was measured as photons per second per square centimeter per steradian (p/s/cm2/sr) within the regions of interest (ROIs) (Kuo et al., 2007; Thompson et al., 2013). Bioluminescence unit was showed as total flux radiance which is a calibrated measurement based on photon emission.




Real-Time Quantitative PCR

Real-time quantitative PCR (RT-qPCR) was performed with the TB Green Premix Ex Taq II (Takara, Kusatsu, Japan). The expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as control. PCRs were performed under the following conditions: 95°C for 15 s followed by 40 cycles at 95°C for 5 s, 60°C for 34 s, 95°C for 1 min, and 55°C for 1 min. The primers used for the assay include luciferase-Forward 5′-TTACCAGGGATTTCAGTCG-3′; luciferase-Reverse 5′-CCTT TAGGCAGACCAGTAGA-3′; GAPDH-Forward 5′-AGGTCGG TGTGAACGGATTTG-3′; GAPDH-Reverse 5′-GGGGTCGTT GATGGCAACA-3′.



Immunohistochemistry Assay

The transplanted Fah–/– mice were sacrificed at experimental time points. The liver samples were harvested, and immunohistochemistry with FAH antibody was conducted to examine the percentage of liver repopulations. For immunohistochemistry staining, the fresh liver samples were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 2-μm-thick slices. Sections were baked, deparaffinized, rehydrated, permeabilized with 3% H2O2 solution for 15 min, and blocked by 1% BSA for 30 min. The sections were then incubated with rabbit antimouse FAH primary antibody (HepatoScience, 1:3,000) at 4°C overnight and with secondary antibodies conjugated with HRP (Sangon Biotech) at 37°C for 30 min. After staining with DAB (MXB) in proper intensity, the sections were counterstained with hematoxylin (Beyotime, Jiangsu, China), dehydrated rapidly, and mounted with neutral resin (SolarBio, Beijing, China). Finally, the samples were examined under optical microscope (Leica, Wetzlar, Germany).

Aperio ImageScope software of pathological section scanner (Leica SDPTOP HS6) was served for immunohistochemistry stain imaging and statistics of FAH+ area and liver area. We picked no less than three discontinuous sections in each liver to calculate FAH+ area and liver area. In the analysis, regions of interest (ROIs) were calculated by software automatically.



Statistical Analysis

Data are presented as mean ± SD or mean ± SEM from at least three independent experiments unless otherwise indicated. One-way ANOVA with Tukey’s post hoc test was used for multiple groups and Student’s t-test for two groups. p < 0.05 was considered statistically significant (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. N = 3).




RESULTS


A Positive Linear Correlation Between Bioluminescence Intensity and Number of Luciferase-Expressing Hepatocytes Is Established Both in vitro and in vivo

Donor hepatocytes expressing luciferase were obtained from the luciferase transgenic mouse generated from our previous study (Wangensteen et al., 2008). Expression of luciferase enabled liver cells to be detected based on the bioluminescence released from biochemical induction of luciferase with luciferin (Supplementary Figure 1A). The viability of luciferase-expressing hepatocytes was evaluated based on vitality and healthy morphology compared with healthy wild-type hepatocytes. The correlation between the level intensity of induced bioluminescence releasing and the number of luciferase-expressing hepatocytes was determined (Supplementary Figure 1B). Results indicated that the total flux of bioluminescence intensity for 1 × 103, 1 × 104, and 1 × 105 of hepatocytes were 6.222 × 105, 1.255 × 107, and 5.5265 × 107 p/s/cm2/sr, respectively (Supplementary Figure 1A). The results revealed a positive linear correlation between bioluminescence intensity and number of luciferase-expressing hepatocytes existed (R2 = 0.9959) (Supplementary Figure 1B). In the calculated averages, total bioluminescent photons emitted by each luciferase-expressing hepatocyte were approximately 8.152 × 102 p/s/cm2/sr.

Then, luciferase-expressing hepatocytes were transplanted into Fah–/– mice with acute liver failure via spleen injection (1 × 106 hepatocytes/mouse). For monitoring the process of surviving, engrafting, and proliferating of transplanted luciferase-expressing hepatocytes, 2D BLI on Fah–/– mice was performed at different time points (3 days, 1, 3, 5, 8, and 10 weeks) after transplantation. Evident bioluminescence signal was observed in Fah–/– mice on the third day after transplantation, suggesting that the luciferase-expressing hepatocytes were successfully transplanted into Fah–/– mice recipients (Supplementary Figure 1C).

After a slightly decreasing in Fah–/– mice recipients at the first week posttransplantation, bioluminescence signals started to increase significantly at the third week posttransplantation. From the fifth-week to eighth-week posttransplantation, the bioluminescence signals in Fah–/– mice recipients increased continually (Krohn et al., 2009). Based on this linear correlation between the bioluminescence intensity and number of luciferase-expressing hepatocytes obtained from the above experiments, the number of luciferase-expressing hepatocytes in Fah–/– mice recipients were calculated by the measured bioluminescence values (Supplementary Figures 1D,E).



Developing a 3D BLI and CT Combined Real-Time Localizing and Quantification Methodology for Tracking the Transplanted Hepatocytes in Livers of Fah–/– Mouse Recipients

Next, the combined methods of 3D BLI and CT were performed to make a dynamic tracking on the localization and quantification of transplanted luciferase-expressing hepatocytes. The same animal recipients used during above 2D BLI were further analyzed in the process of 3D BLI and the comparisons between 3D and 2D imaging were specially performed.

For 3D BLI, open emission filters were performed within a range of 560–640 nm (every 20 nm bandpass) to collect the optical signal for five times. Images that the signals collected within 5 min were used to locate and quantify the luciferase-expressing cells in the recipients in real time. Meanwhile, CT scanning was carried out to scan mouse stereo body to visually reconstruct their 3D internal structures. Thus, the distribution of transplanted hepatocyte in vivo could be presented vividly (Supplementary Movie 1).

During the process, the midpoint in every dimensional of recipient mouse was regarded as initial point. Every bioluminescent cell or cell-composed cluster in vivo, such as single luciferase-expressing repopulation nodules, could be positioned and analyzed on horizontal plane (Z), vertical plane (Y), and longitudinal plane (X), respectively (Supplementary Movie 2). Through these analyses, the transplanted luciferase-expressing hepatocytes could be precisely located (x, y, z) cm from the initial point at each detection time point. The total number could be quantified at the same detection time point according to the optical signal values of single hepatocyte/cluster with bioluminescence tomography (Figure 1A and Supplementary Movie 2). With the established protocol, luciferase-expressing hepatocytes were precisely localized in Fah–/– mice at six time points (3 days, 1, 3, 5, 8, and 10 weeks) after transplantation (Figure 1B and Supplementary Movie 1).


[image: image]

FIGURE 1. Localization and quantification analysis of transplanted cells in the liver of Fah–/– mice. (A) Establishment of the dynamic cell-tracking strategy for posttransplantation localizing and quantifying of grafted cells in vivo. A combination of 3D BLI and CT is established to locate and quantify the transplanted hepatocytes in livers of Fah–/– mouse recipients at any time point of detection. Representative image of accurate localization (0.1, 7.2, 13.6) cm and cell quantification (4.95 × 106) of one nodule repopulated by transplanted hepatocytes (pointed by the arrow). (B) Dynamically localizing transplanted hepatocytes at different time points posttransplantation. Representative merged images of transplanted hepatocytes of Fah–/– mice at 3 days, 1, 3, 5, 8, and 10 weeks after hepatocyte transplantation. (C) Spectrum CT image of mouse liver was reconstructed by Living Image 4.5 software in Fah–/– mouse. (D) Quantification of transplanted hepatocytes in livers of Fah–/– mice at 3 days, 1, 3, 5, 8, and 10 weeks. Quantitative analyses of transplanted hepatocytes in liver of Fah–/– mice. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01. N = 3. Student’s t-test.


To further localize the numbers of cells engrafted in livers of Fah–/– mice at detection time points, a liver module was calculated and added to the images according to the parameters of the liver sizes and its distances to the abdominal surface (Figure 1C). With such module, engrafted numbers of luciferase-expressing hepatocytes were determined. As shown in the Figure 1D, on the third day of transplantation, less than 1 × 105 hepatocytes could be successfully engrafted into the livers of Fah–/– mouse recipients. However, by 10 weeks after transplantation, the number of luciferase-expressing hepatocytes in Fah–/– mice expended to 1.84 × 107. Of note, there are no consideration of degradation or maldistribution when using luciferase expression as a marker, and therefore a long-term and timelessness of cell tracking can be performed.



Traditional Assessment of Posttransplantation Hepatocytes via 3D Cell Dynamic Tracking Process

Finally, to validate the results from 3D cell dynamic tracking process, the results from the traditional methods that are still routinely used in detection processes, involving conventional BLI imaging of isolated organs (liver, spleen, kidney), quantitative PCR test and the histochemical observations, were performed. In the liver of transplanted Fah–/– mice, BLI signal analysis showed the signal value was significantly improved at 10 weeks compared with that at 3 days. In contrast, the BLI value was significantly decreased in the spleen at 10 weeks compared with that at 3 days. There was no evident difference between the BLI values in the kidney of Fah–/– mice between 10 weeks and 3 days (Supplementary Figure 2A).

FAH protein, the donor cell-specific marker, was used to prove the existence of donor-derived hepatocytes in transplanted Fah–/– mice. To unravel the detailed number of regenerative hepatocytes, we assessed the regeneration efficiency via FAH+ area/liver area based on the immunohistochemistry staining of FAH antibody. The results showed that FAH+ hepatocytes was about 0.77% after 3 days posttransplantation, while it reached to approximately 80% after 10 weeks of repopulation (Supplementary Figures 2B,C). Consistently, the expression level of luciferase gene at 10 weeks was obviously higher than that at 3 days after cell transplantation (Supplementary Figure 2D).

To further validate regenerative status, we also examined liver functions of donor-derived hepatocytes grafted Fah–/– mice. Results showed that several parameters of liver function, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (T-BIL), and albumin (ALB), were recovered to the normal ranges at 10 weeks posttransplantation (Supplementary Figure 2E).




DISCUSSION

For the first time, a 3D BLI imaging system was established and was successfully used in combination with CT scanning to evaluate the dynamic process of in vivo cell tracking for the transplanted cells, which can precisely assess the localization and quantification of transplanted cells in the relative animal recipients.

Previously, several traditional methods had been developed for judging the transplanted donor cells during preclinical studies, which required enormous experimental animals while still only capable of conducting limited numbers of assays, and analyses for evaluating expected outcomes of cell transplantation. Moreover, these analytical processes could only rely on the multiple rounds of animal sacrificing and sample harvesting at limited time points after cell transplantations (Massoud and Gambhir, 2003). Therefore, a large number of animals were required for one study. In addition, these traditional methods also have chances of mistaken organ collections and misinterpretations due to inaccurate observations during necropsy and animal harvesting, partially because of the indirect or delayed interpretations for the real-time facts of those in situ and dynamic occurrences (Phair and Misteli, 2001). Therefore, the non-invasive tracking methods are crucial for achieving the goal of evaluating the cell fate posttransplantation.

Among several non-invasive tracking methods, the two representative ones used currently are magnetic particle imaging (MPI) and photoacoustic imaging (PAI). MPI is a method based on tomography for detecting the spatial distribution of superparamagnetic iron oxide nanoparticles (SPIONs) (Haegele et al., 2012; Wei et al., 2018). When labeled with Resovit, a particular type of SPIONs, a minimum of 200 mesenchymal stem cells can be successfully detected after transplantation during a tracking period up to 3 months (Bulte et al., 2015). However, both traceability and accuracy of SPIONs for MPI could be susceptibly influenced from gas, calcification, and blood flow in tissues (Bourquin et al., 2018; Zhou et al., 2018).

On the other hand, the method of PAI combines high optical contrast with high ultrasound resolution in a single imaging modality (Knox and Chan, 2018). During PAI analyses, the transplanted cells are labeled by the nanogold particles with photoacoustic effects. After transplantation, the nanogold particle-labeled cells could be dynamically tracked in real time by photoacoustic signal for 4 weeks (Jokerst et al., 2012; Zheng et al., 2015; Zhang et al., 2017). In similar with MPI, PAI also has some limitations. For instance, the nanomaterials used in PAI can be mainly distributed in the lysosomes after entering cells through endocytosis. Therefore, it may become difficult to ensure the equal distributions in the offspring cells derived from original donor cells that carry nanomaterials with such limitations (Knox and Chan, 2018).

Bioluminescence imaging is another currently used technology to detect the signal of luminescence light emitted from enzyme-catalyzed reactions. In our previous study, the 2D BLI was performed to measure numbers of repopulating hepatocytes during liver repopulation (Wangensteen et al., 2008). However, these results from 2D BLI could only provide the information on survival and proliferation tendency for the transplanted luciferase-expressing hepatocytes. The key information on localization and quantification of the transplanted luciferase-expressing hepatocytes in Fah–/– mice recipients could not be obtained under 2D BLI. Notably, the combined methods of both 3D BLI and CT developed in this study enabled us to make a dynamic tracking on the localization and quantification of transplanted luciferase-expressing hepatocytes. Here, 3D BLI was tested for its first use to dynamically monitor the transplanted luciferase-expressing hepatocytes in Fah–/– mice recipients in real time. In addition, our results indicated that the combined technologies with both 3D BLI and CT made it possible to monitor the spatial and temporal distribution of transplanted cells in recipient and to determine the exact number of cells in different distributive regions during cell transplantation assay. Furthermore, with our model system, a new analysis program for localization and quantitation was established for our following studies, to finalize a standard protocol for transplanting any luciferase-expressing cells when 3D BLI and CT were performed simultaneously.

Although our method has achieved the in vivo localization and quantification of transplanted hepatocytes, there are still some issues to be further addressed. Firstly, the detection sensitivity of the current system still needs to be improved. With our 3D dynamic cell tracking system, clusters of ∼50 cells can be detected, but it is not sufficient to localize and quantitatively detect a single cell. The establishment of AkaLuc mutagenesis from luciferase may help us to achieve this goal (Iwano et al., 2018). AkaLuc can pair with its optical substrate AkaLumine hydrochloride, which produces a roughly fourfold improvement in the expression level than luciferase. This ultra-enhanced signal enables scientists to non-invasively visualize single cells deep inside freely moving animals (Iwano et al., 2018). Secondly, the resolution of CT also needs to be improved. We are currently improving our resolution by establishing a Bruker micro-CT-based system, which enable us to convert images into a complete microscopic visualization solution with the specialized software for further analysis. Finally, the in vivo depth of transplanted cells currently established for detection is limited. Our method is commonly used for posttransplant internal localization in small animals such as mice and rats; the application of the system on large animal or in human will be tested in the future study.

Taken together, the combination of 3D BLI and CT scanning could be used to analyze transplanted hepatocytes on several parameters in real time, including cell distribution, quantification, and location. Significantly, a protocol for such study process could be applied to judge whether the donor hepatocytes were qualified candidates for the potential clinical cell transplantation to liver failure patients, on considering both safety, and therapeutic efficiency. In addition, our established protocol is also expected to become a valuable and referable standard for visually analyzing other cell candidates, which were used for transplantation therapies in any kinds of animal models during their preclinical studies (He et al., 2010).
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Supplementary Figure 1 | Analysis of bioluminescence intensity of luciferase hepatocytes in vitro and in vivo after transplanting into Fah–/– mice. (A) BLI image of luciferase hepatocytes in vitro. (B) The linear correlation assay between the number of luciferase hepatocytes and BLI signal intensity, respectively. (C) Representative pictures of 2D BLI imaging of Fah–/– mice (3 days, 1, 3, 5, 8, and 10 weeks). (D) Quantified analysis of 2D BLI signal intensity of Fah–/– mice in vivo. (E) Quantified analysis of transplanted hepatocytes in 2D of Fah–/– mice in vivo. Data are shown as mean ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. N = 3. Student’s t-test.

Supplementary Figure 2 | Assessment of posttransplantation hepatocytes in Fah–/– mice. (A) Bioluminescence intensity of isolated livers, spleen, kidney of Fah–/– mice, respectively. (B) Immunohistochemistry staining of histological sections of the livers from Fah–/– mice with luciferase-hepatocyte transplantation. N = 3. Scale bars, 200 μm (up) and 50 μm (down). (C) Quantification analysis for liver regeneration of Fah–/– mice at 3 days and 10 weeks after transplantation, respectively. (D) The relative expression level of luciferase gene in the liver of Fah–/– mice. (E) Serum levels of ALT (a), AST (b), ALB (c), and total bilirubin (d) in Fah–/–, Fah–/– + luciferase hepatocytes (Fah–/– + Luc-Heps). Data are presented as mean ± SD. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. N = 3. Student’s t-test.

Supplementary Movie 1 | 3D-BLI signal intensity of Fah–/– mice after transplantation. Real-time 3D BLI imaging and CT scanning of transplanted hepatocytes in Fah–/– mice at 3 days, 1, 3, 5, 8, and 10 weeks after transplantation, respectively.

Supplementary Movie 2 | Localization analysis of transplanted cells. 3D localization analysis of transplanted cells from horizontal (Z), vertical (Y), and longitudinal plane (X) in vivo.



REFERENCES

Aalipour, A., Chuang, H. Y., Murty, S., D’Souza, A. L., Park, S. M., Gulati, G. S., et al. (2019). Engineered immune cells as highly sensitive cancer diagnostics. Nat. Biotechnol. 37, 531–539. doi: 10.1038/s41587-019-0064-8

Bourquin, J., Milosevic, A., Hauser, D., Lehner, R., Blank, F., Petri-Fink, A., et al. (2018). Biodistribution, clearance, and long-term fate of clinically relevant nanomaterials. Adv. Mater. 30:e1704307. doi: 10.1002/adma.201704307

Bulte, J. W., Walczak, P., Janowski, M., Krishnan, K. M., Arami, H., Halkola, A., et al. (2015). Quantitative “Hot Spot” imaging of transplanted stem cells using superparamagnetic tracers and Magnetic Particle Imaging (MPI). Tomography 1, 91–97. doi: 10.18383/j.tom.2015.00172

Cossu, G., Birchall, M., Brown, T., De Coppi, P., Culme-Seymour, E., Gibbon, S., et al. (2018). Lancet commission: stem cells and regenerative medicine. Lancet 391, 883–910. doi: 10.1016/s0140-6736(17)31366-1

Dubey, P. (2012). Reporter gene imaging of immune responses to cancer: progress and challenges. Theranostics 2, 355–362. doi: 10.7150/thno.3903

Feigenbaum, G. S., Lemberg, L., and Hare, J. M. (2009). Tracking cell fate with noninvasive imaging. J. Am. Coll. Cardiol. 54, 1627–1628. doi: 10.1016/j.jacc.2009.05.067

Haegele, J., Rahmer, J., Gleich, B., Borgert, J., Wojtczyk, H., Panagiotopoulos, N., et al. (2012). Magnetic particle imaging: visualization of instruments for cardiovascular intervention. Radiology 265, 933–938. doi: 10.1148/radiol.12120424

He, Z., Zhang, H., Zhang, X., Xie, D., Chen, Y., Wangensteen, K. J., et al. (2010). Liver xeno-repopulation with human hepatocytes in Fah-/-Rag2-/- mice after pharmacological immunosuppression. Am. J. Pathol. 177, 1311–1319. doi: 10.2353/ajpath.2010.091154

He, Z. Y., Deng, L., Li, Y. F., Xiang, D., Hu, J. K., Chen, Y. X., et al. (2012). Murine embryonic stem cell-derived hepatocytes correct metabolic liver disease after serial liver repopulation. Int. J. Biochem. Cell Biol. 44, 648–658. doi: 10.1016/j.biocel.2012.01.002

Herter-Sprie, G. S., Korideck, H., Christensen, C. L., Herter, J. M., Rhee, K., Berbeco, R. I., et al. (2014). Image-guided radiotherapy platform using single nodule conditional lung cancer mouse models. Nat. Commun. 5:5870. doi: 10.1038/ncomms6870

Iwano, S., Sugiyama, M., Hama, H., Watakabe, A., Hasegawa, N., Kuchimaru, T., et al. (2018). Single-cell bioluminescence imaging of deep tissue in freely moving animals. Science 359, 935–939. doi: 10.1126/science.aaq1067

Jokerst, J. V., Thangaraj, M., Kempen, P. J., Sinclair, R., and Gambhir, S. S. (2012). Photoacoustic imaging of mesenchymal stem cells in living mice via silica-coated gold nanorods. ACS Nano 6, 5920–5930. doi: 10.1021/nn302042y

Kircher, M. F., Gambhir, S. S., and Grimm, J. (2011). Noninvasive cell-tracking methods. Nat. Rev. Clin. Oncol. 8, 677–688. doi: 10.1038/nrclinonc.2011.141

Knox, H. J., and Chan, J. (2018). Acoustogenic probes: a new frontier in photoacoustic imaging. Acc. Chem. Res. 51, 2897–2905. doi: 10.1021/acs.accounts.8b00351

Kocher, B., and Piwnica-Worms, D. (2013). Illuminating cancer systems with genetically engineered mouse models and coupled luciferase reporters in vivo. Cancer Discov. 3, 616–629. doi: 10.1158/2159-8290.Cd-12-0503

Krohn, N., Kapoor, S., Enami, Y., Follenzi, A., Bandi, S., Joseph, B., et al. (2009). Hepatocyte transplantation-induced liver inflammation is driven by cytokines-chemokines associated with neutrophils and Kupffer cells. Gastroenterology 136, 1806–1817. doi: 10.1053/j.gastro.2009.01.063

Kuo, C., Coquoz, O., Troy, T. L., Xu, H., and Rice, B. W. (2007). Three-dimensional reconstruction of in vivo bioluminescent sources based on multispectral imaging. J. Biomed. Opt. 12:024007. doi: 10.1117/1.2717898

Massoud, T. F., and Gambhir, S. S. (2003). Molecular imaging in living subjects: seeing fundamental biological processes in a new light. Genes Dev. 17, 545–580. doi: 10.1101/gad.1047403

Nguyen, P. K., Riegler, J., and Wu, J. C. (2014). Stem cell imaging: from bench to bedside. Cell Stem Cell 14, 431–444. doi: 10.1016/j.stem.2014.03.009

Ott, M., and Castell, J. V. (2019). Hepatocyte transplantation, a step forward? J. Hepatol. 70, 1049–1050. doi: 10.1016/j.jhep.2019.03.022

Phair, R. D., and Misteli, T. (2001). Kinetic modelling approaches to in vivo imaging. Nat. Rev. Mol. Cell Biol. 2, 898–907. doi: 10.1038/35103000

Thomas, E. D. (1987). Bone marrow transplantation. CA Cancer J. Clin. 37, 291–301. doi: 10.3322/canjclin.37.5.291

Thomas, E. D. (2005). Bone marrow transplantation from the personal viewpoint. Int. J. Hematol. 81, 89–93. doi: 10.1532/ijh97.04197

Thompson, S. M., Callstrom, M. R., Knudsen, B. E., Anderson, J. L., Sutor, S. L., Butters, K. A., et al. (2013). Molecular bioluminescence imaging as a noninvasive tool for monitoring tumor growth and therapeutic response to MRI-guided laser ablation in a rat model of hepatocellular carcinoma. Invest. Radiol. 48, 413–421. doi: 10.1097/RLI.0b013e31827a4a3f

Wang, C., Chen, W. J., Wu, Y. F., You, P., Zheng, S. Y., Liu, C. C., et al. (2018). The extent of liver injury determines hepatocyte fate toward senescence or cancer. Cell Death Dis. 9:575. doi: 10.1038/s41419-018-0622-x

Wang, M. J., Chen, F., Li, J. X., Liu, C. C., Zhang, H. B., Xia, Y., et al. (2014). Reversal of hepatocyte senescence after continuous in vivo cell proliferation. Hepatology 60, 349–361. doi: 10.1002/hep.27094

Wangensteen, K. J., Wilber, A., Keng, V. W., He, Z., Matise, I., Wangensteen, L., et al. (2008). A facile method for somatic, lifelong manipulation of multiple genes in the mouse liver. Hepatology 47, 1714–1724. doi: 10.1002/hep.22195

Wei, Y., Zhou, L., Yang, D., Yao, T., and Shi, S. (2018). Stem cells controlling, imaging and labeling by functional nanomaterials. Nano LIFE 08, 1841007. doi: 10.1142/S1793984418410076

Yao, Z., Zhang, B. S., and Prescher, J. A. (2018). Advances in bioluminescence imaging: new probes from old recipes. Curr. Opin. Chem. Biol. 45, 148–156. doi: 10.1016/j.cbpa.2018.05.009

Zhang, Y., Zhang, Y., Yin, L., Xia, X., Hu, F., Liu, Q., et al. (2017). Synthesis and bioevaluation of iodine-131 directly labeled cyclic RGD-PEGylated gold nanorods for tumor-targeted imaging. Contrast Media Mol. Imaging 2017:6081724. doi: 10.1155/2017/6081724

Zheng, B., Vazin, T., Goodwill, P. W., Conway, A., Verma, A., Saritas, E. U., et al. (2015). Magnetic particle imaging tracks the long-term fate of in vivo neural cell implants with high image contrast. Sci. Rep. 5:14055. doi: 10.1038/srep14055

Zhou, X. Y., Tay, Z. W., Chandrasekharan, P., Yu, E. Y., Hensley, D. W., Orendorff, R., et al. (2018). Magnetic particle imaging for radiation-free, sensitive and high-contrast vascular imaging and cell tracking. Curr. Opin. Chem. Biol. 45, 131–138. doi: 10.1016/j.cbpa.2018.04.014


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 Lu, Pan, Zhang, Su, Gu, Qiu, Shen, Liu, Liu, Wang, Zhan, Liu and He. 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: 09 September 2021
doi: 10.3389/fcell.2021.726499





[image: image]

Differentiation of Human Pluripotent Stem Cells Into Definitive Endoderm Cells in Various Flexible Three-Dimensional Cell Culture Systems: Possibilities and Limitations

Mariia S. Bogacheva1†, Riina Harjumäki1†, Emilia Flander1‡, Ara Taalas1‡, Margarita A. Bystriakova1, Marjo Yliperttula1, Xiaoqiang Xiang2*, Alan W. Leung3 and Yan-Ru Lou1,2*$

1Division of Pharmaceutical Biosciences, Drug Research Program, Faculty of Pharmacy, University of Helsinki, Helsinki, Finland

2Department of Clinical Pharmacy and Drug Administration, School of Pharmacy, Fudan University, Shanghai, China

3Yale Stem Cell Center, Department of Genetics, Yale University, New Haven, CT, United States

Edited by:
Gianluca Carnevale, University of Modena and Reggio Emilia, Italy

Reviewed by:
Hong Ouyang, Sun Yat-sen University, China
Marco Tatullo, University of Bari Medical School, Italy
Kazuo Takayama, Kyoto University, Japan

*Correspondence: Yan-Ru Lou, yanru_lou@fudan.edu.cn; Xiaoqiang Xiang, xiangxq@fudan.edu.cn

†These authors have contributed equally to this work and share first authorship

‡These authors have contributed equally to this work and share second authorship

$Lead contact

Specialty section: This article was submitted to Stem Cell Research, a section of the journal Frontiers in Cell and Developmental Biology

Received: 17 June 2021
Accepted: 10 August 2021
Published: 09 September 2021

Citation: Bogacheva MS, Harjumäki R, Flander E, Taalas A, Bystriakova MA, Yliperttula M, Xiang X, Leung AW and Lou Y-R (2021) Differentiation of Human Pluripotent Stem Cells Into Definitive Endoderm Cells in Various Flexible Three-Dimensional Cell Culture Systems: Possibilities and Limitations. Front. Cell Dev. Biol. 9:726499. doi: 10.3389/fcell.2021.726499

The generation of human stem cell-derived spheroids and organoids represents a major step in solving numerous medical, pharmacological, and biological challenges. Due to the advantages of three-dimensional (3D) cell culture systems and the diverse applications of human pluripotent stem cell (iPSC)-derived definitive endoderm (DE), we studied the influence of spheroid size and 3D cell culture systems on spheroid morphology and the effectiveness of DE differentiation as assessed by quantitative PCR (qPCR), flow cytometry, immunofluorescence, and computational modeling. Among the tested hydrogel-based 3D systems, we found that basement membrane extract (BME) hydrogel could not retain spheroid morphology due to dominant cell–matrix interactions. On the other hand, we found that nanofibrillar cellulose (NFC) hydrogel could maintain spheroid morphology but impeded growth factor diffusion, thereby negatively affecting cell differentiation. In contrast, suspension culture provided sufficient mass transfer and was demonstrated by protein expression assays, morphological analyses, and mathematical modeling to be superior to the hydrogel-based systems. In addition, we found that spheroid size was reversely correlated with the effectiveness of DE formation. However, spheroids of insufficient sizes failed to retain 3D morphology during differentiation in all the studied culture conditions. We hereby demonstrate how the properties of a chosen biomaterial influence the differentiation process and the importance of spheroid size control for successful human iPSC differentiation. Our study provides critical parametric information for the generation of human DE-derived, tissue-specific organoids in future studies.

Keywords: definitive endoderm, human pluripotent stem cell, suspension cell culture, nanofibrillar cellulose hydrogel, computational modeling, spheroid, organoid, basement membrane extract hydrogel


INTRODUCTION

Spheroids and organoids are three-dimensional (3D) clusters of cells. Spheroids can be made from a variety of cells including stem cells, tumor cells, and organ-specific cells. Organoids are made from stem cells or progenitors that can self-organize into organ-specific structures (Fatehullah et al., 2016; Lou and Leung, 2018). Both spheroids and organoids can produce in vivo–like structures and thus hold great potential in human development research, disease modeling, drug research, and tissue replacement via transplantation. Spheroids and organoids can be cultured and differentiated in a 3D biomaterial or in suspension without the use of a biomaterial. The selection of an appropriate biomaterial is important for successful 3D culture. Basement membrane extract (BME), such as MatrigelTM, is the most widely utilized biomaterial for the formation of spheroids/organoids from many cell types (Spence et al., 2011; Chua et al., 2014; Dye et al., 2015; Hohwieler et al., 2017). BME hydrogel is an animal-derived biomaterial and can interact with various types of cells via cell membrane receptors. For potential applications of spheroids/organoids in regenerative medicine, several xeno-free and chemically defined hydrogels have been developed (Gjorevski et al., 2016; Nowak et al., 2017; Broguiere et al., 2018; Candiello et al., 2018). Some of these systems generate spheroid/organoid-hydrogel constructs, which may cause issues in in vivo applications, such as hydrogel biocompatibility and biodegradation. For this reason, xeno-free hydrogels that can generate biomaterial-free cell or tissue constructs have been developed. Among them, nanofibrillar cellulose (NFC) hydrogel has been shown to support the 3D spheroid formation of human embryonic stem cells (ESCs; Lou et al., 2014), induced pluripotent stem cells (iPSCs; Lou et al., 2014), liver cancer cells HepG2 (Bhattacharya et al., 2012), and HepaRG (Malinen et al., 2014). Intact spheroids formed in NFC hydrogel can be harvested after removal of the hydrogel by utilizing a cellulase enzyme (Lou et al., 2014), thereby facilitating various downstream analyses and applications (Lou et al., 2014). NFC hydrogel displayed weak interactions with human ESCs and HepG2 cells compared with natural extracellular matrix proteins including collagens and laminins (Harjumaki et al., 2019). In contrast, suspension culture is a biomaterial-free system, usually performed in a low-adhesive culture dish or a flask for scaled-up production. Like the NFC hydrogel, suspension culture can generate scaffold-free spheroids/organoids. Suspension culture has been reported to be effective in the formation of cell aggregates and organoids (Kim et al., 2016; Bergmann et al., 2018; Kumar et al., 2019; Wimmer et al., 2019).

Although spheroid/organoid technology has been rapidly developing during the past decade, several challenges remain (Lou and Leung, 2018). One of the major challenges facing organoid technology is heterogeneity and inefficient differentiation due to uncontrolled parameters such as spheroid size and mass transfer. The heterogeneity can result in variable phenotypes and inconsistent results in downstream analyses and applications. This prompted us to study factors affecting spheroid/organoid formation. We devised the current study to investigate the 3D differentiation of human iPSCs into definitive endoderm (DE) cells using spheroids of different sizes cultured in various 3D systems. Human iPSC differentiation toward DE represents a critical step on the way to generate cell models for the liver, gut, pancreas, lungs, trachea, and thyroid (Zorn and Wells, 2009). Great strides have been made in the development of DE differentiation methods in the previous decades (D’Amour et al., 2005; Hay et al., 2008; Wang et al., 2015; Bogacheva et al., 2018). DE cells are generally characterized by the expression of specific markers: SRY-box 17 (SOX17), Cerberus 1 (CER1), hepatocyte nuclear factor 3β (HNF3B, also known as FOXA2), and chemokine receptor type 4 (CXCR4). In our previous study of DE differentiation in two-dimensional (2D) culture, we found the most efficient protocol to involve the use of activin A in a serum-free B-27-supplemented medium for 6 days (Bogacheva et al., 2018).

The current study compares three types of 3D cell culture systems: inert hydrogel-based (NFC hydrogel), cell-interacting hydrogel-based (reduced growth factor BME), and biomaterial-free (suspension) systems for their contribution to the DE differentiation of human iPSC spheroids in different sizes.



MATERIALS AND METHODS


Cell Lines

The human iPSC line iPS(IMR90)-4 was purchased from WiCell Research Institute Inc (Madison, WI, United States), and GM23720B was purchased from Coriell Institute (United States). They were cultured on MatrigelTM (BD Biosciences) with daily replenishment of the mTeSRTM1 medium (STEMCELLTM Technologies). Subculture was performed every 4 days using Versene solution 1:5,000 (Invitrogen, 15040033) for cell detachment. Cultures were maintained at 37°C and at 5% CO2. Mycoplasma testing was carried out regularly by the Division of Pharmaceutical Biosciences at the University of Helsinki, Finland.



Formation of Spheroids and SC Differentiation to DE

The human iPSCs cultured on MatrigelTM in the mTeSRTM1 medium were dissociated into single cells by AccutaseTM (Millipore, SCR005). Spheroids containing a different number of cells (200, 500, and 1,000 cells per spheroid) were generated in AggreWellTM400 (STEMCELLTM Technologies, 27845 and 34411) in the mTeSRTM1 medium in the presence of 10 μM Rho-associated protein kinase (ROCK)-inhibitor Y-27632 (Selleck Chemicals, S1049). After 24 h, spheroids were collected from the AggreWellTM400 and transferred in three different conditions for further culturing. Suspension culture condition was performed in a low-attachment 3.5-cm dish (Thermo Scientific Nunc, 174913). Hydrogel culturing was performed either in 0.55% NFC hydrogel GrowDex® (UPM-Kymmene Corporation, Helsinki, Finland) in a non-adhesive 96-well plate (Corning, 3474) or in Cultrex® Reduced Growth Factor BME (R&D Systems, 3533-005-02) in angiogenesis 15-well slides (ibidi, Cat# 81501, uncoated). The cell-number-to-medium-volume ratio was kept the same under all the conditions. The day when DE induction started was set as day 0. DE induction was performed for 6 days in the RPMI-1640 medium (Gibco, 31870-025) supplemented with 1× GlutaMAXTM (Gibco, 35050-038), 1× B-27 (Gibco, 17504-044), 100 ng/ml activin A (PeproTech, 120-14E), and 10 μM ROCK-inhibitor Y-27632. The medium was renewed daily.



Live/Dead Cell Staining

At the end of the differentiation experiment, spheroids cultured in BME were stained with a LIVE/DEADTM Viability/Cytotoxicity Kit for mammalian cells (Thermo Fisher Scientific, L3224) according to the instruction of the manufacturer. The dye solution consisted of Calcein AM (the final concentration was 0.5 μM) and Ethidium homodimer-1 (the final concentration was 1 μM) in the RPMI-1640 medium. The cells treated with 1% Triton X-100 for 5 min at room temperature were used as dead cell control. Spheroids were imaged within 30–60 min after staining using a confocal microscope Leica TCS SP5II HCS A with a HC PL APO 20×/0.7 CS (air) objective. Fluorescent Calcein AM (ex/em ∼495 nm/∼515 nm) produces green fluorescence in live cells. Ethidium homodimer-1 penetrates cells with damaged membranes, binds to nucleic acids, and provides red fluorescence in dead cells (ex/em ∼495 nm/∼635 nm).



Measurement of Spheroid Diameter

The images of spheroid morphology were taken with a phase contrast microscope (Leica DM IL LED) at 5× and 10× magnifications. Spheroid diameters were then measured with the LAS EZ software (Leica Microsystems) and ImageJ (National Institutes of Health, United States).



Collection of Spheroids From the NFC Hydrogel Culture

For downstream analyses including RNA isolation, immunofluorescence staining, and flow cytometry, spheroids were collected after removing NFC hydrogel. NFC hydrogel was removed by approximately 20-h treatment with cellulase (UPM-Kymmene Corporation, Helsinki, Finland) by following a previously described procedure (Lou et al., 2014).



RNA Isolation and cDNA Conversion

We collected RNA samples at six time points: undifferentiated stem cells cultured in 2D (2D SC), undifferentiated stem cells in spheroids (3D SC), day 1, day 2, day 4, and day 6 of differentiation. Cells and spheroids were lysed using TRI-reagent (Zymo-research, R2050-1-50), and then RNA was isolated with a Direct-zol RNA MicroPrep kit (Zymo-research, R2060) according to the instruction of the manufacturer. The concentrations of RNA samples were measured with NanoDropTM One (Thermo Fisher Scientific). The cDNA conversion was made with a High Capacity cDNA reverse transcription kit (Applied Biosystems, 4368814) following the instructions of the manufacturer.



Quantitative PCR

The quantitative PCR (qPCR) reactions of the obtained cDNA samples were performed on a StepOnePlus Real-Time PCR System (Applied Biosystems) using either a PowerUp SYBR Green Master Mix (Applied Biosystems, A25741) or a TaqMan® Gene Expression Master Mix (Applied Biosystems, 4369016). Ribosomal protein, large, P0 (RPLP0) was used as a housekeeping gene. All the used primers and TaqMan Gene Expression Assay mixes are listed in Supplementary Table 1. All primers were designed by the Primer Express v2.0 software (Applied Biosystems) (Kanninen et al., 2016a) except the primers for OCT4 (Yu et al., 2007) and HNF3B (D’Amour et al., 2005), and they were synthesized by Oligomer Oy (Helsinki, Finland) or Metabion (Planegg, Germany). The relative quantification of each target gene in comparison with the housekeeping gene was made by a standard curve method based on a published mathematical model (Pfaffl, 2001). The relative gene expression was calculated with reference to the undifferentiated human iPSCs in 2D culture condition.



Immunofluorescent Staining of 2D Cell Culture

After the formation of SC spheroids in AggreWellTM400 for 24 h, they were collected, dissociated into single cells using AccutaseTM (Millipore, SCR005), suspended in the mTeSRTM1 medium with 10 μM ROCK-inhibitor Y-27632, and seeded on laminin-521 (LN521, Biolamina) coated black 96-well μ-plates (ibidi, 89626) to form a 2D cell monolayer. LN521 coating was prepared by incubating 10 μg/ml LN521 diluted in 1× DPBS with Ca+ and Mg+ either overnight at 4°C (slow coating) or for 2 h at 37°C (fast coating). After cells attached for 3 h, they were fixed in 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 10 min, and thereafter blocked with 10% normal goat or donkey serum (Millipore, Burlington, MA, United States) for 1 h. Cells were incubated with primary antibodies overnight at 4°C and then with secondary antibodies conjugated with Alexa Fluor 594 or Alexa Fluor 488 (Invitrogen) for 1 h at room temperature. Cell nuclei were stained with DAPI (Sigma-Aldrich, D8417, 12.5 μg/ml in MilliQ water) for 2 min. Primary and secondary antibodies used for immunostaining in this study are listed in Supplementary Table 2.



Immunofluorescent Staining of 3D Spheroids

After 4 days of differentiation experiments, spheroids were collected from the culture dishes and fixed in 4% paraformaldehyde for 24 h. The next day, they were treated with 100% methanol for 2 min, then with 20% DMSO in methanol for 2 min, and again with methanol for 2 min. After that, the cells were permeabilized with 1% Triton X-100 in 1× DPBS for 2 min and then incubated in a Penetration Buffer (0.3 M Glycine + 20% DMSO + 0.2% (wt.) Triton X-100 in 1× DPBS) for 15 min with shaking. Blocking was performed with a Blocking Buffer (6% donkey serum (Southern Biotech, 0030-01) or goat serum (Gibco, 16210) + 10% DMSO + 0.2% (wt.) Triton X-100 in 1× DPBS) at 37°C for 15 min with shaking. Then the spheroids were incubated with primary antibodies diluted in an Antibody Buffer (3% donkey serum or goat serum + 5% DMSO + 0.2% Tween 20 + 10 μg/ml Heparin in 1× DPBS) at 37°C for 30 min with shaking. Thereafter, the spheroids were washed in 1× Washing Buffer (0.2% Tween 20 + 10 μg/ml Heparin in 1× DPBS) five times for 5 min each at 37°C with shaking. Then the spheroids were incubated with secondary antibody diluted in the Antibody Buffer at 37°C for 30 min with shaking followed by washing in the same way as after the primary antibody treatment. Nuclei were stained with DAPI (Sigma-Aldrich, D8417, 12.5 μg/ml in MilliQ water) for 2 min. Finally, the spheroids were treated with 100% methanol for 2 min. Visikol HISTO-M (Visikol Inc.) was added to the spheroids. Primary and secondary antibodies used for immunostaining in this study are listed in Supplementary Table 2.



Imaging of Immunostaining

Imaging was performed on a confocal microscope Leica TCS SP5II HCS A with a HC PL APO 20×/0.7 CS (air) objective. DAPI was excited with UV (diode 405 nm/50 mW), Alexa Fluor 488 with an Argon 488 nm laser, and Alexa Fluor 594 with a DPSS (561 nm/20 mW) laser.



Flow Cytometry

The spheroids were dissociated using AccutaseTM (Millipore, SCR005) at each time point as indicated. For CXCR4 and viability measurement, single cells were incubated with either PE Mouse Anti-Human CD184 (CXCR4) IgG2a (BD Biosciences, 561733) or PE Mouse IgG2a (BD Biosciences, 555574) at the concentrations according to the instruction of the manufacturer for 40 min in the dark on ice. After washing with 2% FBS (Gibco, 10270-106) in 1× DPBS, the cells were treated with 0.05 mg/ml 7-AAD Viability Staining Solution (eBioscience, 00-6993-50) for 5 min in the dark on ice. Unstained cells were used to adjust FSC, SSC, and PE-Cy5. Fluorescence compensation for the CXCR4 signal in the PE channel and the 7-AAD signal in the PE-Cy5 channel was set in an experiment using DE cells derived in 2D culture by following a previously described procedure (Bogacheva et al., 2018) and dead cells produced by the treatment with various concentrations of ethanol.

Analysis of the SSEA-4 surface marker was conducted at the same time points as for CXCR4. After treatment with AccutaseTM, single cells were incubated with primary Mouse Anti-SSEA-4 (Developmental Studies Hybridoma Bank, MC-813-70) or Mouse IgG (PeproTech, 500-M00) at 0.2 μg/ml for 40 min on ice followed by washing with 2% FBS in 1× DPBS. Thereafter, the cells were stained with F(ab’)2-Goat Anti-Mouse-PE (eBioscience, 12-4010-82) at the concentration according to the instruction of the manufacturer for 40 min in the dark on ice.

Flow cytometric analysis was carried out on a BD LSRII flow cytometer (YellGrn Laser, with filter PE (586/15) or PE-Cy5 (670/30)) using the BD FACSDiva software. The calculation of positive cell percentage and cell viability and the visualization of the results were performed using the FlowLogic software (Inivai Technologies). An isotype control signal was used for gating the false-positive peak caused by unspecific binding. Unstained cells’ signal was used for gating living cells.



Concentration Modeling

Nanofibrillar cellulose hydrogel-based DE differentiation was performed in 96-well plates (Corning 3474). In each well, the lower phase B contained 100 μl NFC hydrogel diluted in a medium and mixed with 3D cell spheroids (Supplementary Figure 1). The upper phase A contained a 100 μl medium supplemented with activin A whose half-life in vivo is 5.5 min (fast) and 20.3 min (slow) (Johnson et al., 2016). Since only phase A could be renewed daily, we used a 2× medium for phase A, which contained the RPMI-1640 medium supplemented with 2× GlutaMAXTM, 2× B-27, 200 ng/ml activin A, and 20 μM ROCK-inhibitor Y-27632. To model the diffusion of the key growth factor activin A from the interface between phase A and phase B into phase B, we used a computational model based on the Fick’s second law of diffusion (Berg, 1993), the general formula for half-life in exponential decay (Nelson, 2013), and the linear estimation of the diffusion constant from the literature (Bhattacharya et al., 2012).

Below is the derivation of the model. First is the Fick’s second law of diffusion written in terms of finite difference approximations to the derivatives as (Adams and Essex, 2009):
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where c is the concentration at time point n = {0,Δt,2Δt,…NΔt}, at position j = {0,Δx,2Δx,…JΔx}, and D is the diffusion constant. By defining the constant = [image: image], Equation 1 can be expressed as:
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Denaturation of protein growth factors is considered by including the general formula for exponential degradation, with half-life λ for time step Δt:
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By combining the Einstein relation of kinetic theory with the definition of the viscous friction coefficient (Nelson, 2013), the diffusion coefficient can be expressed in terms of the Boltzmann constant k_B, temperature T, time step Δt, and mass m:
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A previous study (Bhattacharya et al., 2012) had measured the diffusion constants of Dextran with different masses in NFC hydrogel. Since we can assume that the temperature of the hydrogel had been constant in each study for Dextran diffusion, we can consider T as a constant in the above equation. As all the other terms are constants, we can infer that the diffusion constant D and the mass of the diffusing particle m have an inverse linear correlation. Derived from the publication (Bhattacharya et al., 2012) via linear regression (R20.999), the function takes the form:
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With these definitions, the diffusion constant D could be estimated for an object of mass m in NFC hydrogel. Diffusion was modeled based on Equation 3, with the diffusion constant estimated as in Equation 5 by using MatLab R2014a (8.3.0.532).



Statistical Analysis

Statistical analyses were performed using the GraphPad Prism 8 software. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test or Tukey’s multiple comparisons test as recommended by the software. Kruskal–Wallis test followed by Dunn’s multiple comparisons test was used in case a one-way ANOVA test could not be performed because the data did not pass a normality test. Correlation analysis was performed using a Pearson’s correlation test. Differences of adjusted p < 0.05 (∗), adjusted p < 0.01 (∗∗), adjusted p < 0.001 (∗∗∗), and adjusted p < 0.0001 (****) were considered significant.



RESULTS


Initial Spheroid Size (Cell Number) Affects Spheroid Survival During DE Differentiation

In subconfluent 2D cell culture where cells are well spread into monolayers, soluble factors in differentiation media are accessible to every cell. In contrast, in 3D cell culture, only cells in the outermost layer of spheroids/organoids are directly accessible by media components, but cells apart from the outermost layer must rely on other means such as diffusion or active transport in order to gain access to the media. To study the influence of cell layer thickness during cell differentiation, we generated spheroids using five different initial cell numbers (50, 100, 200, 500, and 1,000 cells per spheroid) using AggreWellTM 400 plates that contain microfabricated wells for the formation of homogenous spheroids. The initial size of each formed spheroid can be controlled by adjusting the input cell number, which requires the dissociation of stem cell colonies into single cells. This procedure results in the breakage of cell–cell interactions and cell–membrane junctions. The consequence of these events is the change in the balance between the actin-myosin anchoring force and the contraction force. The predominance of the contraction force stimulates cell death in the case of failure on re-adhesion (Chen et al., 2010). Rho-associated protein kinase (ROCK) is involved in the process of actin-myosin contraction. Treatment with the ROCK inhibitor Y-27632 improves stem cell viability in single cell status (Watanabe et al., 2007). Prior to the spheroid formation, we treated single human iPSCs iPS(IMR90)-4 cells with Y-27632 to prevent cell death. We initially chose two 3D culture conditions, suspension (without biomaterial) and NFC hydrogel. To differentiate human iPSCs into DE cells, we adopted an activin A-based protocol that was shown to be the most effective under 2D cell culture condition (Bogacheva et al., 2018). After 24 h in AggreWellTM 400 plates, the formed spheroids were transferred either into NFC hydrogel or into suspension in a differentiation medium supplemented with Y-27632. Y-27632 was used up to day 2 of differentiation.

We obtained only a few aggregates with the initial cell number of 50 and 100 cells per spheroid in both suspension and NFC hydrogel cultures (Figure 1). Most of the survived aggregates did not acquire a round shape and were surrounded by detached cells at day 1. Subsequently, all of them dissociated within 2 days. Due to the low survival rate of spheroids with the initial cell number of 50 and 100 cells per spheroid, we excluded them from further studies.
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FIGURE 1. Morphology of iPS(IMR90)-4-derived spheroids in five sizes: 50, 100, 200, 500, and 1,000 cells per spheroid cultured in suspension and nanofibrillar cellulose (NFC) hydrogel. Days 1, 2, and 3 of definitive endoderm (DE) differentiation are presented. The cell number in spheroids was controlled using the AggreWell400 plate for 24-h spheroid formation. Afterward, spheroids were collected from AggreWell400 and seeded in either low-adhesive Petri dishes in suspension or in NFC hydrogel in low-adhesive 96-well plates. Scale bars = 100 μm.


Spheroids with the initial cell number of 200 cells survived better in suspension culture than in NFC hydrogel with spheroid yield in suspension culture being 5.5-fold more than in NFC hydrogel at day 3. Spheroids with the initial cell number of 500 and 1,000 cells survived well in both conditions (Figure 1). They remained round by day 3. The DE differentiation medium can induce cell death as observed in our previous 2D DE differentiation study (Bogacheva et al., 2018). As expected, we also noticed dead cells in the 3D cultures. This phenomenon was more obvious around spheroids in NFC hydrogel culture probably because dead cells were more physically restricted within the hydrogel environment.



ROCK Inhibitor Y-27632 Improves Spheroid Survival During DE Differentiation

Initially, we treated iPS(IMR90)-4-derived spheroids with Y-27632 up to day 2 of differentiation but observed massive cell death (Figure 2A, single cells between spheroids) and loss of spheroid shape (Figure 2A, arrows) from day 4 onward. To obtain higher cell viability, we used Y-27632 in differentiation media for the entire period of the experiment (Figure 2B). In the presence of Y-27632, spheroids were well maintained during the 6-day differentiation. To investigate whether Y-27632 may have any negative effect on DE differentiation, we studied its effect on gene expression in iPS(IMR90)-4 cells cultured under conventional 2D condition. Undifferentiated stem cells grown in colonies were dissociated with AccutaseTM and were cultured in the mTeSRTM1 medium supplemented with Y-27632 for the first day or for 7 days (Supplementary Figure 2A). There were no statistically significant changes in the mRNA expression of all the studied genes in 1-day treated cells compared with day 0 cells (Supplementary Figure 2B). Treatment with Y-27632 for 7 days did not significantly change the gene expression of OCT4, HNF3B, CXCR4, BRACHYURY, and SOX1 (Supplementary Figure 2B). However, it significantly increased the mRNA expression of NANOG by 2.3-folds (adjusted p = 0.0327) and CER1 by 4.2-folds (adjusted p = 0.0028). Earlier studies have shown the increased expression of NANOG during DE differentiation in 2D culture (Bogacheva et al., 2018), and NANOG was shown to be involved in early differentiation, for example, by participating in DE specification and repressing embryonic ectoderm differentiation (Teo et al., 2011; Wang et al., 2012). The upregulation of the specific DE marker CER1 is a strong indication for DE differentiation. Therefore, we chose to use Y-27632 during the entire differentiation period.
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FIGURE 2. Morphology of iPS(IMR90)-4 cell spheroids with the initial cell number of 500 and 1,000 cells per spheroid at the undifferentiated stage (3D SC) and at days 2, 4, and 6 of DE differentiation in suspension and NFC hydrogel. (A) Spheroids treated with a 10 μM Rho-associated protein kinase (ROCK) inhibitor Y-27632 up to day 2 of differentiation procedure. Arrows show some of damaged spheroids. Scale bars = 100 μm. (B) Spheroids treated with 10 μM Y-27632 throughout the entire differentiation experiment. Scale bars = 100 μm.




3D Conditions Influence Spheroid Morphology During DE Differentiation

Based on the results from the 2D DE differentiation experiments showing that 6-day DE induction is the most effective method (Bogacheva et al., 2018), we performed 6-day DE differentiation of iPS(IMR90)-4 cells in three 3D conditions. Suspension culture in this study represents a biomaterial/scaffold-free 3D culture condition, while NFC hydrogel is an inert biomaterial that exhibits weak nonspecific interactions with cells (Harjumaki et al., 2019). Conversely, BME interacts with stem cells and DE cells directly via cell membrane receptors, so it represents an active cell-interacting biomaterial. We differentiated spheroids with the initial cell number of 500 and 1,000 cells in reduced growth factor BME and 200, 500, and 1,000 cells per spheroid in suspension or NFC hydrogel. Y-27632 was used throughout the entire experiment. At day 0, spheroids under all three culture conditions were transparent and round (Supplementary Figure 3). Hollow structures were seen in some of the spheroids at day 0, but these structures disappeared from day 2 onward. Spheroids in BME started to disintegrate and to lose their typical spherical shape morphology from day 2 onward as a result of cell migration out of the spheroids, thereby turning part of 3D culture to resemble 2D culture (Supplementary Figures 3E,H, arrows). On the contrary, spheroids in both suspension and NFC hydrogel retained a clear spherical shape during the entire differentiation experiment (Supplementary Figures 3A–D,F,G). Some larger spheroids in suspension and NFC hydrogel became darker in the center after day 2. At day 6, we observed an increase in the spheroid size and condensed darker area in the center of spheroids grown in both NFC hydrogel and in suspension. From day 4 to day 6, cells that had migrated out of the spheroids in BME started to die, as seen by cell morphology and live/dead staining (Supplementary Figure 3). Since BME did not support the morphology of the spheroids, we excluded the BME condition from this study.



Changes in Spheroid Size (Diameter) During DE Differentiation

After excluding BME from the study, we chose suspension and NFC hydrogel conditions in the following experiments. We differentiated iPS(IMR90)-4 spheroids with the initial cell number of 200, 500, and 1,000 cells per spheroid in suspension, named 200S, 500S, and 1000S, and in NFC hydrogel, named 200N, 500N, and 1000N, respectively. We monitored the diameters of spheroids during the 6-day differentiation (Figure 3). Spheroids under all the conditions gradually increased in size every day as measured by their diameters (Figure 3B and Supplementary Figure 4). Significant diameter increase day by day was seen more frequently in suspension culture than in NFC hydrogel culture (Supplementary Figure 4). At day 0, undifferentiated 3D SC spheroids under the conditions 200S, 500S, and 1000S were significantly different in size (adjusted p < 0.0001, Figure 3A), whereas in NFC hydrogel, a significant difference in size was only detected between 200N and 1000N (adjusted p < 0.0001, Figure 3A). At day 1, 200S or 200N spheroids were significantly different from 500S/500N to 1000S/1000N spheroids in both suspension and NFC hydrogel (Figure 3A). At days 2 and 3, we found statistically significant differences between the spheroids of all sizes in suspension (adjusted p < 0.0001), but the difference in NFC hydrogel was similar to that at day 1 (Figure 3A). At day 4, we did not observe a significant difference between 500S and 1000S, but we found a significant difference between 200S and 500S, as well as between 200S and 1000S. In NFC hydrogel, a significant difference was detected among all the conditions at day 4 (Figure 3A). Moreover, at day 4, 500S spheroids had significantly greater diameters than 500N (adjusted p = 0.0452). At day 5, 200S or 200N spheroids were significantly different from 500S/500N to 1000S/1000N spheroids in both suspension and NFC hydrogel. At day 6, spheroids in suspension were all different, while in NFC hydrogel, the difference remained only between 200N and 500N, as well as between 200N and 1000N. In addition, 200S and 500S were bigger than 200N and 500N, respectively (Figure 3A).
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FIGURE 3. Spheroid sizes during differentiation. (A) Size distribution of iPS(IMR90)-4 cell spheroids with the initial cell number of 200, 500, and 1,000 cells per spheroid during DE differentiation in suspension (S) and NFC hydrogel (N). Diameters (μm) were measured daily during the experiment. Horizontal lines are mean values, and vertical lines are SD. Because a normality test indicates that the data were not sampled from a Gaussian population, Kruskal–Wallis test followed by Dunn’s multiple comparisons test was used. Statistical significance * adjusted p < 0.05, ** adjusted p < 0.01, *** adjusted p < 0.001, and **** adjusted p < 0.0001 are shown above lines. (B) Average diameter of spheroids with the initial cell number of 200, 500, and 1,000 cells per spheroid (μm) ± SD at each day of the DE differentiation of iPS(IMR90)-4 cells.


In summary, we found that 200S/200N spheroids were significantly smaller than 1000S/1000N spheroids in both suspension and NFC hydrogel during the entire differentiation experiment. However, we did not detect a significant difference between 500N and 1000N spheroids in NFC hydrogel at most days except at day 4. Therefore, we decided to compare 200S and 200N with 1000S and 1000N spheroids in terms of the effectiveness of DE differentiation in the subsequent immunostaining and flow cytometry experiments.

We repeated this experiment using another human iPSC line GM23720B. We differentiated GM23720B spheroids with the initial cell number of 200 and 1,000 cells per spheroid in suspension and NFC hydrogel during 4 days and assessed the dynamics of their diameter changes (Supplementary Figures 5, 6). Similar to iPS(IMR90)-4, GM23720B spheroids have gradually increased in diameters during the differentiation (Supplementary Figures 5B, 6). Also, a significant diameter increase day by day was seen more frequently in suspension culture than in NFC hydrogel culture (Supplementary Figure 6). Undifferentiated 3D SC spheroids containing 200 and 1,000 cells were significantly different in size in both suspension and NFC hydrogel (adjusted p < 0.0001, Supplementary Figure 5A). In suspension, the difference between 200S and 1000S spheroids remained until day 4 (adjusted p < 0.0001, Supplementary Figure 5A). In NFC hydrogel, 200N were significantly smaller in diameter than 1000N until day 2 (adjusted p < 0.0001, Supplementary Figure 5A). At day 4, a significant difference between 200N and 1000N was detected again (adjusted p < 0.05, Supplementary Figure 5A). At day 3 and day 4, the diameter of 1000S spheroids was significantly bigger than 1000N (adjusted p < 0.05, Supplementary Figure 5A).



Gene Expression Profiles in iPS(IMR90)-4 Cells and Their Derivatives During DE Differentiation in 3D Conditions

To study how spheroid size and 3D culture condition affect DE differentiation, we analyzed the gene expression profiles of mesendoderm, DE, and hepatic endoderm specific markers (Figure 4A) in 200S, 200N, 500S, 500N, 1000S, and 1000N at day 0, day 1, day 2, day 4, and day 6 of the differentiation experiment. Mesendoderm is a progenitor cell stage established prior to DE specification when differentiating PSCs still retain developmental plasticity to generate either mesoderm or DE.
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FIGURE 4. (A) Schematic of the characteristic markers at the studied differentiation stages. (B–G) The mRNA expression patterns of the mesendoderm (BRACHYURY), DE (SOX17, HNF3B, CER1, and CXCR4), and hepatic endoderm (HNF4A) specific markers during DE differentiation of iPS(IMR90)-4 cells in 3D spheroids with the initial cell number of 200, 500, and 1000 cells per spheroid in suspension (S) and NFC hydrogel (N). Relative gene expression was measured by qPCR and normalized with RPLP0 housekeeping gene. Fold inductions were calculated with the reference to the stem cell samples (2D SC). N = 2 or 3 biological repeats. ND, no data. Error bars are SD. One-way ANOVA followed by Tukey’s multiple comparisons test was used to compare between any pairs. Statistical significance *adjusted P < 0.05, **adjusted P < 0.01, ***adjusted P < 0.001, and ****adjusted P < 0.0001 in comparison with 2D SC are shown above bars. Statistically significant differences *adjusted P < 0.05, **adjusted P < 0.01, ***adjusted P < 0.001, and ****adjusted P < 0.0001 between days 1 and 2, days 2 and 4, and days 4, and 6 are shown above lines. Breaks in Y-axis in the figure panels are BRACHYURY: 5–7, SOX17: 16–26 and 200–9000, HNF3B: 2–5 and 60–150, CER1: 10–50, CXCR4: 5–30, and HNF4A: 5–30.


We first validated our approach in DE differentiation by normalizing the transcript expression levels of individual genes to their highest level during DE differentiation (Supplementary Figure 7). We confirmed that the induction of these genes followed the sequence BRACHYURY (day 1) → SOX17 (day 2) → HNF3B/CER1 (day 2-4) → CXCR4 (day 4) → HNF4A (day 6), which was also previously observed from other DE differentiation studies (D’Amour et al., 2005; McLean et al., 2007; Teo et al., 2012).

Next, we examined the expression of individual mesendoderm and endoderm genes according to their relative expression levels to 2D SC controls, which represent undifferentiated human iPSCs, to reveal differences among conditions for different initial cell numbers and different 3D culture strategies, namely NFC hydrogel versus suspension cultures (Figures 4B–G). BRACHYURY (BRA or TBXT) is a specific marker for mesendoderm lineage cells, and its expression turns off once cells become specified as DE. As expected, we observed a strong upregulation of its expression at day 1 in 200N and 500N cells, followed by downregulation on the next day (Figure 4B). Its expression stayed low or further reduced at day 4 and day 6, corroborating that by day 4, the cells were specified as DE under all the conditions.

The gene expression of the DE marker SOX17 was significantly higher in the cells at day 2 and day 4 in all the conditions in comparison with the stem cells and the cells at day 1 of differentiation (Figure 4C). At day 2, 200S and 200N cells had higher SOX17 gene expression than 1000S (adjusted p = 0.034) and 1000N cells (adjusted p = 0.0123), respectively. 500N cells also showed a higher SOX17 level than 1000N cells (adjusted p = 0.0271). At day 4, SOX17 expression significantly dropped in 200S (adjusted p = 0.0128), 200N (adjusted p = 0.0374), 500S (adjusted p = 0.0002), and 500N cells (adjusted p = 0.0055) compared to the day 2 level. By day 6, all the conditions did not exhibit a significant difference in SOX17 expression compared with the undifferentiated stem cells, and 1000S cells even had significantly lower expression than that at day 4 (adjusted p = 0.0016).

The gene expression of the DE marker HNF3B significantly increased at day 2 in all suspension conditions and 200N except 500N and 1000N, but by day 4, it increased in all the conditions (Figure 4D). It was significantly upregulated in 1000S cultures by day 4 compared with day 2 (adjusted p = 0.0161). 1000S cultures at day 4 also had higher HNF3B expression than 500S cultures (adjusted p = 0.016). There was no significant increase from day 4 to day 6. The expression of HNF3B in 200S, 500S, and 500N cells at day 6 was not significantly different in comparison with the undifferentiated stem cells.

The gene expression of another DE marker CER1 (Iwashita et al., 2013) significantly increased in all six conditions at day 2 when compared with the stem cells and the cells at day 1 (Figure 4E). On the following days, CER1 expression did not increase significantly or even dropped in 200S cells at day 6 in comparison with day 4 (adjusted p = 0.0209). 1000N cells at day 6 had higher CER1 expression than 500N (adjusted p = 0.0038) and 1000S cells (adjusted p = 0.0044).

CXCR4 is a well-characterized DE marker (D’Amour et al., 2005). Its expression was significantly upregulated under all the conditions at day 4 (Figure 4F). By day 6, it remained at the same level in 500N, 1000S, and 1000N cells and decreased in 500S cells. 1000N spheroids at day 4 showed higher CXCR4 expression than 200N spheroids (adjusted p = 0.016). 1000S spheroids at day 6 displayed higher CXCR4 expression than 200S (adjusted p = 0.0073) and 500S spheroids (adjusted p = 0.0079). Similarly, 1000N spheroids had higher CXCR4 expression than 500N cells (adjusted p < 0.0001).

HNF4A isoforms are differentially expressed during development. HNF4A 1D isoform (transcribed from the P2 promoter) was earlier shown to increase in DE cells and promote DE differentiation (Hanawa et al., 2017). In the current study, we measured total HNF4A isoforms and found that their expression significantly increased at day 4 in 200S, 500S, 1000S, and 1000N cells, whereas 1000S cells had higher HNF4A expression than 500S cells (adjusted p = 0.0217; Figure 4G). By day 6, HNF4A increased in 1000N cells compared to the day 4 level (adjusted p = 0.0039). 1000S cells at day 6 showed higher HNF4A expression than 200S (adjusted p = 0.0179) and 500S cells (adjusted p = 0.0004). 1000N cells had higher HNF4A expression than 500N cells (adjusted p = 0.0003).

Taken together, we found that the studied DE markers were significantly increased at day 2 or day 4 in comparison with the undifferentiated stem cells. Only HNF4A expression was further increased from day 4 to day 6. Intriguingly, the expression of the DE markers SOX17, CER1, and CXCR4 started to decrease at day 6 suggesting an accelerated differentiation program compared with 2D adherent differentiation (Bogacheva et al., 2018). Hence, we selected the 4-day differentiation protocol in the following experiments. Since the PCR method determines gene expression in bulk cell populations, we next used flow cytometry and immunofluorescence staining to assess DE differentiation in individual cells.



Spheroid Size and 3D Culture Conditions Affect the Efficiency and the Effectiveness of DE Formation

Before DE differentiation, we stained pluripotency markers in iPS(IMR90)-4 spheroids after their formation in AggreWellTM 400 plates. All the spheroids with 50, 100, 200, 500, and 1,000 cells per spheroid were positive for OCT4 and NANOG proteins (Supplementary Figure 8).

We evaluated the efficiency and the effectiveness of the DE formation by image-based analysis of SOX17, HNF3B, and HNF4A protein expression and quantitative analysis of CXCR4 expression. We conducted immunofluorescence staining for the DE markers SOX17, HNF3B, and HNF4A and the pluripotency marker OCT4 in day 4 spheroids (Figure 5 and Supplementary Figure 9). 200S iPS(IMR90)-4 spheroids were positive for SOX17, HNF3B, and HNF4A (Figure 5). 200N spheroids were strongly positive for HNF4A protein and weakly so for HNF3B in the cells of the outer layers (Figure 5), which displayed similar intensity to what was observed in 2D DE differentiation previously (Bogacheva et al., 2018), but 200N spheroids were negative for SOX17 (Figure 5). 1000S spheroids had the weakly positive expression of HNF3B and HNF4A proteins and did not express SOX17 (Figure 5). 1000N spheroids showed strong HNF4A expression and were negative for SOX17 and HNF3B (Figure 5). None of the conditions showed OCT4 protein expression (Figure 5).
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FIGURE 5. Expression of SOX17, HNF3B, HNF4A, and OCT4 proteins in iPS(IMR90)-4 cell spheroids at day 4 of 3D DE differentiation in suspension (S) or NFC hydrogel (N). Nuclei of cells were stained with DAPI (blue). Proteins of interest were stained either with Alexa Fluor 488 (HNF4A and OCT4), showed in green, or with Alexa Fluor 594 (SOX17 and HNF3B), showed in red. Scale bars = 100 μm.


Similar to iPS(IMR90)-4 DE spheroids, OCT4 protein expression was not observed in day 4 GM23720B cell spheroids in all the conditions (Supplementary Figure 9). 200S spheroids were positive for SOX17 and HNF3B proteins while negative for HNF4A (Supplementary Figure 9). 200N and 1000S spheroids had positive signals for SOX17 (Supplementary Figure 9). 1000N spheroids demonstrated low or no expression for the stained protein markers (Supplementary Figure 9).

To quantify the differentiation in individual cells, we performed flow cytometry analysis of iPS(IMR90)-4 and GM23720B spheroids and their derivatives differentiated in suspension or NFC hydrogel at day 1, day 2, and day 4 of DE differentiation (Supplementary Figure 10). We examined the pluripotency marker SSEA4 and the DE marker CXCR4 in iPS(IMR90)-4 spheroids (Figures 6, 7, and Supplementary Figure 11) and the DE marker CXCR4 in GM23720B spheroids (Supplementary Figure 12).
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FIGURE 6. Dynamic expression of the pluripotency (SSEA4) and DE (CXCR4) protein markers in iPS(IMR90)-4 cells and their derivatives during DE differentiation of 3D spheroids with the initial cell number of 200 and 1,000 cells per spheroid in suspension (S) and NFC hydrogel (N). Graphic results from one out of four biological repeats are presented in the figure. Graphics are generated using the Flowlogic software (Inivai Technologies). (A) SSEA4 protein expression at the stage of undifferentiated cells (3D SC) and day 1, day 2, and day 4 in differentiation experiments, in which the same number of spheroids was harvested from suspension (S) and NFC hydrogel (N). Cells stained with an SSEA4 antibody or normal IgG were measured in the PE channel by flow cytometry. Gating was done based on IgG control as SSEA4–. Percentage on each histogram means a percent of SSEA4+ cells. (B) CXCR4 protein expression at the stage of undifferentiated cells (3D SC) and day 1, day 2, and day 4 in differentiation experiments, in which the same number of spheroids was harvested from suspension (S) and NFC hydrogel (N). The percentage of CXCR4+ cells was calculated by flow cytometry analysis. Cells were stained with PE mouse anti-human CD184 (CXCR4) IgG2a or PE mouse IgG2a that was detected in the PE channel and then with 7-AAD Viability Staining Solution that was detected in the PE-Cy5 channel. The percentage of live CXCR4+ cells is presented in the upper left quadrant of each dot-blot. This experiment was performed four times, and only one of the experimental results is shown here.
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FIGURE 7. The quantitative expression of markers and the correlation between spheroid diameters and the effectiveness of the DE differentiation in iPS(IMR90)-4 cells. (A) SSEA4 protein expression pattern in iPS(IMR90)-4 cell spheroids (3D SC) and their derivatives during 3D DE differentiation in suspension (S) and NFC hydrogel (N). N = 3 biological repeats. Data were analyzed by one-way ANOVA followed by Sidak’s multiple comparisons test. Statistical significance *** adjusted p < 0.001 and **** adjusted p < 0.0001 in comparison with 3D SC are shown above scatters. Statistically significant difference * adjusted p < 0.05 between conditions 1000S and 1000N at day 4 is shown above the line. (B) CXCR4 protein expression pattern in iPS(IMR90)-4 cell spheroids (3D SC) and their derivatives during 3D DE differentiation in suspension (S) and NFC hydrogel (N). N = 4 biological repeats. One-way ANOVA followed by Sidak’s multiple comparisons test was used. Statistically significant differences ** adjusted p < 0.01 and **** adjusted p < 0.0001 between conditions are shown above lines. (C) Pearson correlation between spheroid diameters and percentages of live CXCR4+ cells during 3D DE differentiation in NFC hydrogel. Statistically significant negative Pearson correlation is detected at day 2. (D) Pearson correlation between spheroid diameters and percentages of live CXCR4+ cells during 3D DE differentiation in suspension. Statistically significant negative Pearson correlation is detected at day 2.


The percentage of SSEA4+ cells in iPS(IMR90)-4 cell spheroids before differentiation was more than 99% (Figures 6A, 7A), and it significantly dropped by day 4 only in spheroids cultured in suspension (adjusted p < 0.0001 for 200S and adjusted p = 0.0003 for 1000S, Figure 7A). We also observed that the fluorescent intensity peaks in all histograms shift to the left during the differentiation (Figure 6A and Supplementary Figure 11). At day 4, 1000S spheroids had significantly less SSEA4+ cells than 1000N spheroids (adjusted p = 0.0139, Figure 7A).

Spheroids with the initial cell number of 200 and 1,000 cells per spheroid at the stem cell stage were negative for CXCR4 protein (Figures 6B, 7B, and Supplemetary Figure 12A). The percentage of CXCR4+ iPS(IMR90)-4 cells did not change at day 1 but rose at day 2 and then reached its maximum by day 4 (Figures 6B, 7B). Similarly, the percentage of CXCR4+ GM23720B cells also increased at day 2 and day 4 (Supplemetary Figure 12A). At day 2, 200S iPS(IMR90)-4 spheroids displayed the highest percentage of CXCR4+ cells (67.7 ± 8.6%, Figure 7B). This percentage was significantly higher than that for 200N (49.5 ± 4.9%, adjusted P = 0.0056) and 1000S spheroids (25.9 ± 8.6%, adjusted P < 0.0001, Figure 7B). Similarly, 200S GM23720B spheroids also displayed higher percentage of CXCR4+ cells (62.7 ± 5.8%) than that for 200N (54.0 ± 5.0%) and 1000S spheroids (55.8 ± 5.5%, Supplemetary Figure 12A). For the iPS(IMR90)-4 spheroids in NFC hydrogel, a similar trend to suspension cultures was observed: 200N spheroids (49.5 ± 4.9%) displayed a significantly higher percentage of CXCR4+ cells than 1000N spheroids (15.2 ± 12.4%, adjusted p < 0.0001, Figure 7B).

Furthermore, we found a negative correlation between iPS(IMR90)-4 spheroids’ size and percentage of CXCR4+ cells in both NFC hydrogel (p = 0.0225, Figure 7C) and suspension (p = 0.0024, Figure 7D) at day 2 of the differentiation. For GM23720B spheroids, the correlation was found between spheroids’ size and percentage of CXCR4+ cells in suspension at day 4 of the differentiation (p = 0.0251, Supplementary Figure 12C).

When measuring the CXCR4 expression by flow cytometry, we also stained the cells with 7-AAD fluorescent dye to assess cell death in spheroids. We did not detect a significant difference in cell death between time points or culture conditions (Supplementary Figure 13). The percentage of dead cells in spheroids was averaged 4.6% ± 1.6% under all the conditions. This indicates that poor differentiation performance of spheroids under certain culture conditions was not caused by decreased cell viability.

In summary, these data demonstrate that smaller hPSC spheroids differentiate to DE cells more efficiently than bigger spheroids, and suspension culture promotes more effective DE differentiation than NFC hydrogel.



Computational Simulation of Activin A Diffusion

Activin A used in the differentiation media is crucial for DE formation. Earlier studies showed that its effect is concentration-dependent, with high concentrations (100 ng/ml) specifying DE (D’Amour et al., 2005) and low concentrations specifying mesoderm (Schuldiner et al., 2000). The poor efficiency and effectiveness of DE formation from the bigger spheroids cultured in NFC hydrogel could indicate a poor diffusion of activin A due to mass transfer limitation caused either by cell masses in spheroids or by biomaterials. Simulating the diffusion of proteins within a spheroid is technically difficult to perform; thus, our model is focused on simulating the diffusion of activin A within the NFC hydrogel layer. By establishing a computational model based on Fick’s second law of diffusion and an NFC hydrogel-specific linear regression model based on the Einstein relation of kinetic theory and the viscous friction coefficient, we found that only the top 0.25 mm (8%) of the NFC hydrogel layer received 100 ng/ml activin A (Figure 8). Since protein half-lives in cell culture and in tissues are different (Rahman and Sadygov, 2017), our simulation using the in vivo half-life of activin A might overestimate or underestimate the activin A diffusion in vitro. Nonetheless, the simulation result indicates that activin A encountered considerable resistance to its transfer across NFC hydrogel, presumably due to hydrogel’s high viscosity (Bhattacharya et al., 2012). The limited mass transfer may explain the low effectiveness of the DE differentiation in NFC hydrogel (Figure 9).


[image: image]

FIGURE 8. Concentration profile of activin A protein. Diffusion coefficient set as DRegression = 7.31 × 10– 7 cm2/s for 26.0 kDa activin A protein and half-life λ = 20.3 min (slow estimation). Activin A was diffused from the interface between phase A and phase B into phase B. Phases A and B are illustrated in Supplementary Figure 1. Y-axis shows the activin A diffusion distance (μm) from the top of phase B. Activin A concentrations (ng/ml) at different positions in phase B during 250 min after the addition of the activin A-containing differentiation medium are shown by curves. Only the top 250 μm (8%) of the NFC hydrogel layer received 100 ng/ml activin A.
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FIGURE 9. The critical influencing parameters in 3D DE differentiation. (A) Predominance of cell–biomaterial interactions in basement membrane extract (BME) leads to disintegration of 3D spheroid morphology, while predominance of cell–cell interactions in NFC hydrogel and suspension culture retains 3D spheroid morphology. (B) Viscose biomaterial and cell mass can limit mass transfer, thereby impairing differentiation that is mediated by growth factors with short half-lives. (C) Comparison of the studied 3D culture systems in terms of their properties affecting DE differentiation effectiveness.




DISCUSSION

To overcome the major challenges in spheroid and organoid technology and increase the effectiveness of stem cell differentiation in 3D environments, we examined how 3D cell culture systems and spheroid size influence DE differentiation of human iPSCs. Here we show that suspension culture can effectively generate DE cells from 3D human iPSC spheroids, whereas the use of biomaterials in DE differentiation may cause issues with mass transfer and spheroid formation. These findings are summarized in a schematic diagram (Figure 9). BME, a biomaterial with cell-interacting properties, produced strong cell–matrix interactions that caused 3D spheroids to spread out into monolayers (Figure 9). NFC hydrogel, a biomaterial with poor cell-interacting properties, was able to maintain 3D spheroid morphology during DE differentiation (Figure 9). However, NFC hydrogel impeded growth factor diffusion presumably due to its high viscosity, and therefore DE formation was less effective than in suspension culture. We also found an inverse correlation between spheroid size and the effectiveness of DE formation; smaller spheroids (with initial 200 cells per spheroid) differentiated more effectively than the larger ones (with initial 1,000 cells per spheroid). In addition, bigger spheroids (with initial 200, 500, and 1,000 cells per spheroid) formed stable cell aggregates after 24 h, while spheroids that are too small (with initial 50 or 100 cells per spheroid) did not retain their 3D morphology in suspension or in NFC hydrogel possibly due to poor cell–cell interactions. The importance of cell–cell interaction in the formation of dermal fibroblast spheroids has recently been demonstrated by using a micropatterned hydrogel (Kim et al., 2019).

Mass transfer, also known as mass transport, is important for successful 3D cell culture and tissue engineering (Antoni et al., 2015). Sufficient mass transfer ensures the proper supply of nutrients and regulatory factors to cells and therefore generates desired cell and tissue products. Insufficient mass transfer can be caused by the presence of biomaterials and cells. Mass transfer is particularly critical when growth factors are involved because many growth factors have short half-lives, and delayed delivery to target cells results in reduced dosage to cells. By establishing a computational model to simulate growth factor diffusion, we found that activin A poorly diffused across NFC hydrogel, which may be due to the short half-life of activin A and the high viscosity of NFC hydrogel. This problem may be common for all 3D cell culture systems combining growth factors with short half-lives and highly viscose biomaterials. This issue may be solved by stabilizing growth factors or increasing the permeability of NFC hydrogel. The half-life of Wnt-3a increases when using liposomal packaging (Dhamdhere et al., 2014), so similar approaches may be applicable for activin A. However, liposomal packaging increases the radii of said growth factors, potentially hindering diffusion. Fortunately, the effect of such packaging could be predicted with the computational model described in this study. Replacing growth factors with stable small molecules is another solution. We have previously tested IDE1 as a substitute for activin A in DE differentiation, but unfortunately, it was ineffective (Bogacheva et al., 2018). Another study tested several small molecules in DE differentiation but still did not find an equally effective chemical to replace activin A (Tasnim et al., 2015). A high-content screening study identified two ROCK inhibitors as DE inducers in human and mouse ESCs (Korostylev et al., 2017). However, the undifferentiated ESCs used in their study were positive for DE markers, which may indicate intrinsic bias of the DE marker-positive ESC population toward endoderm differentiation as shown in an earlier study (Allison et al., 2018). Hydrogel permeability is an intrinsic property. Therefore, increasing permeability requires extensive investigation and may involve undesired changes in other hydrogel properties.

Basement membrane extract, representing another class of biomaterials that have cell-interacting properties, was also used in this study. The finding that BME could not maintain 3D spheroid morphology during DE differentiation is interesting. We speculate that this was the result of the imbalance between cell–matrix interactions and cell–cell interactions (Figure 9). It is known that undifferentiated ESCs and iPSCs can interact with BME (Xu et al., 2001). Upon embedding iPSC spheroids in BME, strong cell–BME interactions may override cell-cell interactions, thereby causing disruption of spheroid morphology. Decreasing E-cadherin expression during DE differentiation (D’Amour et al., 2005) further reduces cell–cell interactions, thereby contributing to disrupted spheroid morphology. In contrast, NFC hydrogel has negligible adhesion forces to stem cells (Harjumaki et al., 2019)—minimizing cell–matrix interactions. Thus, the predominance of cell–cell interactions may account for the well maintenance of the spheroid shape in NFC hydrogel (Figure 9). These conclusions are supported by Nie et al. (2020) who previously showed with human keratinocytes that decreased cell-substrate adhesion was the main driving force in the spheroid formation and at the same time cell–cell interaction forces increased and exceeded cell–biomaterial interaction force levels.

The migrating cells in BME are presumably DE cells as shown by the immunofluorescence of SOX17 (data not shown). The reason for their death from day 4 onward could be due to the nonsupportive environment. Although DE cells can be derived from human PSCs on BME in 2D culture, DE cells, in fact, have limited ability to attach to BME as shown by the downregulation of laminin 111-specific integrins in DE cells (Kanninen et al., 2016a) and failure on re-attachment to BME after detachment (Kanninen et al., 2016b). Derivation of DE cells on BME in 2D culture may involve an undifferentiated PSC-produced niche, which requires further investigation.

Suspension culture is a biomaterial/scaffold-free system, meaning that there is no potential mass transfer limitation caused by biomaterials. In some cases, cells are attached to floating microcarriers. Nonetheless, all suspension cultures ensure equal supply to all spheroids. Another biomaterial/scaffold-free system that has been used in spheroid technology is the hanging-drop system. It has been used to form spheroids of dermal papilla cells in a controllable and scalable manner (Lin et al., 2016). By performing DE differentiation that involves the use of growth factor, we clearly demonstrate that suspension culture is a superior 3D culture system to biomaterial-based 3D systems because it provides equal molecular diffusion among all the spheroids, and therefore produces efficient DE differentiation. Suspension culture is scalable (Amit et al., 2010; Li et al., 2018) and can be performed in a bioreactor with tight control of cell culture conditions for mass production (Lock and Tzanakakis, 2009). Unlike biomaterial-based culture systems, suspension culture does not provide physical constraint and therefore spheroids grew faster, as shown by more significant increases in diameter in suspension culture than in NFC hydrogel culture (Supplementary Figures 4, 6).

In addition to biomaterials, cells can also limit mass transfer. Earlier studies have found that hepatocyte spheroids with diameters of more than 100 μm (Glicklis et al., 2004) or human ESC and iPSC spheroids with diameters of more than 350 μm (Amit et al., 2010) had cell viability rates below 90%. Our 4-day protocol for DE differentiation generated more than 90% viable cells (Supplementary Figure 13) in spheroids with the average diameters below 350 μm (Figure 3B and Supplementary Figure 5) in all the conditions studied. Despite the high cell viability, we found that iPSC spheroids with a higher cell number had lower differentiation effectiveness. Our finding agrees with an earlier report showing that large spheroids generated fewer SOX17- and HNF3B-positive cells (Farzaneh et al., 2018). The low effectiveness of differentiation in large spheroids is presumably due to the insufficient supply of growth factors. Computational simulation of growth factor diffusion through spheroids is not straightforward because growth factor can bind to any cells on its route of diffusion. There have been computational models for oxygen permeation into a spheroid (Aleksandrova et al., 2016; Grimes and Currell, 2018), and more comprehensive models could be established to estimate protein diffusion in a cell spheroid with consideration of growth factor-receptor binding and receptor abundance. Although smaller spheroids ensure a sufficient supply of growth factor, they may not survive during DE differentiation, as shown in the current study. It is known that cadherins mediate homophilic binding between the same types of cells. DE cells express a lower level of E-cadherin and a higher level of N-cadherin than undifferentiated ESCs and iPSCs (D’Amour et al., 2005). During DE differentiation, weaker cadherin-mediated interactions could have been generated between undifferentiated PSCs and differentiating cells leading to the failure of smaller spheroids to retain their 3D morphology.

We found that cell viability inside the spheroids can be improved with the constant presence of the ROCK inhibitor Y-23720 in the differentiation media. An earlier study found a priming effect of a high concentration of Y-23720 on mesendoderm differentiation (Maldonado et al., 2016); to ensure the use of Y-23720 does not have a negative effect on DE differentiation, we analyzed its influence on the gene expression of specific pluripotency, DE, mesendoderm, and ectoderm markers. Among the three studied DE markers, only CER1 was significantly altered by 4.2-folds by the 7-day treatment with 10 μM Y-23720 (Supplementary Figure 2). Cer1 is a secreted protein participating in the regulation of Nodal, Wnt, and BMP signaling pathways and is a marker of the endoderm specification (Iwashita et al., 2013). However, the 4.2-fold increase is much less than the 30,000-fold increase observed during the directed DE differentiation (Figure 4E). Based on our data, the effect of Y-23720 on the DE differentiation of human PSCs was relatively mild, but its biological impact needs further investigation.

Several studies have demonstrated that 3D cell culture systems can produce DE cells from human ESCs and iPSCs. A small molecule IDE1 was shown to induce DE differentiation of human iPSCs in a poly(ε-caprolactone)-based scaffold, but the expression of HNF3B and SOX17 was only induced no more than 20-folds (Hoveizi et al., 2014). In contrast to 3D culture, IDE1 (Bogacheva et al., 2018) and its analog IDE2 (Tasnim et al., 2015) were found to be ineffective in 2D DE differentiation. Another study produced DE cells in alginate hydrogel using activin A and Wnt-3a with 800- and 300-fold induction of HNF3B and SOX17, respectively (Chayosumrit et al., 2010), whereas we observed more than 4000- and 40,000-fold increase in the expression of HNF3B and SOX17, respectively. A recent study showed that 3D DE differentiation in suspension culture has an increased proliferation coefficient and higher speed of the upregulation of DE markers in comparison with adherent culture (Yabe et al., 2019). Another study successfully produced DE aggregates in chemically defined, xeno-free suspension culture, which was demonstrated to be scalable by using bioreactors (Sahabian et al., 2019). In addition, 3D culture has been proven to improve the maturation of hepatic cells (Miki et al., 2011; Freyer et al., 2016) and pancreatic cells (Wang and Ye, 2009).

We found that the remaining problem with NFC hydrogel culture is high viscosity. Utilization of chemically stable small molecules to replace growth factors would potentially solve mass transfer limitation and thus would allow more effective use of NFC hydrogel in stem cell differentiation and spheroid formation. The fast growth kinetic in suspension culture might yield larger spheroids that can inhibit mass transfer. Dissociating spheroids followed by making smaller spheroids, for example 200 cells per spheroid, would be a strategy to maintain sufficient mass transfer during differentiation experiments.

This study demonstrates that the spheroids with initial 200 cells per spheroid in suspension culture can efficiently produce DE cells (Figure 9C). However, further work is required to quantitatively demonstrate the inverted correlation between the size of the spheroids and the expression of nuclear DE markers, which was not demonstrated in the current study due to technical limitations in flow cytometry detecting intracellular proteins. Moreover, it is necessary to assess the potential of these cells in further differentiation into endoderm derivatives, such as hepatic, pancreatic, and intestinal cells. To further differentiate DE spheroids generated in the current study, we could continue using suspension culture system to ensure sufficient mass transfer. If stable small molecules to replace growth factors are available, hydrogel-based 3D culture systems can also be utilized to provide physical support and constraint.



CONCLUSION

In the current study, we show how the size of the human iPSC spheroids and 3D culture conditions influence DE differentiation. We found that the ROCK inhibitor improves human iPSC spheroid viability and can be applied for the entire length of DE differentiation. The spheroid size determines the availability of growth factors as well as nutrients and oxygen supply to all the cells. Suspension culture provides sufficient mass transfer and thus generates more effective DE differentiation than NFC hydrogel-based culture. When using biomaterials, cell–matrix interaction and mass transfer should be considered because they can affect 3D cell spheroid morphology and the effectiveness of growth factor-mediated differentiation, respectively. Our findings are beneficial for the development of human iPSC-derived 3D cell models, which have applications in drug research field for the evaluation of toxicity and efficacy of drug candidates, developmental biology studies, and regenerative medicine.



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/s.



AUTHOR CONTRIBUTIONS

Y-RL conceived, designed, and supervised the research, carried out some of the experiments presented in the manuscript, analyzed the data, and wrote the Introduction, Results, and Discussion sections of the manuscript. MSB carried out most of the experiments presented in the manuscript, analyzed most of the data, made the figures, and wrote the Materials and Methods section and part of the Results section. RH performed preliminary DE differentiation of human PSC spheroids without spheroid size control in NFC hydrogel and suspension culture (data not shown). EF carried out some of the experiments presented in the manuscript, measured spheroid diameters, and analyzed qPCR data. AT performed preliminary DE differentiation of human PSC spheroids without spheroid size control in NFC hydrogel and suspension culture (data not shown), performed computational simulation of activin A diffusion, and wrote the modeling part of the Methods section. MAB helped in some experiments and measured spheroid diameters. AL provided valuable advice during research planning, analyzed qPCR data, and edited the manuscript. All authors commented on the final version of the manuscript.



FUNDING

This work was supported by grants from the Academy of Finland (Nos. 294193 and 294194 to Y-RL), Finnish National Agency for Education (decision 10.10.2018/TM-18-10922 to Y-RL for MAB), and Faculty of Pharmacy, University of Helsinki to Y-RL and MY.



ACKNOWLEDGMENTS

Y-RL acknowledges Fudan University for providing research grant. MSB and Y-RL acknowledge the Doctoral Programme in Drug Research for providing MSB a Ph.D. student position at the Faculty of Pharmacy, University of Helsinki. XX acknowledges the National Natural Science Foundation of China (81473409) and Shanghai Science and Technology Innovation Fund (18140900900). We would like to thank the Light Microscopy Unit at the Institute of Biotechnology for providing confocal microscopy, Flow Cytometry Unit at the University of Helsinki for providing BD LSRFortessa Cell Analyzer, and Päivi Tammela for providing the NanoDrop spectrophotometer. The antibody MC-813-70 (SSEA-4) developed by Solter D/Knowles BB was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biology, Iowa City, IA, United States.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.726499/full#supplementary-material



REFERENCES

Adams, R., and Essex, C. (2009). Calculus: A Complete Course. North York, ON: Pearson Education Canada.

Aleksandrova, A. V., Pulkova, N. P., Gerasimenko, T. N., Anisimov, N. Y., Tonevitskaya, S. A., and Sakharov, D. A. (2016). Mathematical and experimental model of oxygen diffusion for HepaRG cell spheroids. Bull. Exp. Biol. Med. 160, 857–860. doi: 10.1007/s10517-016-3326-1

Allison, T. F., Smith, A. J. H., Anastassiadis, K., Sloane-Stanley, J., Biga, V., Stavish, D., et al. (2018). Identification and single-cell functional characterization of an endodermally biased pluripotent substate in human embryonic stem cells. Stem Cell Rep. 10, 1895–1907. doi: 10.1016/j.stemcr.2018.04.015

Amit, M., Chebath, J., Margulets, V., Laevsky, I., Miropolsky, Y., Shariki, K., et al. (2010). Suspension culture of undifferentiated human embryonic and induced pluripotent stem cells. Stem Cell Rev. 6, 248–259.

Antoni, D., Burckel, H., Josset, E., and Noel, G. (2015). Three-dimensional cell culture: a breakthrough in vivo. Int. J. Mol. Sci. 16, 5517–5527. doi: 10.3390/ijms16035517

Berg, H. (1993). Random Walks in Biology. Princeton, NJ: Princeton University Press.

Bergmann, S., Lawler, S. E., Qu, Y., Fadzen, C. M., Wolfe, J. M., Regan, M. S., et al. (2018). Blood-brain-barrier organoids for investigating the permeability of CNS therapeutics. Nat. Protoc. 13, 2827–2843. doi: 10.1038/s41596-018-0066-x

Bhattacharya, M., Malinen, M. M., Lauren, P., Lou, Y. R., Kuisma, S. W., Kanninen, L., et al. (2012). Nanofibrillar cellulose hydrogel promotes three-dimensional liver cell culture. J. Control. Release 164, 291–298. doi: 10.1016/j.jconrel.2012.06.039

Bogacheva, M. S., Khan, S., Kanninen, L. K., Yliperttula, M., Leung, A. W., and Lou, Y. R. (2018). Differences in definitive endoderm induction approaches using growth factors and small molecules. J. Cell. Physiol. 233, 3578–3589. doi: 10.1002/jcp.26214

Broguiere, N., Isenmann, L., Hirt, C., Ringel, T., Placzek, S., Cavalli, E., et al. (2018). Growth of epithelial organoids in a defined hydrogel. Adv. Mater. 30:e1801621.

Candiello, J., Grandhi, T. S. P., Goh, S. K., Vaidya, V., Lemmon-Kishi, M., Eliato, K. R., et al. (2018). 3D heterogeneous islet organoid generation from human embryonic stem cells using a novel engineered hydrogel platform. Biomaterials 177, 27–39. doi: 10.1016/j.biomaterials.2018.05.031

Chayosumrit, M., Tuch, B., and Sidhu, K. (2010). Alginate microcapsule for propagation and directed differentiation of hESCs to definitive endoderm. Biomaterials 31, 505–514. doi: 10.1016/j.biomaterials.2009.09.071

Chen, G., Hou, Z., Gulbranson, D. R., and Thomson, J. A. (2010). Actin-myosin contractility is responsible for the reduced viability of dissociated human embryonic stem cells. Cell Stem Cell 7, 240–248. doi: 10.1016/j.stem.2010.06.017

Chua, C. W., Shibata, M., Lei, M., Toivanen, R., Barlow, L. J., Bergren, S. K., et al. (2014). Single luminal epithelial progenitors can generate prostate organoids in culture. Nat. Cell Biol. 16, 951–954. doi: 10.1038/ncb3047

D’Amour, K. A., Agulnick, A. D., Eliazer, S., Kelly, O. G., Kroon, E., and Baetge, E. E. (2005). Efficient differentiation of human embryonic stem cells to definitive endoderm. Nat. Biotechnol. 23, 1534–1541. doi: 10.1038/nbt1163

Dhamdhere, G. R., Fang, M. Y., Jiang, J., Lee, K., Cheng, D., Olveda, R. C., et al. (2014). Drugging a stem cell compartment using Wnt3a protein as a therapeutic. PLoS One 9:e83650. doi: 10.1371/journal.pone.0083650

Dye, B. R., Hill, D. R., Ferguson, M. A., Tsai, Y. H., Nagy, M. S., Dyal, R., et al. (2015). In vitro generation of human pluripotent stem cell derived lung organoids. Elife 4:e05098.

Farzaneh, Z., Najarasl, M., Abbasalizadeh, S., Vosough, M., and Baharvand, H. (2018). Developing a cost-effective and scalable production of human hepatic competent endoderm from size-controlled pluripotent stem cell aggregates. Stem Cells Dev. 27, 262–274. doi: 10.1089/scd.2017.0074

Fatehullah, A., Tan, S. H., and Barker, N. (2016). Organoids as an in vitro model of human development and disease. Nat. Cell Biol. 18, 246–254. doi: 10.1038/ncb3312

Freyer, N., Knospel, F., Strahl, N., Amini, L., Schrade, P., Bachmann, S., et al. (2016). Hepatic differentiation of human induced pluripotent stem cells in a perfused three-dimensional multicompartment bioreactor. Biores. Open Access 5, 235–248. doi: 10.1089/biores.2016.0027

Gjorevski, N., Sachs, N., Manfrin, A., Giger, S., Bragina, M. E., Ordonez-Moran, P., et al. (2016). Designer matrices for intestinal stem cell and organoid culture. Nature 539, 560–564. doi: 10.1038/nature20168

Glicklis, R., Merchuk, J. C., and Cohen, S. (2004). Modeling mass transfer in hepatocyte spheroids via cell viability, spheroid size, and hepatocellular functions. Biotechnol. Bioeng. 86, 672–680. doi: 10.1002/bit.20086

Grimes, D. R., and Currell, F. J. (2018). Oxygen diffusion in ellipsoidal tumour spheroids. J. R. Soc. Interface 15:20180256. doi: 10.1098/rsif.2018.0256

Hanawa, M., Takayama, K., Sakurai, F., Tachibana, M., and Mizuguchi, H. (2017). Hepatocyte nuclear factor 4 alpha promotes definitive endoderm differentiation from human induced pluripotent stem cells. Stem Cell Rev. Rep. 13, 542–551. doi: 10.1007/s12015-016-9709-x

Harjumaki, R., Nugroho, R. W. N., Zhang, X., Lou, Y. R., Yliperttula, M., Valle-Delgado, J. J., et al. (2019). Quantified forces between HepG2 hepatocarcinoma and WA07 pluripotent stem cells with natural biomaterials correlate with in vitro cell behavior. Sci. Rep. 9:7354.

Hay, D. C., Fletcher, J., Payne, C., Terrace, J. D., Gallagher, R. C., Snoeys, J., et al. (2008). Highly efficient differentiation of hESCs to functional hepatic endoderm requires ActivinA and Wnt3a signaling. Proc. Natl. Acad. Sci. U.S.A. 105, 12301–12306. doi: 10.1073/pnas.0806522105

Hohwieler, M., Illing, A., Hermann, P. C., Mayer, T., Stockmann, M., Perkhofer, L., et al. (2017). Human pluripotent stem cell-derived acinar/ductal organoids generate human pancreas upon orthotopic transplantation and allow disease modelling. Gut 66, 473–486. doi: 10.1136/gutjnl-2016-312423

Hoveizi, E., Khodadadi, S., Tavakol, S., Karima, O., and Nasiri-Khalili, M. A. (2014). Small molecules differentiate definitive endoderm from human induced pluripotent stem cells on PCL scaffold. Appl. Biochem. Biotechnol. 173, 1727–1736. doi: 10.1007/s12010-014-0960-9

Iwashita, H., Shiraki, N., Sakano, D., Ikegami, T., Shiga, M., Kume, K., et al. (2013). Secreted cerberus1 as a marker for quantification of definitive endoderm differentiation of the pluripotent stem cells. PLoS One 8:e64291. doi: 10.1371/journal.pone.0064291

Johnson, K. E., Makanji, Y., Temple-Smith, P., Kelly, E. K., Barton, P. A., Al-Musawi, S. L., et al. (2016). Biological activity and in vivo half-life of pro-activin A in male rats. Mol. Cell. Endocrinol. 422, 84–92. doi: 10.1016/j.mce.2015.12.007

Kanninen, L. K., Harjumaki, R., Peltoniemi, P., Bogacheva, M. S., Salmi, T., Porola, P., et al. (2016a). Laminin-511 and laminin-521-based matrices for efficient hepatic specification of human pluripotent stem cells. Biomaterials 103, 86–100. doi: 10.1016/j.biomaterials.2016.06.054

Kanninen, L. K., Porola, P., Niklander, J., Malinen, M. M., Corlu, A., Guguen-Guillouzo, C., et al. (2016b). Hepatic differentiation of human pluripotent stem cells on human liver progenitor HepaRG-derived acellular matrix. Exp. Cell Res. 341, 207–217. doi: 10.1016/j.yexcr.2016.02.006

Kim, E. M., Lee, Y. B., Byun, H., Chang, H. K., Park, J., and Shin, H. (2019). Fabrication of spheroids with uniform size by self-assembly of a micro-scaled cell sheet (muCS): the effect of cell contraction on spheroid formation. ACS Appl. Mater. Interfaces 11, 2802–2813. doi: 10.1021/acsami.8b18048

Kim, Y., Kim, H., Ko, U. H., Oh, Y., Lim, A., Sohn, J. W., et al. (2016). Islet-like organoids derived from human pluripotent stem cells efficiently function in the glucose responsiveness in vitro and in vivo. Sci. Rep. 6:35145.

Korostylev, A., Mahaddalkar, P. U., Keminer, O., Hadian, K., Schorpp, K., Gribbon, P., et al. (2017). A high-content small molecule screen identifies novel inducers of definitive endoderm. Mol. Metab. 6, 640–650. doi: 10.1016/j.molmet.2017.04.009

Kumar, S. V., Er, P. X., Lawlor, K. T., Motazedian, A., Scurr, M., Ghobrial, I., et al. (2019). Kidney micro-organoids in suspension culture as a scalable source of human pluripotent stem cell-derived kidney cells. Development 146:dev172361.

Li, X., Ma, R., Gu, Q., Liang, L., Wang, L., Zhang, Y., et al. (2018). A fully defined static suspension culture system for large-scale human embryonic stem cell production. Cell Death Dis. 9:892.

Lin, B., Miao, Y., Wang, J., Fan, Z., Du, L., Su, Y., et al. (2016). Surface tension guided hanging-drop: producing controllable 3D spheroid of high-passaged human dermal papilla cells and forming inductive microtissues for hair-follicle regeneration. ACS Appl. Mater. Interfaces 8, 5906–5916. doi: 10.1021/acsami.6b00202

Lock, L. T., and Tzanakakis, E. S. (2009). Expansion and differentiation of human embryonic stem cells to endoderm progeny in a microcarrier stirred-suspension culture. Tissue Eng. Part A 15, 2051–2063. doi: 10.1089/ten.tea.2008.0455

Lou, Y. R., Kanninen, L., Kuisma, T., Niklander, J., Noon, L. A., Burks, D., et al. (2014). The use of nanofibrillar cellulose hydrogel as a flexible three-dimensional model to culture human pluripotent stem cells. Stem Cells Dev. 23, 380–392. doi: 10.1089/scd.2013.0314

Lou, Y. R., and Leung, A. W. (2018). Next generation organoids for biomedical research and applications. Biotechnol. Adv. 36, 132–149. doi: 10.1016/j.biotechadv.2017.10.005

Maldonado, M., Luu, R. J., Ramos, M. E., and Nam, J. (2016). ROCK inhibitor primes human induced pluripotent stem cells to selectively differentiate towards mesendodermal lineage via epithelial-mesenchymal transition-like modulation. Stem Cell Res. 17, 222–227. doi: 10.1016/j.scr.2016.07.009

Malinen, M. M., Kanninen, L. K., Corlu, A., Isoniemi, H. M., Lou, Y. R., Yliperttula, M. L., et al. (2014). Differentiation of liver progenitor cell line to functional organotypic cultures in 3D nanofibrillar cellulose and hyaluronan-gelatin hydrogels. Biomaterials 35, 5110–5121. doi: 10.1016/j.biomaterials.2014.03.020

McLean, A. B., D’Amour, K. A., Jones, K. L., Krishnamoorthy, M., Kulik, M. J., Reynolds, D. M., et al. (2007). Activin a efficiently specifies definitive endoderm from human embryonic stem cells only when phosphatidylinositol 3-kinase signaling is suppressed. Stem Cells 25, 29–38. doi: 10.1634/stemcells.2006-0219

Miki, T., Ring, A., and Gerlach, J. (2011). Hepatic differentiation of human embryonic stem cells is promoted by three-dimensional dynamic perfusion culture conditions. Tissue Eng. Part C Methods 17, 557–568. doi: 10.1089/ten.tec.2010.0437

Nelson, P. (2013). Biological Physics. New York, NY: W. H. Freeman.

Nie, Y., Xu, X., Wang, W., Ma, N., and Lendlein, A. (2020). Spheroid formation of human keratinocyte: balancing between cell-substrate and cell-cell interaction. Clin. Hemorheol. Microcirc. 76, 329–340. doi: 10.3233/ch-209217

Nowak, M., Freudenberg, U., Tsurkan, M. V., Werner, C., and Levental, K. R. (2017). Modular GAG-matrices to promote mammary epithelial morphogenesis in vitro. Biomaterials 112, 20–30. doi: 10.1016/j.biomaterials.2016.10.007

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29:e45.

Rahman, M., and Sadygov, R. G. (2017). Predicting the protein half-life in tissue from its cellular properties. PLoS One 12:e0180428. doi: 10.1371/journal.pone.0180428

Sahabian, A., Sgodda, M., Naujok, O., Dettmer, R., Dahlmann, J., Manstein, F., et al. (2019). Chemically-defined, xeno-free, scalable production of hPSC-derived definitive endoderm aggregates with multi-lineage differentiation potential. Cells 8:1571. doi: 10.3390/cells8121571

Schuldiner, M., Yanuka, O., Itskovitz-Eldor, J., Melton, D. A., and Benvenisty, N. (2000). Effects of eight growth factors on the differentiation of cells derived from human embryonic stem cells. Proc. Natl. Acad. Sci. U.S.A. 97, 11307–11312. doi: 10.1073/pnas.97.21.11307

Spence, J. R., Mayhew, C. N., Rankin, S. A., Kuhar, M. F., Vallance, J. E., Tolle, K., et al. (2011). Directed differentiation of human pluripotent stem cells into intestinal tissue in vitro. Nature 470, 105–109.

Tasnim, F., Phan, D., Toh, Y. C., and Yu, H. (2015). Cost-effective differentiation of hepatocyte-like cells from human pluripotent stem cells using small molecules. Biomaterials 70, 115–125. doi: 10.1016/j.biomaterials.2015.08.002

Teo, A. K., Ali, Y., Wong, K. Y., Chipperfield, H., Sadasivam, A., Poobalan, Y., et al. (2012). Activin and BMP4 synergistically promote formation of definitive endoderm in human embryonic stem cells. Stem Cells 30, 631–642. doi: 10.1002/stem.1022

Teo, A. K., Arnold, S. J., Trotter, M. W., Brown, S., Ang, L. T., Chng, Z., et al. (2011). Pluripotency factors regulate definitive endoderm specification through eomesodermin. Genes Dev. 25, 238–250. doi: 10.1101/gad.607311

Wang, H., Luo, X., Yao, L., Lehman, D. M., and Wang, P. (2015). Improvement of cell survival during human pluripotent stem cell definitive endoderm differentiation. Stem Cells Dev. 24, 2536–2546. doi: 10.1089/scd.2015.0018

Wang, X., and Ye, K. (2009). Three-dimensional differentiation of embryonic stem cells into islet-like insulin-producing clusters. Tissue Eng. Part A 15, 1941–1952. doi: 10.1089/ten.tea.2008.0181

Wang, Z., Oron, E., Nelson, B., Razis, S., and Ivanova, N. (2012). Distinct lineage specification roles for NANOG, OCT4, and SOX2 in human embryonic stem cells. Cell Stem Cell 10, 440–454. doi: 10.1016/j.stem.2012.02.016

Watanabe, K., Ueno, M., Kamiya, D., Nishiyama, A., Matsumura, M., Wataya, T., et al. (2007). A ROCK inhibitor permits survival of dissociated human embryonic stem cells. Nat. Biotechnol. 25, 681–686. doi: 10.1038/nbt1310

Wimmer, R. A., Leopoldi, A., Aichinger, M., Wick, N., Hantusch, B., Novatchkova, M., et al. (2019). Human blood vessel organoids as a model of diabetic vasculopathy. Nature 565, 505–510. doi: 10.1038/s41586-018-0858-8

Xu, C., Inokuma, M. S., Denham, J., Golds, K., Kundu, P., Gold, J. D., et al. (2001). Feeder-free growth of undifferentiated human embryonic stem cells. Nat. Biotechnol. 19, 971–974. doi: 10.1038/nbt1001-971

Yabe, S. G., Nishida, J., Fukuda, S., Takeda, F., Nashiro, K., Ibuki, M., et al. (2019). Definitive endoderm differentiation is promoted in suspension cultured human iPS-derived spheroids more than in adherent cells. Int. J. Dev. Biol. 63, 271–280. doi: 10.1387/ijdb.180251sy

Yu, J., Vodyanik, M. A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J. L., Tian, S., et al. (2007). Induced pluripotent stem cell lines derived from human somatic cells. Science 318, 1917–1920.

Zorn, A. M., and Wells, J. M. (2009). Vertebrate endoderm development and organ formation. Annu. Rev. Cell Dev. Biol. 25, 221–251. doi: 10.1146/annurev.cellbio.042308.113344


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 Bogacheva, Harjumäki, Flander, Taalas, Bystriakova, Yliperttula, Xiang, Leung and Lou. 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: 28 September 2021
doi: 10.3389/fcell.2021.737242





[image: image]

Human Amniotic Epithelial Stem Cell-Derived Retinal Pigment Epithelium Cells Repair Retinal Degeneration

Jinying Li1,2, Chen Qiu1,2, Yang Wei3, Weixin Yuan1, Jia Liu1,2, Wenyu Cui1,2, Jiayi Zhou1,2, Cong Qiu1,2, Lihe Guo4, Liquan Huang2, Zhen Ge3* and Luyang Yu1,2*

1Key Laboratory of Cardiovascular Intervention and Regenerative Medicine of Zhejiang Province of Sir Run Run Shaw Hospital, MOE Laboratory of Biosystems Homeostasis & Protection of College of Life Sciences, Zhejiang University, Hangzhou, China

2College of Life Sciences-iCell Biotechnology Regenerative Biomedicine Laboratory, Joint Research Centre for Engineering Biology, Zhejiang University-University of Edinburgh Institute, Zhejiang University, Haining, China

3School of Pharmaceutical Sciences, Hangzhou Medical College, Hangzhou, China

4Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (CAS), Shanghai, China

Edited by:
Wencheng Zhang, Tongji University, China

Reviewed by:
Furong Gao, Tongji University, China
Gianpaolo Papaccio, Second University of Naples, Italy

*Correspondence: Zhen Ge, 2020000291@hmc.edu.cn; Luyang Yu, luyangyu@zju.edu.cn

Specialty section: This article was submitted to Stem Cell Research, a section of the journal Frontiers in Cell and Developmental Biology

Received: 06 July 2021
Accepted: 06 September 2021
Published: 28 September 2021

Citation: Li J, Qiu C, Wei Y, Yuan W, Liu J, Cui W, Zhou J, Qiu C, Guo L, Huang L, Ge Z and Yu L (2021) Human Amniotic Epithelial Stem Cell-Derived Retinal Pigment Epithelium Cells Repair Retinal Degeneration. Front. Cell Dev. Biol. 9:737242. doi: 10.3389/fcell.2021.737242

Age-related macular degeneration (AMD), featured with dysfunction and loss of retinal pigment epithelium (RPE), is lacking efficient therapeutic approaches. According to our previous studies, human amniotic epithelial stem cells (hAESCs) may serve as a potential seed cell source of RPE cells for therapy because they have no ethical concerns, no tumorigenicity, and little immunogenicity. Herein, trichostatin A and nicotinamide can direct hAESCs differentiation into RPE like cells. The differentiated cells display the morphology, marker expression and cellular function of the native RPE cells, and noticeably express little MHC class II antigens and high level of HLA-G. Moreover, visual function and retinal structure of Royal College of Surgeon (RCS) rats, a classical animal model of retinal degeneration, were rescued after subretinal transplantation with the hAESCs-derived RPE like cells. Our study possibly makes some contribution to the resource of functional RPE cells for cell therapy. Subretinal transplantation of hAESCs-RPE could be an optional therapeutic strategy for retinal degeneration diseases.
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INTRODUCTION

Age-related macular degeneration (AMD), the typical retinal degeneration disease, is the major cause of irreversible vision loss among senior citizens. The projected number of people with AMD globally is approximately 200 million in 2020, and it is expected to increase to nearly 300 million in 2040 (Wong et al., 2014). Especially, it has been estimated that by 2050, 55.19 million people will be affected by AMD in China (Song et al., 2017). In AMD, the early events of retinal pigment epithelium (RPE) dysfunction usually lead to photoreceptor degeneration, resulting in progressive visual loss and blindness (Luthert, 2011). Patients with wet AMD lose vision because of the growth of abnormal blood vessels (choroidal neovascularization, CNV), while patients with dry AMD, which represents approximately 90% of AMD cases, suffer vision loss as a result of geographic atrophy (GA) of the PRs, RPE, and choriocapillaris in the macular area (Ambati and Fowler, 2012). Currently, antiangiogenic medicine has been well established for CNV. However, there are no effective treatments available for GA (Mitchell et al., 2018). With the development of stem cell technology, cell therapy is a promising therapeutic strategy for retinal degenerative diseases (Ramsden et al., 2013; Trounson and McDonald, 2015; Zarbin, 2016).

Recently, several sources of human pluripotent stem cells (hPSCs) have been tested for their ability to replace damaged or lost RPE cells with seed cells. Human embryonic stem cells (hESCs)- and human induced pluripotent stem cells (hiPSCs)-derived RPE cells have been reported to rescue visual function after subretinal transplantation into animal models, such as Royal College of Surgeon (RCS) rats (Idelson et al., 2009; Hazim et al., 2017; Sharma et al., 2019). Clinical trials that used hESCs- and hiPSCs-derived RPE demonstrated some preliminary, encouraging results (Schwartz et al., 2012, 2015). Both hESCs and hiPSCs possess considerable potential for clinical trials in the treatment of retinal degeneration diseases. However, they are currently limited by their immunogenicity and long-term safety, with chronic immune reaction, macular edema and even DNA aberrations (Mandai et al., 2017; da Cruz et al., 2018; Mehat et al., 2018).

Human amniotic epithelial stem cells (hAESCs), sharing the developmental origin of the pluripotent inner cell mass of blastocysts with hESCs, might be a more useful seed cell source for the replacement of RPE, according to our and other’s previous studies (Li et al., 2018; Miki, 2018; Tan et al., 2018; Yang et al., 2018). First, hAESCs can be isolated from discarded placental tissue without the ethical concerns normally associated with hESCs (Parolini et al., 2008). Second, hAESCs express stem cell surface markers, such as embryonic antigen-3 and -4 (SSEA-3, SSEA-4), tumor rejection antigen 1-60 (TRA1-60), TRA1-81 and molecular markers of pluripotent stem cells, including octamer-binding protein 4 (OCT-4), SRY-related HMG-box gene 2 (SOX-2) and NANOG. Therefore, hAESCs possess the ability to differentiate into all three germ layers, including neurons (ectoderm), cardiomyocytes (mesoderm), and hepatocytes (endoderm), as previously reported (Miki et al., 2005; Miki and Strom, 2006). Additionally, the low immunogenicity of hAESCs is enabled by their high expression of human leukocyte antigen G (HLA-G), a non-classic major histocompatibility complex (MHC) class I molecule, and low expression of MHC class II molecules HLA-DR and HLA-DQ (Strom and Gramignoli, 2016). Finally, hAESCs show no tumorigenicity upon transplantation into both volunteers and patients, which is the key obstacle for the safe clinical use of cell-based regenerative therapies (Akle et al., 1981). This unique property may be due to the lack of telomerase; and the global DNA methylation status of hAESCs is intermediated between hESCs and somatic cells, suggesting that they are genetically stable, in contrast to hESCs (Miki, 2018). These unique characteristics of hAESCs, including pluripotency, low immunogenicity and non-tumorigenicity, make them attractive for the clinical application of retinal diseases.

Here, we report for the first time the direct differentiation of hAESCs into functional RPE like cells, which could rescue retinal function after subretinal transplantation into an animal model of retinal degeneration. The current study might provide a novel cost-efficient and safe therapeutic strategy for the treatment of retinal degeneration diseases.



MATERIALS AND METHODS


Separation of Human Amniotic Epithelial Stem Cells

Human placentas were obtained from healthy mothers who provided written informed consent after undergoing an uncomplicated elective cesarean section as described in our previous methods (Yang et al., 2018). The procedure was approved by the Institutional Patients and Ethics Committee of the International Peace Maternity and Child Health Hospital, Shanghai Jiao Tong University School of Medicine. All donors were negative for hepatitis A, B, C, and D as well as HIV-I and Treponema pallidum (TPAB) antibodies. Briefly, amniotic membranes were isolated and washed with fresh PBS, which was followed by incubation with 0.25% trypsin for 20 min at 37°C in a water bath. Then, hAESCs were centrifuged for 10 min at 300 × g and counted. hAESCs were cultured in complete culture medium F12/DMEM containing 10% KnockOut Serum Replacement (KSR), 2 mM L-glutamine, 1% non-essential amino acid, 55 μM 2-mercaptoethanol, 1 mM sodium pyruvate, 1% antibiotic-antimycotic (all from Thermo Scientific, Waltham, MA, United States) and 10 ng mL–1 human EGF (Peprotech, Rocky Hill, NJ, United States, Cat# AF-100-15) in a humidified atmosphere of 5.5% CO2 at 37°C for three to five days. When cells reached 80% – 90% confluence, they were harvested by incubation with 0.25% trypsin at 37°C for approximately 5 min.



Differentiation of Retinal Pigment Epithelium Like Cells From Human Amniotic Epithelial Stem Cells

In our study, P0-P1 hAESCs were chosen for investigation. For identification RPE inducer, hAESCs were seeded in 24-well plates and cultured for 7 days with four different concentrations (0.5 μM, 1 μM, 2 μM, and 4 μM) of trichostatin A (TSA). Then, the expression levels of three RPE markers, microphthalmia-associated transcription factor (MITF), orthodenticle homeobox 2 (OTX2), and premelanosome protein (PMEL17), were measured by q-PCR. The transcription factors MITF and OTX2 are early RPE markers, while PMEL17 is a matrix protein present in the melanosome precursors of pigmenting cells. For RPE cell differentiation, hAESCs were seeded in 6-well plates and cultured in DMEM/F12, 15% KnockOut serum, 2 mM glutamine, 1 × non-essential amino acids, and 1 × antibiotic-antimycotic. And When cells reached 80% – 90% confluence, 10 mM NIC (Sigma-Aldrich, Cat# N3376) and 1 μM TSA (APExBIO, Cat# A8183) were added for approximately two weeks, while the medium was changed every day.



Quantitative Real-Time PCR

Total RNA was extracted from undifferentiated, differentiating hAESCs with an E.N.Z.A. total RNA kit (Omega) according to the manufacturer’s instructions. Reverse transcription was performed using a ReverTra Ace qPCR RT kit (Toyobo). Quantitative real-time PCR was performed with the BioRad iCycler real-time PCR detection system (Bio-Rad) with the primers listed in Supplementary Table 1. PCRs were performed under the following conditions: 95°C for 10 min followed by 40 cycles at 95°C for 10 s, 60°C for 20 s, and 72°C for 15 s. To normalize expression levels, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. Quantitative PCR analysis was performed on three biological replicates.



Immunostaining

After fixation with 4% paraformaldehyde in PBS for 15 min, cells were permeabilized using 0.25% Triton X-100 in PBS for 5–10 min and were blocked for 60 min in 5% goat serum. Then, the cells were incubated for 60 min at room temperature with the following primary antibodies: anti-MITF antibody (Sangon, Cat# D120988, 1:100), anti-ZO-1 antibody (Thermo Fisher Scientific Cat# 40-2200, RRID:AB_2533456, 1:200), anti-Bestrophin antibody (Novus Cat# NB300-164, RRID:AB_10003019, 1:100), anti-RPE65 antibody (Abcam, Cat# ab78036, RRID:AB_1566691, 1:100), anti-PMEL-17 antibody (Abcam, Cat# ab137078, RRID:AB_2732921, 1:100), Cells were then incubated for 120 min at room temperature with the corresponding secondary antibodies: Alexa Fluor 594-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch, Cat# 711-586-152, RRID:AB_2340622), Alexa Fluor 594-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch, Cat# 715-586-150, RRID:AB_2340857), Alexa Fluor 488-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch, Cat# 711-546-152, RRID:AB_2340619) and Alexa Fluor 488-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch, Cat# 715-545-150, RRID:AB_2340846). Fluorescence images were acquired with a confocal microscope (Zeiss LSM 800, Carl Zeiss).



Transmission Electron Microscopy

Cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) overnight. After washed twice with 0.1 M PBS, cells were fixed with 1% osmium tetroxide for 1 h and then were washed twice with ddH2O. Samples were stained with 2% uranyl acetate for 30 min, dehydrated with increasing concentrations of ethanol, and embedded in Agar 100 resin. Ultrathin sections were cut using a diamond knife (Diatome, United States), and sections were stained with 2% uranyl acetate and 2% lead citrate. Micrographs were taken with a JEM-1400 Plus (JEOL) electron microscope.



Digital Gene Expression Profile

Total RNA was extracted from hfRPE-1, hfRPE-2, and hfRPE-3 cells using TRIzol (Invitrogen) and was provided as a kind gift from Army Medical University (Chongqing, China); and RNA was similarly extracted from hAESCs-RPE-1, hAESCs-RPE-2, and hAESCs-RPE-3 cells. Sequencing libraries were generated using a NEBNext® UltraTM RNA Library Prep kit for Illumina® (NEB) following the manufacturer’s recommendations, and the quality of libraries was assessed on an Agilent 2100 Bioanalyzer system and ABI StepOnePlus Real-Time PCR System. After cluster generation, the library preparations were sequenced on an Illumina HiSeqTM 4000 platform, and 150 bp single-end reads were generated. Reads per kb per million reads (RPKM) were used to estimate gene expression levels.



Flow Cytometry

To analyze the expression levels of MHC class II antigens (HLA-DR, BioLegend, Cat# 307603, RRID:AB_314681 and HLA-DQ, BioLegend, Cat#318104, RRID:AB_604128) and HLA-G (BioLegend, Cat# 335909, RRID:AB_10900805), ARPE19 cells (ATCC, RRID:CVCL_0145), human umbilical cord mesenchymal stem cells (hUMSCs, Cat# SHTBA0009C1BAC23 obtained from iCell Biological Technology Co., Ltd), hAESCs, hAESCs-RPE like cells were collected after incubation with 10 ng mL–1 IFN-γ (Peprotech, Cat# 300-02-100) for 72 h. Cells were stained with FITC-anti-HLA-DR (isotype control was IgG2a, BioLegend, Cat# 400207, RRID:AB_2884007), FITC-anti-HLA-DQ (isotype control was IgG1, BioLegend, Cat# 400109, RRID:AB_2861401) and APC-anti-HLA-G (isotype control was IgG2a, BioLegend, Cat# 400220, RRID:AB_326468) according to the manufacturer’s instructions, and then they were analyzed by flow cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ). Analyses were performed on five biological replicates.



Phagocytosis of Photoreceptor Outer Segment

Photoreceptor outer segments (POSs) phagocytosis were performed as described in a previous study (Subrizi et al., 2012). Briefly, the POSs of non-dystrophic RCS rats at 8 weeks of age were detached under dim red light. To assess the specificity of POS phagocytosis, hAESCs-RPE like cells were incubated with POS explants for 6–8 h at 37°C and 5% CO2. The internalization of rat POSs by RPE cells was immunostained using an anti-Rhodopsin antibody (Abcam, Cat# ab5417, RRID:AB_304874, 1:200), while ZO-1 (Thermo Fisher Scientific Cat# 40-2200, RRID:AB_2533456, 1:200) was detected to demonstrate the cell morphology. In the Z-stack model, we used a Zeiss LSM 800 confocal microscope to show the location of internalized POS. Five independent experiments were conducted.



Enzyme-Linked Immunosorbent Assay

hAESCs and hUMSCs (2 × 106) were seeded onto 10 cm dish and were cultured for 72 h. Then the culture medium were collected and telomerase concentration was detected by enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems). hAESCs-RPE like cells were plated at 250,000 cells per cm2 and were grown on Transwell membranes (Corning). Cell culture media from the apical and basal sides were collected after 48 h of cell culture. Measurements were performed using five biological replicates. A standard ELISA protocol was followed using vascular endothelial growth factor (VEGF) and pigment epithelium-derived factor (PEDF) ELISA kits (R&D Systems).



Animals

Royal College of Surgeon (RCS) rats (RRID:RGD_1358258, 3 week old at the time of testing, regardless of sex),a known model of retinal disease, were obtained from the Experimental Animal Center of Army Medical University (Chongqing, China), and they were housed under pathogen-free conditions with a 12 h day-night cycle (lights on at 08:00AM). The animals had access to food and water ad libitum, except during test phases. This animal model was chosen because the primary dysfunction of the RPE, a result of a mutation in the receptor tyrosine kinase gene Mertk, leads to secondary degeneration and loss of photoreceptors, which is similar to the progression of human retinal degeneration diseases (D’Cruz et al., 2000). Animals were randomly assigned to the experimental groups. Data collection and evaluation of all experiments were performed blindly. All procedures involving rats were approved by the Laboratory Animal Care and the Use Committee of Zhejiang University (approval number, ZJU20190038). All efforts were made to minimize animal suffering and to reduce the number of animals.



Transplantation of Human Amniotic Epithelial Stem Cells-Retinal Pigment Epithelium Like Cells in Royal College of Surgeon Rats

After 14 days differentiation, hAESCs-RPE like cells were transplanted into 3-week-old RCS rats. In some experiments, hAESCs-RPE like cells were infected with GFP adenovirus for the convenience of detection. Rats were anesthetized by intraperitoneal injection with a mixture of ketamine (Sigma-Aldrich, 70 mg kg–1) and xylazine (Sigma-Aldrich, 6 mg kg–1). Local anesthetic drops (benoxinate HCl 0.4%; Fischer Pharmaceuticals, Israel) were administered. To reduce the efflux of cells, the cornea was punctured with a 30-gauge sterile needle (BD). Cell suspensions (1.5 × 105 cells in 2 μL of PBS) were injected into the subretinal space through a small scleral incision with a glass pipette (34-gauge, Hamilton). A sham group was injected with medium alone.



Electroretinograms

Full-field ERGs were recorded after overnight (> 12 h) dark adaptation as in previously reported (Huo et al., 2012). In brief, rats were anesthetized in dim red light, and the pupils were dilated with compound tropicamide eye drops. The corneal electrodes were placed on each eye after ophthalmic topical anesthesia, with a subdermal reference electrode and a ground electrode placed in the cheek and tail, respectively. A computerized ERG system (Q450, ROLAND CONSMLT, Germany) was used to record retinal responses to full-field stimuli. Dim white flashes (−40, −25, −10, 0 and + 5 db) under scotopic conditions were used to elicit mixed cone-rod responses (a largely rod-driven response), and signal averaging was used.



Histological and Immunohistochemical Evaluation of Transplanted Eyes

The eyeballs were fixed in 4% formaldehyde for 24 h, dehydrated with 70% alcohol, embedded in paraffin and serially cut to produce 3 μm-thick sections. Slides were stained with hematoxylin and eosin (H&E) according to a standard protocol. For immunostaining, eyecups were directly frozen in OCT (Tissue-Tek) and were cut to generate 3 μm-thick sections. Sections were fixed in acetone for 10 min at −20°C and then were washed with PBS, which was followed by incubation with blocking buffer (1% BSA and 5% HBS in PBS) for one h at room temperature. After blocking, sections were incubated for 1 h in a humidified chamber with the following primary antibodies: anti-CRALBP (Abcam, Cat# ab15051, RRID:AB_2269474, 1:100), anti-RPE65 (Abcam, Cat# ab78036, RRID:AB_1566691, 1:100), Then, the sections were incubated for 14 h with secondary antibodies. Nuclei were counterstained with DAPI (DAKO). Fluorescence images were acquired with a confocal microscope (Zeiss LSM 800, Carl Zeiss).



Quantification of Retinal Thickness

The full length of the retina was scanned from high-resolution microscopic images of H&E-stained sections with NDP.view2 software. Total retinal and ONL thicknesses were measured in proximity to subretinal injection site and corresponding opposite side of the retina via the ImageJ (NIH). In each area, 3 equally spaced measurements were taken.



Statistical Analysis

Studies were designed to generate groups of almost equal size by using randomization and blinded analysis. The statistical analysis was undertaken only for studies where each group size was at least n = 3. All experimental animals were treated with independent values without technical replicates. Statistical analysis was performed using GraphPad Prism 6 (GraphPad, RRID:SCR_002798). Data are presented as the mean ± SEM. Comparisons were performed using unpaired t tests, one-way ANOVA or two-way ANOVA followed by Tukey’s multiple comparisons test. Post hoc tests were conducted only if F in ANOVA achieved p < 0.05. The significance level for all tests was set at ∗p < 0.05.



RESULTS


The Characterization of Human Amniotic Epithelial Stem Cells

According to our previous studies (Li et al., 2018; Tan et al., 2018), we first confirmed the purity, pluripotency and non-tumorigenicity of isolated hAESCs, and we cultured them in a serum-free system for further study. The cultured hAESCs showed the typical appearance of epithelial cells and high expression of representative epithelial marker pan-cytokeratin (Figures 1A,B). Meanwhile, negative expression of the hematopoietic lineage markers CD45, CD34 and endothelial marker CD31 were detected by flow cytometry, indicating the purity of hAESCs without contamination (Figures 1C–E). As reported, hAESCs were partly positive for the mesenchymal stem cells (MSCs) markers CD73, CD90 and CD105 (Figures 1F–H). The expression of pluripotent markers NANOG and SSEA4 proved the plasticity of hAESCs as seed cells (Figures 1I–K). Moreover, no tumor formation was observed in Balb/c nude mice with subcutaneous injection of hAESCs for 55 days, compared with obvious tumor formation in positive control mice receiving non-small lung cancer A549 cells (Figure 1L). The low expression of telomerase compared with MSCs may explain the non-tumorigenicity (Figure 1M). In summary, these results indicate that hAESCs are a novel type of epithelial stem cells without tumorigenicity.


[image: image]

FIGURE 1. Characteristics of hAESCs. (A) Phase-contrast microscope image showed the isolated hAESCs as a homogeneous population with cobblestone appearance. (B–E) Nearly all cells demonstrated persistent expression of representative epithelial marker cytokeratin as determined by immunofluorescence microscopy and negative for hematopoietic lineage marker CD45 and CD34, endothelial cells markers CD31 as determined by flow cytometry. (F–H) MSC markers CD73, CD90, CD105 were detected by flow cytometry. (I–K) Strong expression of pluripotency markers NANOG and SSEA4 were determined by immunofluorescence microscopy and flow cytometry. (L) No tumor formation was observed in Balb/c nude mice with subcutaneous injection of hAESCs for 55 days, compared with obvious tumor formation in positive control mice receiving non-small lung cancer A549 cells. (M) ELISA analysis showed the low expression of telomerase compared with mesenchymal stem cells (MSCs). Score bars, 100 μm in (A), 50 μm in (B) and (I–J), error bars represent mean ± SEM of three biological replicates (n = 3), *p < 0.05, unpaired t-test.




Trichostatin A Plus Nicotinamide Were Determined as Appropriate Chemical Cocktail for Human Amniotic Epithelial Stem Cells Differentiation Toward Retinal Pigment Epithelium Fate

To determine the scheme for RPE differentiation, hAESCs were cultured for 7 days with four different concentrations of compounds. One compound, trichostatin A (TSA), was identified as an inducer of RPE differentiation from hAESCs, according to the expression levels of three RPE markers, microphthalmia-associated transcription factor (MITF), orthodenticle homeobox 2 (OTX2), and premelanosome protein (PMEL17) as described in the Methods and Materials. Upon the administration of TSA, all three RPE markers in treated hAESCs were upregulated consistently in a dose-dependent pattern. The expression levels of MITF and OTX2 were upregulated in the presence of TSA alone, while the expression of PMEL17 was even strikingly upregulated (Figure 2A). Meanwhile, high concentrations of TSA caused obvious cell death. Considering the induction efficiency and cell death rates, 1 μM was determined as the optimum concentration of TSA for RPE differentiation. Given the role of nicotinamide (NIC) in protecting hPSCs from cell death during neuroectoderm differentiation and the positive effect on RPE differentiation (Idelson et al., 2009; Maruotti et al., 2015), we tested the effect of NIC on the differentiation of hAESCs. As expected, NIC could prevent excessive cell death and augment the expression of OTX2 during TSA-directed RPE differentiation (Figures 2B,C). Altogether, these data suggest that during NIC and TSA differentiation, RPE markers are strongly up-regulated without excessive cell death.


[image: image]

FIGURE 2. Identification of TSA as a potent promoter of RPE differentiation. (A) RPE markers expression in hAESCs at day 7 following TSA treatment, as measured by quantitative PCR. Expression levels of TSA treated hAESCs were normalized by expression levels of hfRPE. (B) The cell death rates of hAESCs in the presence of NIC with different concentrations of TSA at day 7 following treatment. (C) RPE markers expression in hAESCs at day 7 following 10 mM NIC and 1 μM TSA treatment alone or combined, as measured by quantitative PCR. Expression levels of treated hAESCs were normalized by expression levels of hfRPE. (D) Heat map of 149 RPE signature genes in hAESCs-RPE and native human fetal RPE (hfRPE). Normalized expression levels are shown in a blue-white-red gradient. (E) Schematic of hAESCs differentiation into hAESCs-RPE using a chemical cocktail of NIC and TSA. Error bars represent mean ± SEM of three biological replicates (n = 3). MITF, microphthalmia-associated transcription factor; PMEL17, premelanosome protein; OTX2, orthodenticle homeobox 2; *p < 0.05, compared with control group; unpaired t-test, one-way ANOVA followed by Tukey’s multiple comparisons test.


To determine the optimal time period of the combined treatment, the expression of key markers during RPE differentiation was further assessed in the presence of NIC and TSA at sequential time points. Most RPE markers were upregulated, while dopachrome tautomerase (DCT) was downregulated after 2 weeks of differentiation (Supplementary Figures 2A–E). To comprehensively investigate hAESCs differentiation, their transcriptomes were examined after 2 weeks of induction. According to previous reports (Strunnikova et al., 2010), the levels of 149 representative genes during RPE differentiation were analyzed in differentiated hAESCs, and they were compared with native human fetal RPE (hfRPE) cells. A heat map of normalized expression levels of each group showed a similar expression pattern between hAESCs-RPE cells and hfRPE cells (Figure 2D). To investigate the efficiency of the differentiation of hAESCs into RPE, RPE related markers were detected by flow cytometry. Results showed that more than 90% differentiated cells were positive for MITF, PMEL17, Bestrophin and RPE65 (Supplementary Figures 3A–D). In summary, the optimal scheme for inducing hAESCs differentiation into RPE cells was determined and is shown in schematic diagram (Figure 2E).



Human Amniotic Epithelial Stem Cells-Derived Retinal Pigment Epithelium Like Cells Demonstrated Typical Retinal Pigment Epithelium Cellular Characteristics and Functions in vitro

After 2 weeks of culture with NIC and TSA, the induced hAESCs developed an RPE like morphology that was pigmented and polygonal (Figure 3A). Immunostaining indicated the strong expression of signature early RPE markers such as MITF and PMEL17 in differentiated cells on day 7 after the combined treatment (Figures 3B,C and Supplementary Figure 2F). Staining also demonstrated abundant F-actin distribution adjacent to the cell membrane and high expression of the tight junction protein ZO-1 among differentiated cells on day 10 after combined treatment, which are data that are similar to those of naturally developing RPE cells (Figures 3D,E). At the late stage of differentiation (after 2 weeks of combined treatment), strong expression of the mature RPE markers of chloride channel-related protein Bestrophin 1 (BEST1) and retinal pigment epithelium-specific protein of 65 kids (RPE65) was detected in the differentiated cells (Figures 3F–G and Supplementary Figure 2F). Additionally, RPE ultrastructure’s, including the presence of apical microvilli, pigment granules and tight junctions and well-developed apical microvilli, were revealed by transmission electron microscopys (TEM) and scanning electron microscopy (SEM), respectively (Figures 3H,I).
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FIGURE 3. Cellular characteristics and functions of hAESCs-RPE like cells obtained by combined induction of NIC and TSA. (A) Morphology of hAESCs-RPE cells after 2 weeks induction as shown in phase-contrast microscope image, with pigmented and polygonal pattern. (B–C) The expression of signature early RPE markers MITF, PMEL17 in hAESCs-RPE after 1 week induction were demonstrated by immunofluorescence microscopy. (D–E) Phalloidine staining indicated distribution of F-actin adjacent to the cell membrane and the expression of mature RPE marker ZO-1 indicated the tight junction formation in hAESCs-RPE after 10 days induction. (F–G) The expression of signature mature RPE markers BEST1, RPE65 in hAESCs-RPE like cells after 2 weeks induction were demonstrated by immunofluorescence microscopy. (H–I) Detailed feature characteristic of RPE in hAESCs-RPE after 2 weeks induction were shown by electron microscopy: apical microvilli (double asterisk), melanin granules (red arrowhead) and tight junctions (asterisk and white arrowhead) by transmission electron microscopy, and the apical microvilli by scanning electron microscopy. (J–K) Polarized secretion of VEGF-A and PEDF from the apical and basal sides of hAESCs-RPE after 2 weeks induction were shown by ELISA analysis. (L) Confocal Z-stack fluorescent image with cross-section side views showing the typical apical localization of Na-K ATPase in hAESCs-RPE after 2 weeks induction. (M) Confocal Z-stack fluorescent image with cross-section side views showing phagocytosis of photoreceptor outer segment purified from non-dystrophic RCS rats (green-rhodopsin) by hAESCs-RPE after 2 weeks induction. Nuclei were counterstained with DAPI (blue) in panel (C,D,E,G,L,M). Score bars, 50 μm in (A–G,L–M),1 μm in (H), 2 μm in (I), error bars represent mean ± SEM of three biological replicates (n = 3), *p < 0.05, unpaired t-test.


The RPE functions of the differentiated cells were further examined in vitro. As a polar monolayer between the neural retina and the choriocapillaris, RPE cells play crucial roles by secreting nutrition factors, phagocytosing the photoreceptor outer segment (POS) and forming the blood-retinal barrier. According to a previous report, vascular endothelial growth factor (VEGF) and pigment epithelium-derived factor (PEDF) were secreted preferentially to the basal and apical sides, respectively, by native RPE cells (Maruotti et al., 2015). Consistently, ELISA results verified similar VEGF and PEDF expression patterns in differentiated cells (Figures 3J,K). Z-stack images of confocal microscopy showed that Na/K ATPase is largely apical in situ in differentiated cells, indicating polarity that is similar to that of RPE cells (Lehmann et al., 2014) (Figure 3L). To determine the phagocytosis function, the differentiated cells were incubated with rat POSs and were then examined by confocal microscopy. The Z-stack images showed that ZO-1-labeled differentiated cells could phagocytose rhodopsin-labeled POSs (Figure 3M). Herein, these results demonstrate that hAESCs progress into a polarized and functional monolayer of RPE like cells following small molecule induction for about14 days.



The Immune Privilege of Human Amniotic Epithelial Stem Cells-Derived Retinal Pigment Epithelium Like Cells

Additionally, the immunogenicity of the differentiated cells was examined before subretinal transplantation. The flow cytometry results showed very low levels of HLA-DR and HLA-DQ and high expression of HLA-G (that counteracts NK cell function) in hAESCs-RPE like cells, similar to what were observed in hAESCs with or without IFN-γ treatment (Figures 4E–H and Supplementary Figures 4C,D). However, significant expression of HLA-DR and HLA-DQ was detected in the human retinal epithelial cell line ARPE-19, and significant expression of HLA-DR was detected in IFN-γ-treated human umbilical cord mesenchymal stem cells (hUMSCs), while very low level of HLA-G were detected in both ARPE-19 and hUMSCs (Figures 4A–D and Supplementary Figures 4A,B).
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FIGURE 4. Consistent low immunogenicity in hAESCs and their derived cells under proinflammatory condition. Flow cytometry analysis of HLA-DQ, HLA-DR, and HLA-G in human umbilical cord mesenchymal stem cells (hUMSC), human retinal epithelial cell line ARPE-19, hAESCs, hAESCs-RPE like cells with 10 ng/mL IFN-γ treatment for 72 h (A,C,E,G), indicating consistent low immunogenicity in hAESCs and their derived cells under proinflammatory condition. Representative histograms of HLA-DQ, HLA-DR, and HLA-G are shown in red and the isotype controls are shown in blue. Under normal and proinflammatory conditions, the quantitative results were shown in (B,D,F,H). Error bars represent mean ± SEM of three biological replicates (n = 3). *p < 0.05, ***p < 0.001, unpaired t-test.




Subretinal Transplantation of Human Amniotic Epithelial Stem Cells-Retinal Pigment Epithelium Rescued Retinal Structure and Visual Function in vivo

To further determine whether hAESCs-RPE like cells had a therapeutic effect on retinal degeneration in vivo, hAESCs-RPE like cells, differentiated for 14 days in vitro, were transplanted into the subretinal space of RCS rats, which are an animal model of retinal degeneration in which the defect of RPE to phagocytize POSs leads to further degeneration and progressive loss of PRs (D’Cruz et al., 2000). Immunohistochemistry demonstrated the subretinal localization of the GFP-labeled engrafted cells, which expressed RPE-specific markers RPE65 and CRALBP (Figures 5A,B). In addition, color fundus imaging illustrated that the transplantation of hAESCs-RPE cells mitigated the retinal disorder comparing to the pale retina with unnormal pigment in control eyes (Supplementary Figure 5). Of note, the differential interference contrast combined with the fluorescent image indicated the presence of the transplanted hAESCs-RPE within the host RPE layer.
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FIGURE 5. Subretinal transplantation of hAESCs-RPE like cells rescued retinal structure and visual function in RCS rats. Retinal structure and function were examined 4 weeks after subretinal transplantation of hAESCs-RPE. (A–B) Immunofluorescence microscopy showed GFP-labeled transplanted hAESCs-RPE coexpressing RPE markers RPE65 and CRALBP. Nuclei were counterstained with DAPI (blue). Note differential interference contrast combined with fluorescent image indicating the integration of GFP + hAESCs-RPE within the host RPE layer; arrows showing transplanted hAESCs-RPE. (C) Representative ERG responses to a series of white flashes of increasing intensity in the dark-adapted state in a transplantation eye and its fellow un-treatment eye. (D) Mean b-wave amplitudes in response to white flashes of increasing intensity, showing significantly higher read in transplanted eyes (red line) as compared to groups of control eyes. (E–G) Representative images of H&E stained retina sections with histological quantifications, showing preservation of ONL and thicker whole retina in subretinal transplantation region (indicated by red frame in E and higher-magnification image in the left panel of F, with quantification in G) as compared with thinner ONL and whole retina in the region distant from graft in the same eye (indicated by black frame in E with higher-magnification image in the right panel of F, with quantification in G). (H) The length of the retina affected by the cell transplantation was quantificated by ImageJ (located between black arrowheads). Score bars, 50 μm in (A–B), 500 μm in (E) and 100 μm in (F), error bars represent mean ± SEM of three biological replicates, *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA followed by Tukey’s multiple comparisons test (D); unpaired t-test (G); n = 3 rats per group.


Importantly, an electroretinographic (ERG) response assay at 4 weeks after transplant revealed a significant preservation of visual function in cell-grafted eyes compared with medium-injected eyes (Figure 5C). There were significantly greater b-wave amplitudes detected at a series of luminance levels in the dark-adapted state of cell-grafted eyes than there were in the control groups (Figure 5D).

Furthermore, histological analysis demonstrated that organized retina structure, especially the outer nuclear layer (ONL), was extensively preserved in a region adjacent to the cell injection site compared with obvious ONL loss in opposite non-transplantation regions (Figures 5E,F). This was confirmed by the quantification of the ONL thickness in both groups (Figure 5G) and retinal length affected by the cell transplantation was quantificated by ImageJ (Figure 5H). Around 20% of the retina is affected by the hAESCs-RPE transplantation.

To assess the long-term therapeutic effects of hAESCs-RPE cells and to substantiate the efficacy and safety of the cell transplantation, cell-grafted and matching control groups were followed up to 8 weeks after subretinal transplantation. Immunostaining and histological analysis indicated the survival of transplanted RPE cells and showed their protective effect in retinal degeneration (Supplementary Figures 6A–E).



DISCUSSION

Cell transplantation of RPE cells is one of the most promising therapeutic strategies for incurable retinal degenerative diseases (Jones et al., 2017; Stern et al., 2018). Our study indicated that hAESCs might serve as an optional source for retinal cells, and they could be induced into RPE like cells under defined culture conditions. Human amniotic epithelial stem cells-derived RPE like cells exhibit the morphology and marker expression of native retinal cells and can partially improve retinal structure and function after subretinal transplantation into a classical animal model of retinal degeneration. But we need to be aware that the induced cells are not comparable to the native RPE cells, especially lower expression of some of the RPE signature markers. Therefore, the induced cells are termed as “RPE like cells.” Longer differentiation time, 3D culture carrier and additional screening of small molecules aiming the low expression markers may improve the quality of the induced cells, which will be conducted in our future studies. According to our previous studies, hAESCs possessed special properties as seed cells for cell therapy, which mainly include no ethical concerns related to their harvest and clinical application, their immunomodulatory properties, and their absence of tumorigenicity because of lack of telomerase (Li et al., 2018; Yang et al., 2018).

One of the major concerns for cell therapy is graft rejection. Employing autologous stem cells seems to be a feasible way to overcome this obstacle, but in some cases, patients with dry AMD were reported to lose light perception caused by retinal detachment after receiving an intravitreal transplantation of autologous human adipose-derived stem cells (hADSCs) (Kuriyan et al., 2017). Moreover, there are currently no reliable endogenous differentiation strategies for retinal cells, and their collection requires invasive extraction (Moviglia et al., 2012; Rezanejad et al., 2014). Additionally, their immunogenicity induction abilities are unpredictable and there is even debate regarding their tumorigenicity in pathological microenvironments in some cases (Barkholt et al., 2013; Casiraghi et al., 2013; Veceric-Haler et al., 2017). Thus, allogeneic stem cells, especially hiPSCs and hESCs, are considered the main choice as seed cells for retinal disease therapy. Along with research and development, retinal cells derived from hiPSCs and hESCs, however, cannot avoid confronting an increased risk of rejection and the challenge of tumorigenicity. Clinical trials have reported that immunosuppression is always required after hES-RPE transplantation (da Cruz et al., 2018; Mehat et al., 2018). Moreover, macular edema and even DNA aberrations occurred in the hiPSCs-RPE recipient (Mandai et al., 2017). In the present study, we also paid attention to the immunogenicity of hAESCs-derived retinal cells. Our work and others’ demonstrated the immune tolerance capacity of hAESCs due to high expression of a non-classic MHC class I molecule HLA-G that impairs NK cell recognition and killing, and the weak expression of MHC class II antigens (Strom and Gramignoli, 2016; Tan et al., 2018; Yang et al., 2018). To our surprise, the differentiated cells still kept low levels of HLA-DR, DQ and high expression of HLA-G that were similar to the levels in undifferentiated hAESCs, in spite of proinflammatory stimulation. However, obvious immunogenicity was observed in the human ARPE19 cell line and IFN-γ treated human MSCs in the present study, suggesting potential graft rejection and correlated immune reactions during cell therapy. These result to not administer immunosuppressive agents to the host rats of cell transplantation. Moderate survival of engrafted cells and their effect on retinal function restoration were observed even 2 months later, while human cell rejection was observed in animal models to some extent. Coupling with the non-tumorigenicity property of hAESCs that were mentioned, our results may indicate the low immunogenicity and potential safety of hAESCs-derived RPE like cells. The success of long-term xenotransplantation may herein lead to the expectation of a better performance of hAESCs-derived RPE in clinical use. Moreover, we infer that the combined transplantation of non-differentiated hAESCs with hAESCs-RPE may achieve a better therapeutic effect, because non-differentiated hAESCs could improve the microenvironment based on their immunomodulatory properties. It is worthy to investigate the co-transplantation strategy in our future studies.

In the present study, we identified TSA, a histone deacetylase inhibitor, as an inducer of RPE differentiation. On the other hand, during hAESCs-RPE like cells differentiation, the key RPE markers were upregulated by TSA in a dose-dependent pattern (0.5 μM to 4 μM), indicating that a high concentration of TSA promoted differentiation efficiency. Nevertheless, a high ratio of cell death was observed in that circumstance. To solve this problem, NIC was introduced in the culture medium, as NIC has been reported to protect hPSCs from cell death during neuroectoderm differentiation through PARP1 inhibition (Idelson et al., 2009). Indeed, the cotreatment of TSA and NIC seem to facilitate both efficiency and viability of hAESCs-RPE like cell differentiation. The attractive findings in the current study are the preservation of vision function and retinal structure by hAESCs-derived RPE like cells. These rescue abilities are closely correlated with the f ate of differentiated cells within the host RPE layer in vivo.

In summary, we may contribute to expansion of RPE cell resources for replacement therapy. The hAESCs-RPE differentiation and subretinal transplantation could be a potential therapeutic strategy for treating retinal diseases such as AMD. Further preclinical studies are required to determine the effect of hAESCs-RPE cells on different types of retinal diseases such as AMD, retinitis pigmentosa (RP) and stargardt disease (SD). Although these retinal diseases have different causes and demographics, they share common pathology of RPE degeneration at their end-stage. Thus, it is worthy to investigate the therapeutic effect of the hAESCs-RPE in a wider range of animal models that correspond to retinal degeneration disease in clinic. On the other hand, more details of cell delivery need to be determined to pave the road for the fulfillment of clinical treatment in future. In this category, the comparisons may focus on the cellular product forms as cell suspension, cell preparations on a biocompatible scaffold or cell preparation in a sheet without a subjacent scaffold, the administration approaches by intravitreal injection or subretinal injection, as well as the optimal doses for single or multiple injections.


Limitation

Several limitations of the present study need to be noticed. First, the detailed working mechanism of TSA need to be dissected, in the direction of epigenetic regulation. Second, a systemic safety evaluation of the hAESCs-RPE is required for the aim of clinical application, although their proper homogeneity and low immunogenecity has been identified. Third, the time points for observation in vivo is limited, especially lack of longer time points more than 3 months, which is important for defining the survival duration of the transplanted cells. Fourth, further investigation is required to determine the details of the transplanted cells such as their integration within the host RPE layer and their interaction with host cells.
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The current organoid culture systems allow pluripotent and adult stem cells to self-organize to form three-dimensional (3D) structures that provide a faithful recapitulation of the architecture and function of in vivo organs. In particular, human pluripotent stem cell-derived liver organoids (PSC-LOs) can be used in regenerative medicine and preclinical applications, such as disease modeling and drug discovery. New bioengineering tools, such as microfluidics, biomaterial scaffolds, and 3D bioprinting, are combined with organoid technologies to increase the efficiency of hepatic differentiation and enhance the functional maturity of human PSC-LOs by precise control of cellular microenvironment. Long-term stabilization of hepatocellular functions of in vitro liver organoids requires the combination of hepatic endodermal, endothelial, and mesenchymal cells. To improve the biological function and scalability of human PSC-LOs, bioengineering methods have been used to identify diverse and zonal hepatocyte populations in liver organoids for capturing heterogeneous pathologies. Therefore, constructing engineered liver organoids generated from human PSCs will be an extremely versatile tool in in vitro disease models and regenerative medicine in future. In this review, we aim to discuss the recent advances in bioengineering technologies in liver organoid culture systems that provide a timely and necessary study to model disease pathology and support drug discovery in vitro and to generate cell therapy products for transplantation.
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INTRODUCTION

An organoid is a self-assembled three-dimensional (3D) structure formed by stem/progenitor cells in vitro, which can reproduce many structures and functions of an organ (Lou and Leung, 2018). Organoids can be generated from pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), and tissue-specific adult stem cells. To date, various types of organoids have been generated to mimic tissues of heart, intestine, liver, lung, brain, etc. (Mansour et al., 2018; Miller et al., 2019; Serra et al., 2019; Wang S. et al., 2019; Rossi et al., 2021). Organoid technology represents a significant enhancement of the 3D culture system. The advantage of organoid cultures is that they are combined with bioengineering technology to mimic target organ structure and environment (Yin et al., 2016), and they contain cell types with in vivo properties suitable as development and disease models (Collins et al., 2019; Wörsdörfer et al., 2020; Ogoke et al., 2021). Despite the wide applications of organoids, tissue microenvironment, such as cell-cell and cell-matrix interactions, need to support complicated regulatory network, which is important to maintain the homeostasis of an organ. Biological engineering methods have enabled us to guide cell communication and cell behavior to analyze how organs work and to reconstruct the system, which are essential processes in organoid establishment.

Human liver is a structurally and functionally complex organ (Popper and Schaffner, 1957; Weiss et al., 1988), involving distinct cell types and microenvironment and possessing more than 500 functions. The liver consists of endoderm-derived hepatocytes (parenchymal cells) and cholangiocytes and mesoderm-derived sinusoidal endothelial cells, hepatic stellate cells, Kupffer cells, periportal fibroblasts, etc. The liver development requires self-organization of the cells, the process involving biochemical and biophysical cues for morphogenesis and coordinated gene activation/repression, leading to organogenesis (Koepsell et al., 2007; Tam and Loebel, 2007). Therefore, in terms of structural resemblance and functional generalization of the liver organ, liver organoids are superior to cells cultured in two-dimension (2D).

The term liver organoid (LO) refers to 3D multicellular spherical structure made of one or more liver cell types, for example, hepatocyte organoid refers to an organoid formed by hepatocytes. LOs with multiple cell types can better mimic the liver organ while LOs with single cell type are easier to form. LOs can be established from PSCs, fetal, or adult liver cells, and the latter two can be generated directly from human biopsy specimens (Hendriks et al., 2021). Like liver development in vivo, PSC-derived liver organoids (PSC-LOs) resemble the structure and functionality of the liver at certain developmental stage depending on the differentiation condition. The crucial problem of PSC-LOs is known to be immature characteristics. Therefore, optimized organoid engineering protocols are continuously being developed to terminally differentiate PSCs into hepatocyte-like organoids (Touboul et al., 2010; Takebe et al., 2017; Pettinato et al., 2019). Mun et al. (2021) claimed for the first time that treatment of human PSC-LOs with short-chain fatty acid mixture of acetate, propionate, and butyrate improved metabolic maturation which may help to accurately assess the CYP3A4-dependent drug toxicity.

LOs are useful for a diverse range of applications, such as studying causes and processes of diseases, gene functions, and cell interaction with tissue environments (van Ineveld et al., 2020; Zhu et al., 2020; Brooks et al., 2021; Thompson and Takebe, 2021; Wang et al., 2021). For in vitro applications, LOs have great potential in screening drug hepatotoxicity and modeling liver diseases. One of the causes of high attrition rates is drug-induced liver injury (DILI). In terms of human models of hepatotoxicity, Davidson and Khetani (2020) have developed a scalable culture of human LOs in 384-well plates, which are fully predictive of human DILI and facilitate high-throughput compound screening. For in vivo applications, LOs provide hope for cell therapy to treat end-stage liver diseases. However, LOs still face several limitations before they can be used in these applications. Current organoid systems are translationally disadvantaged by variability in self-organization, morphology, and function (Lou and Leung, 2018). Matrigel, used in most cases of organogenesis, still poses the limitation to in vivo applications of organoids (Ng et al., 2018; Klotz et al., 2019; Krüger et al., 2020). In this review, we aim to discuss the recent advances in bioengineering technologies in LO culture systems and how bioengineering methods can increase the value of LOs in fundamental research and translational research, such as drug development, precision medicine, and regenerative medicine.


Types of Liver Organoids


Adult Stem Cell-Derived Liver Organoids

Organoid technology has been used to establish hepatic stem cell populations in vitro (Schneeberger et al., 2020). A standard adult stem cell-derived LO culture system is a highly potent platform for modeling adult liver from patients’ tissue specimens (Schene et al., 2020). LOs can be established from single EpCAM+ cholangiocytes and expanded for several months, while retaining key functional and molecule features after long-term expansion (Huch et al., 2015). It is well-known that adult primary hepatocytes do not replicate in vitro, but recent LO studies have allowed them to become highly proliferative, resembling proliferating hepatocytes upon partial hepatectomy or inflammation. Hu et al. (2018) have reported long-term culture of adult hepatocyte-derived organoids that consist of progenitors and differentiated hepatocytes. The researchers confirmed that these hepatocyte organoids were derived from albumin-positive hepatocytes rather than EpCAM+ and SOX9+ ductal cells. In another study, researchers utilized a regenerative cytokine TNFα to establish long-term expansion of hepatocyte organoids from adult hepatocytes, which mimics inflammation-induced liver regeneration (Peng et al., 2018).

Adult stem cell-derived LOs can be expanded seemingly indefinitely, however, these organoids are derived from a single germ layer, i.e., endoderm, which have limited potential, for example, in modeling complicated liver diseases that involves endoderm- and mesoderm-derived cells. It is tempting to expect that appropriate conditions can facilitate co-culture with mesoderm-derived cells to form liver organoids with significant degree of cellular functionality and architectural complexity.



Cancer Derived Liver Organoids

The liver cancer cell line hepatoma G2 (HepG2) and patient-derived tumor xenografts (PDTXs) have long been used as tumor models and have significantly contributed to drug discovery for cancer therapy. 2D immortalized cell lines can easily proliferate in vitro, but their gene expression characteristics are highly altered that cannot recapitulate the function of cell types in vivo. Generation of PDTXs is labor intensive and time consuming. On the other hand, the generation of patient-derived tumor organoids (PDTOs) is faster. PDTOs have heterogeneous genetic features and can completely simulate tumor characteristics in vivo. Thus, PDTOs have enormous potential for modeling human cancers (Kuo and Curtis, 2018; Muthuswamy, 2018) and have been increasingly used in drug development and clinics for personalized drug treatment.

Broutier et al. (2017) have established primary cancer LOs that recapitulate parental tumors, even after long-term expansion in vitro. Diverse in vitro culture methods, such as bioengineering organoid, allow modeling of tumor heterogeneity or immunity. Cancer LO platform combined with the immune system, angiogenesis, and fibroblasts that retain tumor cell heterogeneity has become a cancer model for cancer microenvironment research and will unleash great potential in evaluating anti-cancer drug efficacy (Papapetrou, 2016; Pauli et al., 2017; Vlachogiannis et al., 2018).



Human Pluripotent Stem Cell-Derived Liver Organoids

The hepatic differentiation of human PSCs starts with definitive endoderm (DE) differentiation followed by the formation and expansion of hepatic progenitors and the formation and maturaton of fetal hepatocytes. The generation of PSC-LOs may be performed either partly in 3D, for example, the formation of DE cells (Akbari et al., 2019), hepatic progenitors (Wang S. et al., 2019), or hepatocyte-like cells (Sgodda et al., 2017) in 2D condition followed by the transfer of obtained cells into 3D condition for the maturation, or completely in 3D from the beginning of the PSC stage (Guan et al., 2017). Hepatic endoderm cells can aggregate into 3D structures in certain conditions, particularly as a result of the activation of FGF and BMP signaling pathways (Takebe et al., 2013).

Human PSCs-LOs can contain single or multiple cell types, such as hepatocytes, cholangiocytes, and other non-parenchymal cells, which self-organize to form the structural units present in the liver. As a result, they are closely mimicking the complex structure and functionality of the liver.

Human PSC-LOs rely on the self-organizing ability of stem cells and progenitors to form organized structures for modeling developmental processes of liver organogenesis. To better control the differentiation processes and decrease heterogeneity, organoids should be designed to generate a specific liver region according to liver zonation. In vitro models mimicking liver zonation have been established by HepaRG cells and hepatocytes from neonatal rats (Ahn et al., 2019; Janani and Mandal, 2021).



Liver Diseases

Liver disease is one of the leading causes of death worldwide. According to the National Center for Health Statistics in the US, the morbidity of adults with diagnosed liver disease is 1.8% and is expected to continue in the next decades (National Center For Health Statistics, 2021). Common causes of chronic liver disease and cirrhosis are viruses, genetics, autoimmune disease, excessive alcohol use, and obesity. Acute liver failure, also known as fulminant hepatic failure, is caused by drugs or toxic chemicals. These are severe damage factors to the liver, and at a certain point in the progression of liver disease, the injury can become irreversible and lead to end-stage liver disease, liver failure, liver cancer, or death. Liver transplant is the only effective treatment for end-stage liver diseases. The number of patients on waiting lists well exceeds organ donation rates and therefore people have high expectation for human PSC-derived liver cells as an alternative treatment. Earlier studies have demonstrated the feasibility of human PSC-derived liver cells as cell therapy (Takebe et al., 2017). Additionally, human PSC-LOs have potential as in vitro models in drug discovery and development.



CHALLENGES FOR THE APPLICATIONS OF HUMAN PLURIPOTENT STEM CELL-DERIVED LIVER ORGANOIDS


Regenerative Medicine

As human PSC-derived cells represent a substitute to cadaver and organ transplantation, human PSC-LOs provides an avenue toward cell therapy. By using improved organoid technology and transplantation techniques, transplanted human PSC-LOs could potentially integrate and grow in vivo into functional liver tissue to replace injured hepatocytes and non-parenchymal cells that are caused by liver diseases. Nevertheless, before human PSC-LOs are suitable for regenerative treatment, many issues must first be solved.


Xenogeniciy of Biomatrices

In the process of organoid formation, one aspect is the induction of stem cell differentiation that requires a large number of growth factors or small molecules that are tissue-specific and can change signaling pathways for cell survival, migration, and proliferation. The other aspect is the formation of 3D tissue-like structures that rely on 3D cell culture environments. When building a 3D cell culture environment, it is necessary to consider extracellular cues influenced by the scaffold, the composition of extracellular matrix (ECM) proteins, and the stiffness of the matrix. Matrigel-based matrix is often used for the generation and culture of various PSC-derived and tissue-specific stem cell-derived organoids including liver (Mun et al., 2020), brain (Lancaster et al., 2013), kidney (Takasato et al., 2015), and intestine (Sugimoto and Sato, 2017). Matrigel provides scaffolding and signaling by forming basement membranes to support cell attachment and functionality, including organoid formation (Xu and Zeger, 2001). Ouchi et al. (2019) embedded human PSC-derived foregut spheroids into Matrigel to create LOs. The resultant LOs consist of hepatocytes, hepatic stellate cells, and Kupffer cells with specific polarity and more mature characteristics in comparison with fetal human hepatocytes. A simultaneous induction of DE and mesoderm cells on Matrigel is another approach resulting in the formation of LOs containing two cell types—hepatocytes and biliary cells (Wu et al., 2019). Although Matrigel has great potential to support the generation of LOs, it is a basement membrane extracted from the Engelbreth-Holm-Swarm mouse sarcoma (Orkin et al., 1977), which severely limits organoid application in clinical practice.


Xeno-free biomatrices

Efforts have recently been made in developing clinically acceptable matrices or biomaterials for LOs (Table 1). The first class is animal-derived matrix, such as collagen type I, decellularized matrix, and hyaluronic acid. Collagen type I is the key component of the liver ECM that affects cell growth, viability, differentiation, and overall tissue organization. As xenogeneic collagen and hyaluronic acid are clinically acceptable, they can be used as a scaffold for the generation of LOs. Mixing of iPSC-derived hepatocyte-like cells with collagen solution followed by heating for the induction of vitellogenesis led to the generation of a 3D structure with an in vivo-like architecture (Gieseck et al., 2014). The transfer of clumps of 2D iPSC-derived hepatocyte-like cells into 3D collagen-based scaffold doubled the percentage of glycogen-synthesizing cells, increased the expression of mature hepatic genes, decreased the expression of fetal liver markers AFP and CYP3A7, and promoted the establishment of cell polarity. The long-term stable functionality of cells in 3D makes this model a promising tool for toxicity assessment. Moreover, this model is suitable for high-throughput screening studies (Gieseck et al., 2014).


TABLE 1. 3D cell culture systems for human LOs.

[image: Table 1]Owing to its complex in vivo-like properties, decellularized matrix is used more often to support cell expansion and differentiation than any existing matrix components (Giobbe et al., 2019). After decades of research, especially in recent years, the need for complex forms of ECM has been clarified (Manou et al., 2019). So far, better results have been obtained using matrix extracts prepared by decellularizing cartilage and myocardium tissues (Schwarz et al., 2012; Oberwallner et al., 2014). Ott et al. (2008) have previously developed a technology for organ decellularization that uses a detergent for cell removal from the heart. Decellularized scaffold retains tissue-specific 3D architecture and vascular network. The decellularized scaffolds have a wide variety of applications in reconstruction of liver tissue or organ (Uygun et al., 2010; Baptista et al., 2011; Minami et al., 2019). The low immunogenicity makes decellularized matrix clinically applicable.

Rat decellularized liver scaffold has been used for the formation of human iPSC-derived hepatocyte grafts after differentiation of the iPSCs into hepatocytes in 2D culture. Recellularization of the scaffold with iPSC-derived hepatocytes led to the expression of CYP3A4 enzyme and secretion of albumin but in a lower amount than 2D iPSC-derived hepatocytes (Minami et al., 2019). Although the maturity of the recellularized iPSCs-derived grafts was not high enough and needs more study for the improvement of the protocol, the important outcome of this research is the demonstration of the suitability of the xenogeneic decellularized scaffold for human liver engineering. Effective engraftment and high induction of hepatocyte and cholangiocyte markers were reached in hepatic stem cells cultured and differentiated in the decellularized liver matrix (Wang et al., 2011), showing the potential of decellularized scaffold for liver bioengineering. Decellularized ECM promotes higher CYP enzyme activity in iPSC-derived hepatocytes compared with cells cultured in synthetic poly-l-lactic acid scaffold covered with collagen (Wang et al., 2016).

Decellularized ECM in combination with a linear polysaccharide hyaluronic acid has been shown to support the tight junction formation and possessed a lower immune response compared to other natural hydrogels (Deegan et al., 2016). Immunotolerance is one of the advantages of decellularized ECM, allowing its use in transplantation. Hyaluronic acid is an important component of the natural ECM. It is easy to modify hyaluronic acid in vitro to adjust its stiffness and other physical parameters according to its intended application. Particularly, hepatocytes grown in the hyaluronic acid hydrogel in 3D condition possessed high viability and growth rate (Burdick and Prestwich, 2011).

It remains challenging to obtain scalable and well-controlled organoids due to the complex composition and batch-to-batch variability of human or animal-derived matrices. Therefore, some plant-based biomaterials have been developed. Alginate, a marine algae water-soluble polysaccharide copolymer, has been successfully used for 3D cell culture. Alginate hydrogels are biocompatible, non-immunogenic, and hydrophilic (Fedorovich et al., 2007). Song et al. (2015) differentiated iPSCs into hepatocyte-like cells in a 2D environment, then co-aggregated them with stromal cells in a matrix-free environment, and then encapsulated the generated 3D organoids in alginate capsules and transplanted them into mice. The transplanted organoids demonstrated high albumin and α-antitrypsin secretion compared with primary human hepatocytes. Nanofibrillar cellulose hydrogel (also called cellulose nanofibril hydrogel, CNF) is a plant-origin xeno-free, non-toxic, and biocompatible hydrogel that has been successfully implemented for the 3D culture of human PSCs (Lou et al., 2014). Recently, CNF hydrogel was used to generate human adult liver-derived LOs (Krüger et al., 2020). The CNF was used for LO expansion due to its mechanical properties. It also provides a supportive environment to induce LOs to functional hepatocyte-like cells. Thus, the CNF hydrogel presents a viable alternative to Matrigel for clinical use.

Unlike natural biomaterials mentioned above, synthetic scaffolds possess adjustable features and users can modify stiffness, swelling rate, etc., as well as modify the scaffold with functional groups. A well-defined composition of synthetic scaffolds provides reproducible results. Ng et al. (2018) used inverted colloidal crystal scaffolds with type I collagen coating for the maturation of iPSC-derived hepatic progenitors. They have proved that the morphological and transcriptomic features of those hepatic progenitors were reached and overrode the liver characteristics level of the spheroids cultured on Matrigel. Pore size was claimed as an important factor that allowed cells to form spheroids. They demonstrated that the most optimal pore diameter for this purpose is 140 μm. The appropriate ECM-mimicking coating was shown necessary for the cell attachment when the scaffold is formed from the biologically inert material.

Ye et al. (2020) have recently provided a novel hydrogel based on polyisocyanopeptides and recombinant human laminin-111, which is promising for human adult liver-derived LO culture over at least 14 passages. Moreover, they have recently shown that the elasticity of tissue ECM is critical to many cell types. It is believed that ECM elasticity can help cells develop and function (Sorrentino et al., 2020). By adjusting the composition and elasticity of an artificial matrix, we can simulate the properties (e.g., elasticity, extensibility) of the target tissue through the composition of the ECM. This result is of great significance to the maintenance of cell viability and function, the establishment of disease models, and tissue repair and regeneration.

In summary, matrix-based culture condition needs to be further improved to exclude immunogenic and clinically unacceptable matrix and biomaterials, so as to be used for regenerative medicine and transplantation.



Matrix-free systems

Matrix-free or biomaterial-free 3D culture does not have any problems related to xenogeneic matrix and thus can be easily adapted for clinical applications. Ogawa et al. (2013) demonstrated that the maturation of hepatocyte-like cells can be increased through the transferring of human ESC-derived hepatocyte-like cells to the matrix-free suspension environment. Another study also formed LOs by aggregating PSC-derived hepatocyte-like cells (Sgodda et al., 2017). In this case, hepatocytes aggregated into organoids within 12 h. This protocol allows better control of the differentiation in 2D, and subsequent transfer into 3D culture led to the continuation of the differentiation that was determined by the change of the expression pattern of maturation genes. The authors also demonstrated the importance of size control of the LOs, indicating that the increase in the size is associated with the decrease in the hepatic functions.

In conclusion, for applications in regenerative medicine, the major xenogenic materials used in PSC-LO generation are biomaterials, such as Matrigel, which should be replaced with clinically acceptable biomaterial or removed when using suspension culture system.



Genetic and Epigenetic Instability

The iPSC technology offers full of promise for cell therapy (Takahashi et al., 2007; Yu et al., 2007; Mandai et al., 2017). The differentiation of iPSCs can generate tissue-specific cells for transplantation, and can also apply to in vitro studies and drug development (Grskovic et al., 2011; Inoue and Yamanaka, 2011; Plummer et al., 2019). One of the most important safety issues particularly related to the in vivo applications of PSC-derived cells are genetic and epigenetic instability, resulting in variations. These variations can occur at distinct levels, mainly during the generation and maintenance of iPSCs and the differentiation and expansion of iPSC-derived cells. The genetic and epigenetic variations or unstable chromosomes may change the characteristic of iPSCs and affect differentiation capacity (Nishizawa et al., 2016), yet the instability has not been fully elucidated.


Variations introduced into induced pluripotent stem cells

The variations may originate from the heterogeneous genetics of source cell population (Huang, 2009). Moreover, if some specific variations in source cells effectively promote reprogramming, these variations will be amplified in the derived iPSCs (Cahan and Daley, 2013; Kilpinen et al., 2017). Burrows et al. (2016) compared human iPSC lines from two somatic cell types of four donors in terms of DNA methylation and gene expression and found that genetic variation between donors, but not between cell types, is the main cause for the differences between iPSC lines. By studying 711 human iPSC lines, Kilpinen et al. (2017) have found that 5–46% of variations were originated from differences between individuals (Cahan and Daley, 2013).

In addition, reprogramming protocols may introduce new variations by increasing mutations. Integrative vectors, such as lentivirus and retrovirus, can randomly integrate into the genome of iPSCs to interrupt endogenous gene expression and reactivate transgenes to lead to tumorigenesis, whereas non-integrating vectors, such as Sendai virus, adenovirus, and adeno-associated virus, induce transient expression of transcription factors. A whole exome sequencing study identified mutations in human iPSCs, of which 75% occurred during reprogramming process (Ji et al., 2012). Although the exact reason for mutagenesis was not identified in the study, retrovirus used in reprogramming could be one of the drivers. On the contrary, a later study compared three reprogramming methods, namely retrovirus, Sendai virus, and synthetic mRNA and found that the number of genetic variants identified by whole genome sequencing was moderate and did not differ between reprogramming methods (Bhutani et al., 2016). The authors concluded that reprogramming was unlikely to make human iPSCs unacceptable in cell therapy. Nonetheless, non-integrative vectors are recommended in clinical applications.

Like ESCs, iPSCs maintenance may introduce genetic or epigenetic alterations into cells. During iPSC culture, there were genetic variations among different passages or among different populations (Mayshar et al., 2010; Amps et al., 2011). These studies found that the level of overexpressed genes increased with the increased passage number and in some case, normal iPSCs at lower passage number exhibited gains in some chromosomes. Genetic and epigenetic variations preexisting in source cells or being introduced during reprogramming are subjected to selection in prolonged culture (Liang and Zhang, 2013). A high-resolution single nucleotide polymorphism genotyping study has found that duplications of oncogenes tend to accumulate during prolonged passaging of human iPSCs (Laurent et al., 2011). An unbiased study using clonal culture has identified oxidative stress as the trigger for mutation accumulation during passaging and showed that the mutation rate in human iPSCs was lower than that in human intestinal and liver stem cells (Kuijk et al., 2020).



Variations introduced into induced pluripotent stem cells-derived cells

Genetic and epigenetic instability introduced during the differentiation of human PSCs has not been well investigated. A study using human parthenogenetic stem cells has accessed instability during a serial round of differentiation and reprogramming, i.e., differentiating parthenogenetic stem cells into parthenogenetic mesenchymal stem cells via the formation of embryoid body and reprogramming parthenogenetic mesenchymal stem cells into iPSCs using retrovirus-mediated delivery of OCT4, SOX2, KLF4, and c-Myc (Vassena et al., 2012). When comparing the first-round parthenogenetic mesenchymal stem cells with the second-round parthenogenetic mesenchymal stem cells by microarray analysis, the authors found more than 3,000 differentially expressed genes and concluded that these differences were introduced during reprogramming, though no evidence was provided to show the differences appeared during reprogramming, not during differentiation. Nonetheless, this study draws our attention that genetic and epigenetic instability should be examined throughout the process of reprogramming and differentiation to ensure safe cell therapy in regenerative medicine.



Impact of genomic instability and coping strategies

Many researchers have proven that different lines of iPSCs have diverse differentiation and developmental capability (Polo et al., 2010; Tsuji et al., 2010; Boulting et al., 2011; Kim et al., 2011; Liang and Zhang, 2013). This diversity is caused by cell of origin or genetic and epigenetic variations in iPSCs. Some of these variations may result in potential abnormalities in iPSC differentiation and induction, and thereby causing phenotypic changes and functional deficiencies, which pose risks in their in vivo applications as well as problems in disease modeling and drug development (Mekhoubad et al., 2012).

There are some coping strategies to reduce the iPSC variability, such as reducing the causes of variations in source cells and optimizing reprogramming methods and culture conditions. First, the preexisting mutations in source cells vary with the cell of origin. Ultraviolet-induced somatic mutations in skin fibroblasts were found in fibroblast-derived human iPSCs (D’Antonio et al., 2018). For this reason, hematopoietic stem cells show advantages over skin fibroblasts as a safe cell source (Wang K. et al., 2019). Second, reprogramming method should be carefully selected regarding integration, genomic instability, and tumorigenesis issues. Third, it is necessary to acquire enough cell numbers of iPSCs for differentiation studies and applications. In light of this purpose, genetic and epigenetic variations in iPSCs should be detected and monitored throughout passages (Martins-Taylor et al., 2011). Assou et al. (2020) have developed a test which can potentially detect more than 90% of human PSC recurrent genetic abnormalities from long-term culture and can be used to routinely screen genomic integrity in human PSCs. The test was established based on a large dataset of reported genetic and epigenetic abnormalities and uses droplet digital PCR technology which greatly simplifies the regular and systematic hPSC monitoring. In addition, it would be ideal to set up a bank of human iPSC and ESC lines, in which each line is maintained as a homogeneous and genetically stable population. To set up a transgene-free human iPSC bank enabling high-throughput generation and rapid expansion to meet industrial and clinical demands, Valamehr et al. (2014) have established a platform using small molecule pathway inhibitors in feeder-free culture condition. Further studies should focus on clarifying the genetic and epigenomic stability during the in vitro differentiation process, such as using chemically defined reagents to reduce variability and optimal oxygen condition, for the safe application of iPSCs-derived cells in regenerative medicine.



Genome Editing

Genome editing can be used to add, remove, or edit DNA of cellular genome to alter the characteristics of a cell or an organism, and it has the potential to both improve our understanding of human genetics and cure genetic diseases (Hou et al., 2013; Ran et al., 2015). The most used tool of genome editing is the RNA-guided CRISPR-Cas9 nuclease system that has emerged in recent years representing a system that is easy to design, highly specific, efficient, and suitable for high-throughput and multiplexed gene editing.

Since the establishment of human iPSCs, researchers had hoped to use patient’s own iPSC-derived cells in regenerative medicine. However, there are four problems in autologous iPSC-based cell therapy: (1) the process of establishing autologous cell therapy is complex, time-consuming, and costly. This expensive treatment is difficult to promote and attract pharmaceutical companies to develop. (2) Autologous cell therapy is difficult to standardize. Quality control faces great challenges. (3) Autologous cell therapy cannot treat acute diseases, such as acute liver failure. (4) In the process of differentiation, the immunogenicity of autologous iPSCs will change, and the generated cells may not be immunotolerant as reported earlier (Zhao et al., 2015). On the contrary, allogeneic cells are easier to be standardized as a treatment, and can be mass produced into off-the-shelf products. However, immune rejection in allogeneic cell transplantation remains to be overcome. HLA matching iPSC lines have been established for allogeneic cell transplantation (Okita et al., 2011; Taylor et al., 2012). In recent years, scientists have established several methods to overcome the immune rejection of allogeneic PSCs. For example, CRISPR-Cas9-mediated destruction of HLA gene enhanced the immune compatibility of iPSCs (Hong et al., 2017; Xu et al., 2019; Lee et al., 2020). These studies about allogeneic human PSC-derived cells without immune responses as cell therapy open a new avenue toward regenerative medicine.

Allogeneic PSC-LO-induced immune rejection is primarily mediated by T cells. Strategies to regulate T cell costimulatory and inhibitory pathways can prevent immune rejection. A study using monoclonal antibodies to block T cell costimulation has shown immune tolerance of human ESC-derived pancreatic endoderm cells in mice (Szot et al., 2015). However, this strategy has a potential risk for cancer and infection.

Despite the obvious advantages that gene-edited iPSC-based cell therapy has, challenges like off-target, mutagenesis, tumorigenesis, and ethical debate may still exist. One of the major causes of the off-target effects of the CRISPR system is the continusly expressed Cas9 proteins in cells (Fu et al., 2013). Random integration resulted from off-target effects can potentially develop insertional mutagenesis and subsequent tumorigenesis of transplanted cells. Thus, in order to reduce the off-target effects caused by Cas9 overexpression, strategies, such as decreasing the amount of undesirable DNA cleavage or suppressing the activity of Cas9 protein, have been suggested (Nuñez et al., 2016). The use of a high-fidelity Cas9 variant is another strategy to reduce off-target events (Kleinstiver et al., 2016). We recently developed a Cas9 mRNA-based CRISPR genome editing method to efficiently edit human PSCs (Leung et al., 2020). We show that Cas9 existed in cells in a short period time. Like Cas9 ribonucleoprotein, our method can produce cells without foreign gene integration and thus can be easily translated into clinical applications. Thus, gene-edited PSCs together with organoid technology provide more opportunities in regenerative medicine.



Large-Scale Expansion for Transplantation

For future therapeutic applications of human PSC-derived liver cells, the number of cells required for each transplantation will be quite large, about one tenth of the liver mass which is approximately 109 cells (Sharma et al., 2011). An earlier strategy was to expand human PSCs, and more recently researchers have found some ways to expand differentiating PSCs at certain developmental stages, such as endodermal cells using defined growth factors (Raju et al., 2017) and hepatoblasts by combining growth factors and small molecules (Zhang et al., 2015). These expanding hepatoblasts maintain phenotypes during long-term culture and can differentiate into mature hepatocytes and bile duct cells. The aim was to generate a source for cell therapy of liver diseases.

Organoid technology has recently been used to expand various types of cells in vitro. Wang S. et al. (2019) developed a differentiation cocktail medium for the differentiation of human ESCs into LOs with high expansion ability. Hepatic progenitors derived in 2D culture conditions were embedded in Matrigel and treated with a unique combination of B27, EGF, Wnt-3A, Forskolin, N2, Nicotinamide, N-acetylcysteine, R-spondin, Gastrin, and A83-01 compound. This approach allowed long-term subculture of the resultant organoids (up to 20 passages) that remained stable after freezing-thawing procedures and mass-scale production of cells which is necessary for industrial applications. Another study showed that self-aggregated PSC spheroids formed in agarose microplates can differentiate in suspension into 3D liver tissue whose phenotype was stable for over 1 year without detectable tumorigenic activity after transplantation (Rashidi et al., 2018). The ability of the long-term culture of human PSC-LOs that remain their functional activity is one of the main advantages over primary human hepatocyte-derived organoids due to the limited supply of primary human liver tissue from healthy or diseased liver donors. Other researchers have generated LOs from human PSC-derived endoderm cells in 2 weeks and expanded them in Matrigel for more than 16 months without loss of differentiation capacity (Akbari et al., 2019). LOs spontaneously formed from 2D culture of differentiating human PSCs were expanded in Matrigel for 1 year while maintaining their karyotype and phenotype (Mun et al., 2020).

In summary, great efforts have been made to expand differentiating cells for large-scale production. However, the use of Matrigel must be replaced by a xeno-free matrix or biomaterial to meet clinical requirements. For regenerative medicine, expansion in suspension culture (Rashidi et al., 2018) seems superior than Matrigel culture.



Transplantation and in vivo Engraftment

Cell transplantation has potential for end-stage liver diseases (Tsuchida et al., 2020). Human PSC-LOs as a new source for cell transplantation is innovative but still at the preclinical stage. During the process of transplantation, the homing and survival of transplanted cells are major factors determining the success of transplantation. At present, there are no standard protocols defining the differentiation status of transplanted cells (fetal stage or mature stage), cell formulation (single cell suspension, organoid suspension, or biomaterial-based construct), transplantation site (systematic, orthotopic, or ectopic), and delivery technique (injection, infusion, or implantation).

The most commonly used method to deliver liver cells or LOs is injection, which involves intraportal injection, intravenous infusion, intramuscular injection, or intrasplenic injection. Intrasplenic or portal venous infusion can hardly control engraftment efficiency and avoid ectopic engraftment because transplanted cells first enter the blood circulation before reaching the liver. A recent preclinical study in pigs has reported that the ligation of the patent ductus venosus before portal venous infusion can inhibit extrahepatic translocation (Tsuchida et al., 2020). In intrasplenic transplantation, more than 70% transplanted cells are rapidly removed by resident immune cells (Gupta et al., 1999). An earlier study has found that the disruption of sinusoidal endothelium can facilitate the integration of transplanted cells into the liver (Gupta et al., 1999). Rashidi et al. (2018) transplanted human PSC-LOs in two ways, intraperitoneal injection and subcutaneous implantation with the aid of a polycaprolactone scaffold. Both methods improved the liver functions of diseased recipient mice, but the authors did not compare these two methods, only suggesting that ectopic implantation is less invasive. Tsuchida et al. (2019) recently reported that human iPSC-LO transplantation via the portal vein had good retention of organoids in the liver, whereas single cells of LOs translocated to the lung. Some studies have found that immature cells can further become mature once transplanted in vivo (Takebe et al., 2013), but there is still no solid evidence on the differentiation status of transplanted cells for the best functional engraftment while avoiding tumorigenesis of immature cells.

As an alternative to liver organ transplantation for liver failure, liver cells or LOs could directly implanted to the liver orthotopically. Nagamoto et al. (2016) have implanted a cell sheet composed of human iPSC-derived hepatocytes onto the liver surface of recipient mice with acute liver injury induced by CCl4. The orthotopic cell sheet transplantation exhibited better cell retention than intrasplenic injection, and thus had increased engraftment rate and efficacy. The authors also pointed out that a large number of cells can be transplanted using the cell sheet technology. To deliver LOs by the cell sheet technology, LOs need to be dissociated into single cells and then cultured in 2D to form a cell sheet. However, dissociation of LOs will disrupt tissue structure and may be incompatible with LO technology.

Despite many innovative transplantation methods, the low engraftment efficiency might be due to poor integration of human iPSC-derived cells to the local environment or the lack of vasculature in LOs. To evaluation transplantation and engraftment efficiency, we need non-invasive in vivo cell tracking methods (see the section below) (Tsuchida et al., 2020).



In vivo Cell Tracking

Real-time monitor of transplanted cells or organoids in vivo is necessary to study the fate of transplanted cells and evaluate engraftment during preclinical studies (Watson et al., 2014; Jung et al., 2018; Hsia et al., 2021). Ideally a reporter with highly sensitive 3D tomography is needed to non-invasively measure the engraftment of transplanted hepatic cells. Non-invasive measurement allows short, long-term, and repeated monitoring transplanted cells in vivo. The signal of an ideal reporter needs to last long and have resolution in certain depth to reach internal organs and at micrometer scale to localize cells. A study showed that human sodium iodide symporter (hNIS) can serve as such a reporter and can utilize radiotracers already available for clinical use to enable positron emission tomography or single photon emission computed tomography (Ashmore-Harris et al., 2019). In this study, human iPSC-derived immature hepatocytes were transduced with lentivirus containing dual-mode radionuclide-fluorescence hNIS-mGFP reporter gene followed by further differentiation in vitro and transplantation in vivo. The signal of hNIS-mGFP reporter was stable and indicating the transplanted cells precisely homing to the liver, but the signal became undetectable 1 week later due to cell death in the in vivo environment.

Another in vivo tracing technology is Raman spectroscopy-based modality that can mine data, such as proteomic and chemogenomic data. Coherent Raman scattering (CRS) microscopy is a high-speed vibrational imaging system that can visualize the chemical content of a living specimen. The major technique in CRS is coherent anti-Stokes Raman scattering (CARS) (Reintjes et al., 1982). With technical advances on hyperspectral CARS microscopy, researchers have provided many innovation studies on organoids. Pope et al. (2021) have investigated a complex multicellular system of LOs by using correlative two-photon fluorescence and hyperspectral CARS microscopy. Their most interesting finding is that organoids could be maintained alive under hyperspectral CARS measurements. In addition, they have established a method for label-free identification of chemically distinct subpopulations, which can be used to analyze and validate the quality of clinical cell transplantation. These studies emphasize the future of quantitative hyperspectral CARS microscopy as an empowering technology in regenerative medicine, showing the way to novel possibilities for non-invasive disease diagnosis.

In conclusion, to develop human PSC-LOs as a therapeutic product, safety, efficacy, and controllable quality must be fulfilled. Safety consideration includes genetic and epigenetic stability, non-xenogenicity, immune tolerance, and non-tumorigenesis. Efficacy is influenced by PSC-LO quality and delivery method. It still remains unclear on the effect of human PSC-LOs transplanted into the liver. Non-invasive in vivo cell tracking methods can help evaluate engraftment efficiency and cell fate.



Disease Modeling and Drug Development

Organoid technology is a powerful tool for the study of human diseases. LOs generated from patient-derived or genome-edited PSCs have the ability to model liver diseases, to screen drug candidates, and to test their toxicity. Liver is the main organ for drug metabolism and transport. It is also the main target organ of drug toxicity. An adverse drug reaction Peng et al. (2018) is an undesirable side effect of a drug and is classified as dose-dependent or idiosyncratic drug-induced damage. Historically, toxicology research has relied on animal models to characterize the toxicity of new compounds. However, animal models are not perfect systems for human toxicity, and it can only predict 50% of DILI in humans. Thus, human toxicity prediction models are urgently needed. Primary adult human hepatocytes are the “gold standard” for evaluating drug metabolism and toxicity. However, due to their limited availability and proliferation capacity, alternative in vitro models are needed. Human PSCs represents an unlimited cell source for all the cell types in human body and are expected to generate in vitro models for drug discovery and development (Lin et al., 2021). The applications of human PSC-derived liver cells include liver disease modeling, drug metabolism, and hepatotoxicity study. As mentioned in see section “Introduction,” PSC-LOs show superior structural and functional advantages over 2D cultured PSC-derived liver cells. Guan et al. (2017) estabilished a disease model of JAG1 mutations based on human iPSC-LOs with bile duct–like structures. They adopted iPSC-based organoid system and genome editing technology to show the effect of mutations on human genetic diseases. For disease modeling and drug development, a number of challenges related to human PSC-LOs remain to be overcome. The major challenge of human PSC-LOs is immaturity of hepatocytes derived from current differentiation protocols (Lynch et al., 2019). Heterogeneity is another problem related to organoid technology in general (Lou and Leung, 2018), which reduces reproducibility of drug screening and testing. Building PSC-LOs with multiple cell types to mimic liver tissue complexity is another goal, which is particularly necessary when modeling liver diseases involving several cell types or studying DILI as hepatocyte damage is caused not only by direct toxic effect of drugs but also by indirect effect of non-parenchymal cell response.


Immaturity

Mature PSC-LO models should show basic liver functions and tissue environmental characteristics. The studies focusing on liver development have contributed to establishing PSC induction methods and mimicking the environment for fetal liver cell development and growth. Liver matures during perinatal period. However, due to the limited knowledge on perinatal human liver development, the immaturity of human PSC-LOs still remains an unsolved problem. This problem hinders their applications in disease modeling and drug development. Currently, the differentiation of hepatic progenitors is mediated by HGF, oncostatin M (Prodanov et al., 2016), and dexamethasone, but the resultant hepatocytes exhibit fetal liver features (Baxter et al., 2015), such as the expression of fetal marker alpha-fetoprotein (Lucendo-Villarin et al., 2020) and lower activity of CYP3A4 than primary hepatocytes (Lee et al., 2021).

In recent years, researchers have improved the hepatic maturation of human PSC-LOs by using different factors and small molecules. According to the changes in liver microenvironment at postnatal stage, researchers have found that microbial short-chain fatty acids could improve the metabolic functions of human PSC-LOs (Mun et al., 2021). Wu et al. (2019) have firstly established functional hepatobiliary organoids from human iPSCs. 25% of mTeSRTM culture medium was replaced with RPMI-1640/B27 minus insulin at differentiation stages to induce hepatic and biliary co-differentiation, then 10% cholesterol+ MIX was added to promote maturation. Cholesterol+ MIX is a preparation from Chinese medicine products, mainly comprised of cholesterol and other small molecules.

In addition, the role of non-parenchymal cells in liver maturation has also drawn attention. Asai et al. (2017) observed that iPSC-derived hepatic endoderm cells directly interacted with human umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells during liver organoid morphogenesis. At the same time, HUVECs might also exert paracrine effects, such as secreting HGF, to promote hepatocyte differentiation. Another study shows that non-parenchymal cells, namely mesenchymal stromal cells and endothelial cells, improved the hepatic maturation of human PSC-LOs by decreasing TGF-β and Wnt signaling pathways (Goulart et al., 2019).

ECM plays an important role in cell differentiation and organogenesis and may improve hepatic maturation of PSC-LOs. Zahmatkesh et al. (2021) efficiently improved hepatic maturation of LOs by mixing microparticles made of decellularized liver matrix with human PSC-derived endoderm cells, mesenchymal stromal cells, and HUVECs.

In conclusion, researchers in the past few years have made efforts to improve hepatic maturation of human PSC-LOs by applying small molecules found in the liver microenvironment during postnatal stage, incorporating non-parenchymal cells, and utilizing ECM components or bioengineering techniques (Table 2). The measurements indicating liver maturity vary a lot among different studies, from synthetic functions to metabolic functions. In some studies, the measurements were not compared with the primary adult human hepatocytes, and thus it is uncertain how mature these LOs are and whether they can be a valid model in disease modeling and drug development. The liver mature features should be selectively measured according to the intended applications of human PSC-LOs. We believe that with the better understanding of in vivo liver maturation, we will be able to generate PSC-LOs mature enough for drug screening and toxicity testing.


TABLE 2. Strategies for improving maturity of human PSC-LOs.
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Heterogeneity

Heterogeneity refers to cellular, morphological, and functional non-uniformity of PSC-LOs. Heterogeneity during multi-step stem cell differentiation is a common problem and becomes even more problematic at the maturation stage of PSC differentiation into LOs. In disease modeling and drug testing, LO heterogeneity can decrease reproducibility of screens and tests. To overcome this issue, researchers have fabricated microwells to control spheroid size and uniformity (Takebe et al., 2017). Silicone microwells were recently used to generate uniform hepatocyte spheroids from human PSCs (Lee et al., 2021). These spheroids were more sensitive to liver toxins than 2D hepatocytes in image-based testing. Another study using agarose microplates also generated uniformly sized liver spheres containing human PSC-derived hepatic progenitors, hepatic stellate cells, and endothelial cells (Lucendo-Villarin et al., 2020). By utilizing automated platform, the researchers showed reduced variation and increased throughput. 3D bioprinting is a technology that uses thin layers of the cells and other components arranged on top of each other to form a complex biological structure. Because of the tools for the precise control of the process of tissue generation, and, therefore, the ability to create complex tissue patterns, 3D bioprinting has become a promising technology for transplantation, fundamental and applicable research. The most known bioprinting methods are laser pulses, extrusion, and inkjet (Kryou et al., 2019). One of the issues of 3D bioprinting for today is promoting the vascularization of a printed organ because organoids often fail to recapitulate the functionality of primary hepatocytes in the absence of vascularization. This can be solved by integrating microfluidics into bioprinting. Another issue is the stress to cells generated by 3D bioprinting tools (Faulkner-Jones et al., 2015).



Spatial Structure and Tissue Complexity

The majority of studies have focused on the generation of hepatocyte-like cells. However, the liver consists of multiple cell types, and for the better replication of liver structure, many recent projects have developed protocols that can produce LOs consisting of different liver cell types. A pioneer study generated 3D human liver buds by combining human iPSC-derived hepatic endoderm cells, mesenchymal stem cells, and HUVECs (Takebe et al., 2013). The hepatic functions of the generated liver buds were assessed both in vitro and after transplantation in mice with a liver failure model. Interestingly, interactions between multiple germ layer derivatives not only increased organoid complexity but also improved functionality. In vivo transplantation showed a spatial pattern expressed by these liver buds and reversed drug-induced lethal liver failure (Takebe et al., 2013, 2017). However, the organoid structure did not fully recapitulate the spatial organization of the liver, and the spatial structure also varies among organoids. Other studies also demonstrated that the combination of hepatocytes with non-parenchymal cells provided signaling interactions between cells that positively affected hepatic functions (Du et al., 2014).

Recently, Ramli et al. (2020) embedded single posterior foregut cells derived from human PSCs in Matrigel to form hepatic endoderm spheroids. Further treatment with BMP4, BMP7, and FGF7 resulted in the formation of hepatoblasts spheroids. Then, the dissociated hepatoblast spheroids were seeded into 96-well plates to form hepatic organoids consisting of hepatocytes and biliary cells with bile canaliculi. These two-cell type LOs were used in the study of nonalcoholic steatohepatitis (NASH) (Ganesh et al., 2019). Ouchi et al. (2019) took a different approach to generate multicellular LOs for the study of steatohepatitis. They first established foregut organoids from PSCs, which consisted of both endoderm and mesoderm derivatives. The foregut organoids were further differentiated into LOs composed of hepatocytes, stellate cells, and Kupffer cells. These LOs exhibited the feature of steatohepatitis when stimulated by free fatty acids. Diseased PSC-LOs were shown to be suitable for studying individualized therapy of human liver fibrosis.

Metabolic zonation is a unique feature of the liver. Liver zonation is regulated by oxygen gradient (Kietzmann, 2017), Wnt/β-catenin signaling (Planas-Paz et al., 2016), and other pathways. Liver zonation makes liver structure highly complex and spatially heterogenous and also makes in vitro LO generation more challenging. To our knowledge, the current technology has not been able to generate PSC-LOs mimicking a specific liver metabolic zone. This could be a future research direction to obtain LOs with desired metabolic functions for certain studies. For example, NASH affects lipid zonation and causes cell damage in the pericentral region (Hall et al., 2017). Thus, PSC-LOs representing the pericentral region would be useful in modeling NASH. Oxygen and lipid gradient created by a microfluidic chip was used to study the progress of NASH in rat primary hepatocytes (Bulutoglu et al., 2019). This microfluidic device could be integrated with human PSC-LOs consisting multiple cell types to study intercellular crosstalk during the development of NASH. Ahn et al. (2019) developed a channel system in which HepaRG cells were grown under a concentration gradient of CHIR99021, an inducer of Wnt/β-catenin pathway. This gradient created hepatic zonal environment that made HepaRG cells respond to toxic drugs differently, cells in the zone-3 region showing sensitivity to hepatotoxic drugs. It is known that ECM composition exhibits zone-dependent distribution. By adjusting ECM proportion on silk scaffold, researchers have created a hepatic zonation model that was tested with rat hepatocytes (Janani and Mandal, 2021). These are interesting models worth exploiting with human PSC-LOs to test zonal toxicity of drugs.



Challenges in Modeling Infectious Diseases

Due to species-dependent features of many human hepatotropic pathogens, human cells in vitro or in humanized chimeric animals are the only valid models to study pathogen infection and to develop therapies. Various models based on 2D or 3D cultured human primary hepatocytes, immortalized hepatic cells, and human PSC-derived hepatocytes either alone or combined with non-parenchymal cells have been established (Gural et al., 2018; Arez et al., 2021).

Earlies studies have shown the infection and replication of hepatitis C virus (HCV) in human PSC-derived hepatocytes, though these cells were not fully mature as evidenced by the expression of fetal liver markers (Roelandt et al., 2012; Schwartz et al., 2012). By closely examining HCV infection during differentiation, Wu et al. (2012) have found that undifferentiated human PSCs and DE cells were not permissive for HCV infection, but hepatic progenitors were readily infected with HCV. These studies present the application value of human PSC-derived hepatocytes in modeling HCV infection despite their unsatisfying maturity. Additionaly, when using iPSCs from patients with genetic diseases, this model can be used to study how genetic alteration affects HCV infection. Because 3D models can mimic the complexicity of the liver tissue, they show advantages in recapitulating some liver functions that 2D models cannot. However, to our knowledge, human PSC-LOs have not been used in the study of HCV-host interactions.

Primary adult human hepatocytes are the only host cell type for hepatitis B virus (HBV) infection in vivo, and thus they are the gold-standard for studying HBV-host interactions (Galle et al., 1994). An earlier study showed that HBV entered differentiated and polarized hepatocytes via basolateral membrane (Schulze et al., 2012). Sodium taurocholate cotransporting polypeptide (NTCP), mediating most of the Na+-dependent uptake of bile salts in the liver (Stieger, 2011) and being expressed on the basolateral membrane of highly differentiated hepatocytes, has been identified as a receptor for HBV (Yan et al., 2012). Because primary adult human hepatocytes were not able to maintain and expand in long-term culture, improved cell culture systems have been established to study HBV-host interactions in vitro. A micropatterned coculture of primary hepatocytes with stromal cells has shown support for HBV infection and enabled to study long-term HBV-host interactions (Shlomai et al., 2014). With this system, the authors have found variations of HBV infection among different donors. To study such variations in an isogenic background, the authors used human iPSC-derived hepatocytes and found that HBV infection occurred in fully differentiated hepatocytes, not in cells at earlier stages of differentiation. The maturation of hepatocytes in PSC-LOs requires assistance of their interactions with non-parenchymal cells (Si-Tayeb et al., 2010). Therefore, reconstruction of these interactions might be a feasible approach to promoting the modeling of infectious disease development. To better understand the life cycle of HBV and to develop effective anti-HBV drugs, Nie et al. (2018) have established a HBV infection model generated from human iPSC-LOs containing PSC-derived hepatocytes, mesenchymal stem cells, and HUVECs in a 3D microwell system. This infection model could support long-term replication of HBV and at the same time exhibit phenotypic alterations in hepatic functions and ultrastructure. Human iPSC-LO may still have some characteristics different from adult hepatocytes, which limits the modeling of authentic infection.

Malaria, caused by Plasmodium protozoan parasites, is another infectious disease related to liver. Careful examination of Plasmodium infection in differentiating human PSCs has demonstrated that malaria infection started from the hepatoblst stage to hepatocytes (Ng et al., 2015). However, due to the immaturity of human PSC-derived hepatocytes, they have limited potential to test anti-malaria prodrugs that require activation by hepatocyte-specific metabolizing enzymes. Using small chemicals to improve maturation, the authors showed cell response to anti-malaria prodrug primaquine, which indicates the importance of maturity for drug tesing.

In conclusion, human PSC-LOs have not yet been widely used in modeling infectious diseases partly due to their immaturity and shortage of recognition. With the improvement of maturation, PSC-LOs are expected to show more values in the study of infectious diseases and the development of therapies.



CONCLUSION

There is no doubt about the potential values of human PSC-LOs in regenerative medicine, disease modeling, and drug development. However, it has been very slow for human PSC-LOs moving to applications. For regenerative medicine, human PSC-LOs must be safe and effective in vivo, which requires the use of xeno-free materials in the generation and expansion of human PSC-LOs, reliable genome editing technique, and effective in vivo delivery methods (Figure 1). Meanwhile, genetic and epigenetic stability must be monitored thoroughout the generation and culture of PSC-LOs. For disease modeling and drug development, improving maturity, reducing heterogeneity, and increasing complexity are current challenges to be solved (Figure 1). By working with biomaterial scientists, bioengineers, pharmacists, and physicists, researchers can nowadays design novel 3D cell culture platforms to make human PSC-LOs suitable for intended applications. All of these will contribute to treating patients with liver diseases.
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FIGURE 1. Summary of the current challenges for the applications of human pluripotent stem cell-derived liver organoids.
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Melatonin Promotes the Therapeutic Effect of Mesenchymal Stem Cells on Type 2 Diabetes Mellitus by Regulating TGF-β Pathway
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Abundant evidence proves the therapeutic effect of adipose-derived mesenchymal stem cells (ADMSCs) in the treatment of diabetes mellitus. However, the problems have not been solved that viability of ADMSCs were inconsistent and the cells quickly undergo senescence after in vitro cell culture. In addition, the therapeutic effect of ADMSCs is still not satisfactory. In this study, melatonin (MLT) was added to canine ADMSC culture medium, and the treated cells were used to treat type 2 diabetes mellitus (T2DM). Our research reveals that adding MLT to ADMSC culture medium can promote the viability of ADMSCs. This effect depends on the binding of MLT and MLT receptors, which activates the transforming growth factor β (TGF-β) pathway and then changes the cell cycle of ADMSCs and improves the viability of ADMSCs. Since ADMSCs were found to be used to treat T2DM by anti-inflammatory and anti-endoplasmic reticulum (ER) stress capabilities, our data demonstrate that MLT augment several effects of ADMSCs in remission hyperglycemia, insulin resistance, and liver glycogen metabolism in T2DM patients. This suggest that ADMSCs and MLT-ADMSCs is safe and vabulable for pet clinic.
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INTRODUCTION

The pathogenesis of type 2 diabetes mellitus (T2DM) includes glucose metabolism disorder, oxidative stress, endoplasmic reticulum (ER) stress, and inflammation (Hu et al., 2018; Elshemy et al., 2021). Therefore, the interaction among multiple mechanisms leads to liver glucose metabolism disorder, insulin resistance, damage to the function of islet cells and hyperinsulinism. Islet β cells are the only cells that produce insulin in the body, and their functional damage directly leads to T2DM. Notably, the levels of ER and inflammation are critical for maintaining β-cell survival, and islet β-cell damage caused by ER damage and chronic inflammation has become an important factor in T2DM (Oyadomari et al., 2002). The ER is an organelle in eukaryotic cells and is involved in protein synthesis, modification, processing, and quality control (Saito and Imaizumi, 2018). ER stress at the normal level can promote cell self-renewal, while long-term or severe ER stress can cause cell dysfunction and death (Li et al., 2020). Inflammation promotes the body to activate adaptive immunity and repair damaged tissues. However, excessive inflammation and chronic inflammation are also the causes of many chronic diseases, including chronic inflammatory rheumatism, diabetes mellitus (DM), and neurodegenerative diseases. ER stress is usually associated with inflammation. Both ER stress and inflammation represent short-term adjustments to body imbalance and are harmful when they are persistent or chronic (Chovatiya and Medzhitov, 2014). Studies have shown that inflammation occurs during ER stress and causes body damage, but the mechanism is still unclear (Cai et al., 2016; Cao et al., 2016; Wei et al., 2018).

Mesenchymal stem cells (MSCs) are pluripotent stem cells belonging to the mesoderm. MSCs have the potential to differentiate into bone cells, chondrocytes, adipocytes, muscle cells and other cells (Strem et al., 2005). MSC transplantation has been proven feasible for the treatment of severe traumatic diseases, autoimmune diseases, DM, and neurodegenerative diseases (Xie et al., 2017; Yang et al., 2021). There are many types of MSCs. Currently, most studies focus on umbilical cord blood mesenchymal stem cells (UCBMSCs), bone marrow mesenchymal stem cells (BMSCs), adipose-derived mesenchymal stem cells (ADMSCs), dental pulp MSCs, and limbal MSCs. Compared with MSCs from other sources, ADMSCs are obtained by liposuction and have the advantages of wide sources, convenient acquisition, low immunogenicity, and low ethical controversy.

Studies have shown that BMSC therapy improved insulin secretion, activate the insulin signaling pathway and enhance glucose transport, thereby reversing hyperglycemia in T2DM rats (Si et al., 2012; Hao et al., 2013). Fat derived MSCs improve hyperglycemia by regulating hepatic glucose metabolism in T2DM rats. Cell-free therapy (MSC-CM) based on biologically active factors secreted by stem cells and progenitor cells restore hyperglycemia and improve oxidative stress in T2DM rats (Elshemy et al., 2021). In addition, studies have revealed that autologous UCBMSC therapy can reduce patients’ insulin dosage (Guan et al., 2015). However, the current MSC transplantation treatment still has some problems, including an uneven quality of MSCs used for treatment, an incomplete quality evaluation system for MSCs, and unclear treatment mechanism (Zakrzewski et al., 2019). For example, studies have shown that MSCs derived from T2DM patients contain more oxysterols, affecting the differentiation ability of MSCs (Luchetti et al., 2009; Murdolo et al., 2013). The source and quality of cells become major factors limiting the use of MSCs in clinical treatment. There is an urgent need for further explorations of the mechanism of MSC therapy to provide strong evidence for the application of MSCs in clinical medicine.

Melatonin (MLT) is an endogenous indolamine synthesized by tryptophan that is secreted by the pineal gland into blood circulation and regulates many physiological functions (Luchetti et al., 2010; Kumar Jha et al., 2015). Regarding its physiological role, MLT is a key regulator of the circadian rhythm (Reiter et al., 2010). For example, MLT plays a protective role in the body, including protecting the kidneys, through its powerful anti-inflammatory and antioxidative stress capabilities (Reiter et al., 1994, 2010; Sener et al., 2002; Luchetti et al., 2010; Galano et al., 2011; Mauriz et al., 2013). In addition, numerous studies have confirmed that MLT affects the occurrence and development of cells and the biological functions of MSCs and oocytes in various ways (Luchetti et al., 2009, 2014; Shi et al., 2009; Rocha et al., 2013; Tian et al., 2014; Maria et al., 2018; Liu et al., 2019). Studies have found that MLT acts as a mitochondrial antioxidant through the ERK-MAPK signaling pathway preventing apoptosis (Luchetti et al., 2009). MLT promotes the osteogenic differentiation of MSCs and protects BMSCs from bone injury (Knani et al., 2019). In addition, studies have shown that MLT predominantly regulates the differentiation and survival of MSCs through the Wnt/β-catenin pathway, MAPKs and TGF-β signaling (Luchetti et al., 2014). Our previous studies show that MLT prevents canine-derived ADMSCs from aging by activating NRF2 and inhibiting ER stress, restores the bone differentiation ability of aging ADMSCs, and promotes the effect of MSC therapy (Fang et al., 2018). MLT plays an important role in the in vitro culture of MSCs. However, the mechanism by which MLT affects the viability of MSCs remains unclear. Transforming growth factor β (TGF-β) family promotes cell proliferation, differentiation, migration and survival by controlling the expression and activity of key transcription factors in the TGF-β pathway (Blobe et al., 2000; Li et al., 2006). The upstream TGF-β pathway comprises the TGF-β ligand, type 1 TGF-β receptor (TGF-βR1) and type 2 TGF-β receptor (TGF-βR2), and the downstream TGF-β pathway comprises Smad and Smad-related transcription factors, which participate in cell proliferation and differentiation through transcriptional regulation (Budi et al., 2017; Derynck and Budi, 2019). Studies have shown that TGF-β plays a key role in the proliferation of MSCs, and the inhibition of TGF-β receptors slows the proliferation of MSCs (Ng et al., 2008; Luchetti et al., 2014).

In this study, canine-derived ADMSCs were cultured in a medium containing MLT in vitro, and the results showed that MLT promoted the viability of the ADMSCs by regulating the TGF-β pathway. This study shows that MLT promotes ADMSCs to treat T2DM by restoring islet and liver ER stress and inflammation. This study provides reliable and complete evidence supporting the use of MLT pretreatment as a part of MSC therapy. In addition, dogs are used as a DM model, and the usage of canine-derived ADMSCs can indirectly reflect the effect of the allogeneic transplantation of ADMSCs. Our research provides new evidence for clinical MSC therapy.



MATERIALS AND METHODS


Experimental Animals

Sixty-five 8-week-old Kun-Ming (KM) male mice (25 ± 2 g) were purchased from Chengdu Dossy Experimental Animal Co., Ltd. Eighteen 1-year-old male hybrid dogs weighing 5.0 ± 0.5 kg, provided by the Experimental Animal Center of Northwest A&F University, were used to establish canine DM models and perform safety tests. Two 6-month-old female hybrid dogs weighing 3.0 ± 0.5 kg, provided by the Experimental Animal Center of Northwest A&F University, were used for the ADMSC separation. All animal experimental protocols were performed in strict accordance with the Guide for the Care and Use of Laboratory Animals (Ministry of Science and Technology of the People’s Republic of China, Policy No. 2006 398). All animals were maintained in a conventional sanitary facility with the required consistent temperature and relative humidity. All animal experimental protocols were reviewed and approved by the Ethics Committee (no. 2015-mkrm01) of Northwest A&F University for the Use of Laboratory Animals. This experiment followed the international guidelines for animal studies (National Research Council (US) Institute for Laboratory Animal Research, 2004).



Cell Separation and Culture

Adipose-derived mesenchymal stem cells were derived from the abdominal subcutaneous adipose tissue of two 6-month-old female hybrid dogs. The detailed ADMSC separation steps and ADMSC identification were described in our previous report (Wei et al., 2016). The cells were cultured in α-MEM (Invitrogen, Carlsbad, CA, United States) complete medium at 37°C in a 5% CO2 incubator (Peng et al., 2012; Fang et al., 2018). When the cells were attached to the bottom of the plate at approximately 80%, a 1:3 passage was performed. We treated and used the fourth-passage cells. MLT was added to the culture medium 72 h before transplantation, sample collection, and staining.



Melatonin Treatment of Adipose-Derived Mesenchymal Stem Cells

At the P4 passage, 1 × 105 cells were inoculated into a 48-well plate. ADMSCs were treated with 1 μM MLT, and the MLT-containing medium was replaced every 24 h for three times. After 72 h of MLT treatment, bright field images of cells were taken and Giemsa staining and ethynyldeoxyuridine (EdU) staining were performed. We used 60 mm cell dishes to culture the ADMSCs and collect the total cell RNA to complete the subsequent experiments (Fang et al., 2018).



Ethynyldeoxyuridine Staining

According to the instructions provided by the reagent supplier, (RiboBio, Guangzhou, China) we used logarithmic growth phase cells; we inoculated 0.5 × 104 cells into each well of a 96-well plate and cultured the cells to a density of 60–70% (Peng et al., 2012). EdU solution (1000:1) was diluted with serum-containing α-MEM medium and added to a 96-well plate. Then, the cells were incubated for 2 h, and the culture medium was discarded. The cells were washed with phosphate-buffered saline (PBS) (washed twice for 5 min per wash), cell fixation solution (4% paraformaldehyde in PBS) was added, and the samples were incubated at room temperature. Thirty minutes later, 2 mg/mL glycine were added to the cells, and the samples were incubated on a decolorizing shaker for 5 min, glycine was discarded, and the cells were washed with PBS for 5 min. Apollo staining solution was added to the cells, the samples were incubated for 30 min in the dark at room temperature, and then, the staining solution was discarded. Then, the cells were added to a 0.5% Triton X-100 decolorizing shaker and washed three times for 10 min per wash, and the permeate was discarded. Hoechst 33342 was added to the cells, and the samples were incubated for 30 min in the dark at room temperature. The staining solution was discarded, and the cells were washed once with PBS.



Cell Growth Curve

Adipose-derived mesenchymal stem cells were cultured in 24-well plates at a density of 0.5 × 104 cells per well. A cell growth curve was used to investigate the proliferation ability every 24 h. The ADMSCs were trypsinized every day, and the total number of cells was determined for seven consecutive days (Wei et al., 2016; Wu et al., 2021).



Giemsa Stain

According to the instructions provided by the reagent supplier (ZHONGHUIHECAI, China), we used logarithmic growth phase cells, inoculated 0.5 × 104 cells into each well of a 96-well plate and cultured the cells to a density of 60–70%. The Giemsa mother solution was diluted ten times with PBS to obtain the Giemsa working solution. We used 100 μL of the Giemsa working solution to fix the cells. After 1 min, 100 μL PBS were added to the cell culture dish. After 30 min, the staining solution was discarded, the cells were washed twice with PBS, and the cell status was observed under a microscope.



Quantitative Real-Time Polymerase Chain Reaction Analysis

According to the manufacturer’s instructions, the total RNA was extracted from the ADMSCs by TRIzol reagent (Takara, Japan), and a reverse transcriptase reagent kit (Thermo Fisher Scientific) was used. Quantitative real-time polymerase chain reaction (qRT-PCR) was carried out using a CFX96 Real-Time polymerase chain reaction (PCR) system as follows: predenaturation at 94°C for 5 min, followed by 39 cycles for 30 s at 94°C, annealing for 30 s at 58°C and 30 s at 70°C for extension. β-Actin was used as an internal control. The comparative CT values from the qRT-PCR were used to measure the relative gene expression (Wei et al., 2016; Zhu et al., 2021). The primers are listed in Supplementary Table 1.



Type 2 Diabetes Mellitus Animal Model

Twelve 1-year-old male hybrid dogs and 65 KM male mice were used in the T2DM animal model. All animals were placed in the Animal Experiment Center of Northwest A&F University at constant temperature (25 ± 2°C) and constant photoperiod (12:12 h light-dark cycle) and were given adequate drinking water. To eliminate external factors, the dogs were bred adaptively before the experiment.

Twelve 1-year-old male hybrid dogs and 65 KM male mice were divided into the following five groups: (1) normal control, (2) T2DM, (3) ADMSCs, (4) MLT-ADMSCs, and (5) SB-MLT-ADMSCs. The first four groups included three dogs and 15 mice, and the fifth group included five mice. To induce the T2DM model, the last four groups were fed a high fat diet for 8 weeks combined with intravenous transplantation of streptozotocin (STZ). The transplant amount per dog was 25 mg/kg/day for 2 days, and that per mouse was 35 mg/kg/day for 2 days (Sun et al., 2018). The STZ dose for the dogs was obtained by using different doses of STZ transplantation (Supplementary Figure 1). STZ was diluted with sodium citrate buffer, and the dogs and mice were fasted for 24 h before injection. After 1 week of modeling, the modeling effect was identified. In the latter three groups, ADMSCs (dogs: transplant 1 × 107 cells suspended in 10 mL sterile 0.9% NaCl, mice: transplant 2 × 106 cells suspended in 0.2 mL sterile 0.9% NaCl) were injected through the brachial vein of the dogs’ forearm and tail vein in the mice. During the model preparation and treatment, we continuously monitored the changes in body weight and water and food intake.



Safety Test

Six 1-year-old male hybrid dogs were divided into three groups: (1) Normal Control, (2) ADMSCs, (3) MLT-ADMSCs. All dogs were bred adaptively for 1 week. In the latter two groups, ADMSCs (ADMSCs: transplanted 1 × 107 ADMSCs suspended in 10 mL sterile 0.9% NaCl, MLT-ADMSCs: transplanted 1 × 107 MLT-ADMSCs suspended in 10 mL sterile 0.9% NaCl) passed through the dog’s forearm Brachial vein injection. To determine trace the ADMSCs transplanted into the body, the ADMSCs were digested with 0.25% trypsin and resuspended before transplantation. Then the PKH26 red fluorescent cell linker kit was used to label the ADMSCs (Sigma-Aldrich, United States) before transplantation. On the 0th day, 30th day and 60th day of cell transplantation, the blood of each group of dogs was collected for blood routine examination (Prokan, China) and blood biochemical test (Mindray, China). After the 60th day of cell transplantation, all dogs were euthanized (intravenous overdose of KCl). Collect dog liver, spleen, kidney, and pancreas tissues for frozen section. Subsequently, sections were stained with Hoechst 33342 at 0.5 μg/mL before being observed under a microscope.



Histological Analysis

The liver and pancreas tissues were fixed in 4% paraformaldehyde, gradually dehydrated, embedded in paraffin, cut into 4 μm sections, and subjected to hematoxylin/eosin (H&E) staining. Periodic acid Schiff (PAS) staining was performed according to the manufacturer’s protocols for liver sections (Solarbio, China) (Fang et al., 2018; Yan et al., 2019).

For the cellular immunofluorescence, the cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) at room temperature (RT) for 10 min, washed three times with PBS, and then permeabilized for 15 min with 0.1% Triton-X 100 (Sigma-Aldrich, St. Louis, MO, United States) in PBS at RT. The cells were blocked with PBS supplemented with 4% bovine serum albumin for 30 min and incubated with primary antibodies against MT1 (1:100, Boster, China) and MT2 (1:100, Boster, China) at 4°C for 16 h. After washing with PBS three times, the cells were incubated with secondary antibodies for 1 h at 37°C in the dark. Following another three washing steps with PBS, nuclear counterstaining was performed with 1 μg/mL Hoechst 33342 (Sigma-Aldrich). The fluorescence images were obtained by Evos f1 fluorescence microscopy (AMG, United States).

For the tissue immunofluorescence, liver and pancreas sections were subjected to baking, dewaxing, and repair of antigens with sodium citrate buffer (0.01 M, pH 6.0). The liver sections were incubated with a rabbit anti-rat glucose transporter 4 (GLUT4) antibody, and the pancreas sections were incubated with a rabbit anti-rat insulin antibody (1:100, Proteintech, China) at 4°C overnight. Then, the sections were washed and incubated with Alexa Fluor 555-conjugated donkey anti-rabbit IgG or FITC-conjugated goat anti-rabbit IgG (Invitrogen) for 1 h. Subsequently, the sections were stained with Hoechst 33342 at 0.5 μg/mL before being observed under a microscope.

For the immunohistochemistry, liver and pancreas sections were subjected to baking, dewaxing, and repair of antigens with sodium citrate buffer (0.01 M, pH 6.0). The tissue was blocked with animal serum after eliminating the effects of endogenous peroxidase with 3% H2O2. The liver and pancreas sections were incubated with rabbit anti-rat interleukin-10 (IL-10) (1:200, Proteintech, China), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) (1:200, CST, United States), glucose-regulated protein 78 (GRP78), C/EBP-homologous protein (CHOP), and activating transcription factor 6 (ATF-6) (1:200, Bioss, China) antibodies at 4°C overnight. Then, the cells were incubated with horseradish peroxidase-labeled streptavidin working solution after washing three times with PBS. The detection was performed using 3′-diaminobenzidine (ZLI-9018; Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.), and the nucleus was stained with hematoxylin. Finally, the samples were dehydrated and covered. The tissues were analyzed under a light microscope (Nikon, Japan) (Wei et al., 2021).



Statistical Analysis

When the main effects were significant, a one-way analysis of variance (ANOVA) was used, followed by Newman–Keuls multiple range tests. A Student’s t-test was used when comparing the means of two groups. All data are presented as the mean ± SE, and statistical significance is shown as follows: ns > 0.05; ∗p < 0.05; ∗∗p < 0.01; and ∗∗∗p < 0.001. All data were analyzed by GraphPad Prism software (La Jolla, CA, United States) and represent a minimum of three different experiments.




RESULTS


Melatonin Treatment Can Enhance the Viability of Adipose-Derived Mesenchymal Stem Cells Cultured in vitro

Compared with the normal cultured ADMSCs, the MLT treatment did not change the morphology but increased the number of the ADMSCs (Figure 1A). The ADMSCs maintained rapid proliferation. and MLT treated ADMSCs proliferated faster than the control group in the first 5 days and particularly be observed in the first 4 days (Figure 1B). As shown in the results of the EdU staining, the cell proliferation rate of the MLT treatment group was faster than that in the normal ADMSC group (Figures 1C,D). The main MLT receptors include MLT receptor 1A (MT1) and MLT receptor 1B (MT2). By staining MT1/MT2 with immunofluorescence, we found that MLT bound MLT-ADMSCs effectively in the MLT treatment group (Figure 1E). The results show that MLT binds the MT1/MT2 receptors of ADMSCs and promotes the viability of ADMSCs cultured in vitro.
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FIGURE 1. MLT treatment can enhance the viability of ADMSCs cultured in vitro. (A) Cell morphology (ADMSCs and MT-ADMSCs). (B) Cell growth curve. (C) EdU staining. (D) Quantitative analysis of EdU. (E) MT1/MT2 immunofluorescence staining. Values in this figure are the mean ± SE; n = 3 per group; ns > 0.05, ∗p < 0.05, ∗∗p < 0.01 determined by a repeated-measures ANOVA.




Melatonin Enhances the Recovery Effect of Adipose-Derived Mesenchymal Stem Cells on Clinical Symptoms and Hyperglycemia in Type 2 Diabetes Mellitus Mice and Promotes Islet Reconstruction

To determine the therapeutic effect of ADMSCs on T2DM, T2DM model mice were prepared by a high-fat diet (HFD) combined with low-dose STZ injection. The data show that we successfully established a T2DM mouse model (Figures 2A–F). The weight of the mice reached approximately 40 g after 8 weeks of the HFD and was significantly reduced after the STZ injection (Figure 2G). In addition, the diet of the mice increased, and the blood sugar level exceeded 16.7 mmol/L, which is consistent with the typical symptoms of T2DM (Figures 2A–D). The ADMSCs and MLT-ADMSCs effectively reduced the weight of the mice (Figure 2A). Similarly, the increase in the diet of the mice caused by T2DM was alleviated in the ADMSC group and MLT-ADMSC group (Figures 2B,C). The occurrence of T2DM is mainly assumed in the presence of hyperglycemia and insulin resistance. The data show that treatment with ADMSCs alleviates hyperglycemia in mice, which was manifested by inhibiting the further deterioration of the disease and maintaining the blood sugar level at the initial level of T2DM. Surprisingly, ADMSCs treated with MLT had a stronger hypoglycemic effect on T2DM. After treatment with MLT-ADMSC, the hyperglycemia of the mice was significantly improved (Figure 2D). The hyperglycemia that occurs in T2DM is mainly caused by islet damage and insulin resistance in peripheral tissues. In this study, H&E staining and immunofluorescence staining were used to detect pancreatic islet damage and insulin secretion in mice. The results showed that after the HFD combined with the STZ injection, the pancreatic islets were damaged in the mice, and the amount of insulin secretion was significantly reduced. The results showed that after T2DM was treated with PBS sham operation, blood sugar continued to rise, pancreatic islets decreased, β cells were lost, and insulin secretion was significantly reduced. After treatment with ADMSC treatments, the mice’s pancreatic islet injury was significantly recovered, the island structure was clear, the number of β cells was restored, and the amount of insulin secretion was significantly restored. In addition, we found that insulin secretion after the MLT-ADMSC treatment was significantly restored and basically returned to the normal levels (Figures 2E,F). Various data show that the ADMSC treatment restored the typical symptoms of T2DM in mice, including restoring their diet, improving their weight, lowering the blood sugar levels, rebuilding islets, and restoring insulin secretion.
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FIGURE 2. MLT enhances the recovery effect of ADMSCs on clinical symptoms and hyperglycemia in T2DM mice and promotes islet reconstruction. (A) Continuous monitoring of the weight level of mice. (C) Changes in the feed intake of mice. (D) Changes in the water intake of mice. (B) Random blood glucose changes in mice. (E) Pancreas H&E staining. (F) Pancreas immunofluorescence insulin. (G) Experimental design. Values in this figure are the mean ± SE; n = 10 mice per group; ∗∗p < 0.01, ∗∗∗p < 0.001 determined by a repeated-measures ANOVA.




Melatonin Enhances the Recovery Effect of Adipose-Derived Mesenchymal Stem Cells on Insulin Resistance in Type 2 Diabetes Mellitus Mice

When T2DM occurs, the body develops insulin resistance, and the utilization rate of insulin is reduced, resulting in an increase in blood sugar that cannot be reduced. In addition, insulin resistance causes islet β cell fatigue and further damages islet β cells. The relative lack of insulin changes to an absolute lack of insulin and aggravates T2DM. Related indicators of insulin resistance, including the OTGG, IRT, IPITT, and HOME-IR index, were used to assess the therapeutic effect of ADMSCs. In addition, the differences in the therapeutic effects of ADMSCs and MLT-ADMSCs were compared. After the treatment with ADMSCs, insulin resistance in the T2DM mice was reduced. Interestingly, compared with the ADMSCs, the MLT-ADMSCs had a stronger recovery effect on insulin resistance (Figures 3A,C). When the body produces insulin resistance, its sensitivity to insulin decreases. ADMSCs treatment restored the secretion and utilization of insulin. MLT enhances the effect of ADMSCs (Figure 3B). The HOME-IR index results showed that the ADMSCs restored the insulin sensitivity of the mice, and the MLT-ADMSC group exhibited a stronger effect (Figure 3D). These various data indicate that ADMSCs can promote the recovery of insulin resistance and significantly restore insulin sensitivity in mice. Surprisingly, the MLT treatment significantly enhanced this role of ADMSCs.
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FIGURE 3. MLT enhances the recovery effect of ADMSCs on insulin resistance in T2DM mice. (A) OTGG. (B) IRTs. (C) IPITT. (D) IR index in each group, HOMA-IR index = [FBG (in mmol/L) × FINS (in units/L)]/22.5. The blood glucose level in each group was detected after fasting for 3 h. Values in this figure are the mean ± SE; n = 10 mice per group; ns > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 determined by a repeated-measures ANOVA.




Melatonin Enhanced the Recovery Effect of Adipose-Derived Mesenchymal Stem Cells on Glucose Metabolism in Type 2 Diabetes Mellitus Mice and Repaired Liver Damage and Lipid Metabolism Disorder Caused by Type 2 Diabetes Mellitus

The liver is an important organ of glucose metabolism. The liver plays an important role in maintaining blood sugar balance by regulating the absorption, storage, production and metabolism of glucose. When T2DM occurs, the liver is damaged, which leads to impaired glucose metabolism. The results revealed that when T2DM occurred, the liver was damaged, and the biochemical indicators changed, manifesting as increases in ALT and AST (Figures 4A–C). ADMSCs treatment restored the liver function of mice, and MLT-ADMSCs had better effect (Figures 4A–C). In addition, when T2DM occurs, the liver is damaged, the liver cells are fused necrotic, swollen, nucleus loose, and balloon-like degeneration. ADMSCs treatment promote liver damage repair and liver cell regeneration, MLT enhances this effect (Figure 4F). Our previous studies have shown that ADMSCs restored liver damage caused by carbon tetrachloride (Yan et al., 2019). In this study, the ADMSC treatment alleviated the liver damage caused by T2DM, proving the extensive therapeutic effects of ADMSCs on the liver. When T2DM occurs, with the decreasing ratio of insulin to glucagon, lipolysis accelerates, and numerous fatty acids and glycerol enter the liver. Too many fatty acids esterified into triglycerides causes hyperlipidemia and easily leads to complications of T2DM, such as atherosclerosis. The ADMSC treatment promoted the recovery of the serum TC and TG levels, and MLT enhanced this effect (Figures 4D,E). Previous studies have shown that ADMSCs promoted the body’s sensitivity to insulin and improve the body’s insulin resistance (Figure 3), MLT promote the effect of ADMSCs. To study how ADMSCs improve insulin resistance and insulin sensitivity, hepatic glycogen accumulation and GLUT4 expression were detected, and the ADMSC treatment restored the glycogen synthesis disorder and GLUT4 expression caused by T2DM (Figures 4G,H). These results indicate that ADMSCs repaired liver damage caused by T2DM and restored the glucose metabolism and lipid metabolism functions of the liver. The repair of liver leads to the recovery of glucose and lipid metabolism, thereby alleviating insulin resistance, restoring insulin sensitivity, promoting islet regeneration, and restoring insulin secretion. In summary, ADMSCs treat T2DM by restoring liver function and rebuilding islets. Moreover, MLT-ADMSCs exhibit a stronger therapeutic effect.
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FIGURE 4. MLT enhanced the recovery effect of ADMSCs on glucose metabolism in T2DM mice and repaired the liver damage and lipid metabolism disorders caused by T2DM. (A) Serum ALT. (B) Serum AST. (C) AST/ALT. (D) Serum TC. (E) Serum TG. (F) Liver H&E staining. (G) Liver PAS staining. (H) Liver immunofluorescence GLUT4. Values in this figure are the mean ± SE; n = 10 mice per group; ns > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 determined by a repeated-measures ANOVA.




Melatonin Promotes the Therapeutic Effect of Adipose-Derived Mesenchymal Stem Cells by Enhancing the Anti-inflammatory and Anti-endoplasmic Reticulum Stress Abilities of Islets and Liver Function

Patients with T2DM often experience ER stress and chronic inflammation. The immunohistochemical staining showed that the ADMSCs alleviated islet inflammation and ER stress (Figures 5A–F). Inflammation and ER stress in islets can lead to injury to islet β cells. Restoring ER stress and inflammation in the islet microenvironment is beneficial for rebuilding islet β cells. ADMSCs promote the remodeling of pancreatic β-cells by repairing inflammation and ER stress levels in the islet microenvironment.
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FIGURE 5. MLT promotes the therapeutic effect of ADMSCs through stronger anti-inflammatory and anti-ER stress abilities to restore pancreatic islet function. (A) Pancreatic IL-6 expression. (B) Pancreatic TNF-α expression. (C) Pancreatic IL-10 expression. (D) Pancreatic ATF-6 expression. (E) Pancreatic CHOP expression. (F) Pancreatic GRP78 expression.


Type 2 diabetes mellitus causes liver disease and liver dysfunction. The mechanism involves the stimulation of liver glycogen metabolism and lipid metabolism disorders through hyperglycemia. Previous data have confirmed that ADMSCs alleviate liver damage caused by T2DM, but how they work remains unclear. The immunohistochemical staining showed that the therapeutic effect of ADMSCs in the liver was also related to the recovery of ER stress and inflammation (Figures 6A–F). In summary, the results show that the therapeutic effect of ADMSCs on T2DM is by restoring inflammation and ER stress. It is speculated that ADMSCs promote the recovery of multiple organs and have a therapeutic effect on T2DM from the perspective of the overall organ microenvironment.
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FIGURE 6. MLT promotes the therapeutic effect of ADMSCs through stronger anti-inflammatory and anti-ER abilities to restore liver function. (A) Liver IL-6 expression. (B) Liver TNF-α expression. (C) Liver IL-10 expression. (D) Liver ATF-6 expression. (E) Liver CHOP expression. (F) Liver GRP78 expression.




Melatonin Promotes the Therapeutic Effect of Adipose-Derived Mesenchymal Stem Cells in Canine DM

The dog DM model was established by HFD and STZ. Seven days after the STZ injection, the dogs’ weight decreased, the blood glucose level increased, and the ADMSC treatment alleviated these symptoms (Figures 7A,B). In addition, H&E staining and insulin immunofluorescence staining were performed using each group of pancreases. The data show that MLT in dogs can also promote the recovery of hyperglycemia and insulin secretion by ADMSCs in dogs (Figures 7C,D). Similarly, the results of the liver H&E staining and PAS staining further confirmed the recovery effect of ADMSCs on liver damage and glucose metabolism in canine diabetes (Figures 7E,F). In dogs with DM, ADMSCs and MLT-ADMSCs have effects similar to those in mice.
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FIGURE 7. MLT promotes the therapeutic effect of ADMSCs in canine DM. (A) Weight changes. (B) Random blood glucose changes. (C) Islet H&E staining. (D) Insulin immunofluorescence staining. (E) Liver H&E staining. (F) Liver PAS staining. Values in this figure are the mean ± SE; n = 3 per group; ns > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 determined by a repeated-measures ANOVA. The dotted ellipse includes the location and size of the islets.




The Ability of Melatonin to Promote the Proliferation of Adipose-Derived Mesenchymal Stem Cells Depends on the Transforming Growth Factor β Pathway

Previous data have confirmed that MLT promotes the viability of ADMSCs in vitro (Figure 1), but the mechanism by which MLT regulates the viability of ADMSCs is unknown. The MLT receptor inhibitor luzindole and the TGF-βR1/ALK5 inhibitor SB431542 were combined with MLT to treat ADMSCs. When luzindole was used to inhibit MT1/MT2, the expression of MT1/MT2 in the ADMSCs was inhibited (Figure 8A), and cell proliferation slowed (Figures 8B–D). This finding explains why the effect of MLT on the activity of ADMSCs depends on its combination with MT1/MT2. The TGF-β pathway includes TGF-β ligands (TGF-β1, TGF-β2, and TGF-β3), TGF-β receptors (TGF-βR1 and TGF-βR2) and downstream Smad and Smad-related transcription factors. When the TGF-β inhibitor SB431542 was added, the cell proliferation caused by MLT was inhibited (Figures 8B–D). Inhibited TGF-β receptor, MLT still binds to MT1/MT2 (Figure 8A). The above results indicated that MLT firstly binds to the MT1/MT2 of ADMSCs, thereby affecting the TGF-β pathway. The expression of genes related to the TGF-β pathway was detected; it was found that MLT activated the TGF-β pathway (Figure 9A). With the activation of the cell cycle-related genes MYC/CREBBP/EP300, it is speculated that MLT activates the TGF-β pathway to promote the cell cycle renewal of ADMSCs, thereby promoting the viability of ADMSCs (Figure 9A). In addition, when the binding of MLT to MT1/MT2 was inhibited, the overall expression of TGF-β family and downstream genes was decreased (Figure 9B). The above results proved that MLT first combines with MT1/MT2 and then activates the TGF-β family, thereby affecting the cell cycle and promoting cell viability. Surprisingly, MLT promoted the ADMSCs to secrete more TGF-β, which explains the increased expression of the TGF-β receptors TGF-βR1 and TGF-βR2 and may be related to the mechanism by which MLT promotes the efficacy of ADMSCs (Figure 9C).


[image: image]

FIGURE 8. MLT depends on the MT1/MT2 receptor and activates the TGF-β pathway to promote the viability of ADMSCs. (A) MT1/MT2 immunofluorescence staining. (B) EdU staining. (C) EdU quantitative analysis. (D) Cell growth curve. Values in (C,D) are the mean ± SE; n = 3 per group; ns > 0.05, ∗p < 0.05, ∗∗∗p < 0.001 determined by a repeated-measures ANOVA.
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FIGURE 9. MLT activates the TGF-β pathway in ADMSCs. (A) TGFB expression level. (B) TGF-β pathway expression level. (C) ELISA was used to detect the amount of TGF-β secretion. Values in this figure are the mean ± SE; n = 3 per group; ns > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 determined by a repeated-measures ANOVA.




Inhibition of the Transforming Growth Factor β Pathway Blocked the Promotion of Adipose-Derived Mesenchymal Stem Cell Efficacy by Melatonin

To determine the function of TGF-β on the therapeutic effect of ADMSCs, MLT-ADMSCs treated with SB431542 were used to treat T2DM mice (Figure 10G). When TGF-β is inhibited, the recovery effect of ADMSCs on blood sugar levels, insulin resistance levels and islet remodeling is weakened (Figures 10A,C,D and Supplementary Figure 2). When TGF-β is inhibited, the recovery of liver function is weakened (Figures 10B,E). In addition, inhibiting TGF-β reduced the recovery effect on liver glycogen metabolism (Figure 10F). In summary, TGF-β is the key factor by which MLT impacts ADMSCs.
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FIGURE 10. Inhibition of the TGF-β pathway blocked the promotion of the efficacy of ADMSCs by MLT. (A) Levels of blood glucose metabolism and insulin resistance, including random blood glucose levels, OTGG, IRTs, and IPITT. (B) Liver function and glucose metabolism, including TC, TG, ALT, AST, and AST/ALT. (C) Pancreas H&E staining. (D) Pancreas immunofluorescence of insulin. (E) Liver H&E staining. (F) Liver PAS staining. (G) Experimental design. Values in this figure are the mean ± SE; n = 5 mice per group; ns > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 determined by a repeated-measures ANOVA.




Transplantation of Adipose-Derived Mesenchymal Stem Cells and Melatonin-Adipose-Derived Mesenchymal Stem Cells Is Safe for Animals

To determine the safety of ADMSCs and MLT-ADMSCs, healthy dogs were injected with ADMSCs and MLT-ADMSCs. The dogs’ physiological data were regularly checked, and residual ADMSCs were detected after 60 days. The physiological indicators of all dogs were within the normal range (Figures 11A,B). After 60 days, the residual status of ADMSCs was detected. ADMSCs and MLT-ADMSCs were not detected in the liver, kidney, pancreas, or spleen (Figure 11C). In general, all MSCs were cleared after 60 days, and there were no side effects in the dogs.
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FIGURE 11. Transplantation of ADMSCs and MLT-ADMSCs is safe for animals. (A) Routine blood examination. (B) Biochemical analysis. (C) PKH26 staining.





DISCUSSION

Thus far, many studies investigated the effect of MSCs treatment on various diseases. The main point of view is that MSCs differentiate into insulin-secreting cells, promote the regeneration of pancreatic islet β cells, protect endogenous pancreatic β cells, restore insulin resistance, improve glucose metabolism, etc., to achieve therapeutic effects (Rodríguez-Lozano et al., 2015; Zang et al., 2017; Hu and Li, 2019; Li et al., 2021; Xue et al., 2021). Studies have shown that MSC treat diseases by restoring body inflammation, ER stress, oxidative stress, autophagy, etc (Volarevic et al., 2011; Davey et al., 2014; Zang et al., 2017; Yu et al., 2019; He et al., 2020; Elshemy et al., 2021). However, there are still many problems in treatment using MSCs. Various unfavorable factors in vivo and in vitro affect the cell state of MSCs and hinder their therapeutic effect (Farahzadi et al., 2018; Hu and Li, 2019). Long-term in vitro culture leads to reduced MSC proliferation ability, senescence, and morphological changes (Danisovic et al., 2017; Farahzadi et al., 2018). Furthermore, 80–90% of ADMSCs died within 72 h after transplantation (Liu et al., 2009; Jeong and Cho, 2016; Danisovic et al., 2017). The low survival rate and proliferation rate of MSCs after transplantation are mainly due to the lack of nutrients or growth factors needed by MSCs in the body. Furthermore, adverse factors, such as oxidative stress and chronic inflammation in the body, affect the survival of MSCs in vivo (Han et al., 2016). Thus far, studies have attempted to promote the viability of MSCs in vivo and in vitro, but the effect is still not satisfactory, and research aiming to promote cell viability is lacking (Liu et al., 2009; Chen et al., 2014; Lee et al., 2014; Tang et al., 2014; Han et al., 2016; Shuai et al., 2016; Kadry et al., 2018).

Melatonin plays an important physiological role in the human body, and it has been determined that MLT plays an important role in the regulation of the circadian rhythm (Redman et al., 1983; McArthur et al., 1997). There are many advantages to using MLT for MSC culture. MLT are used as a component of cytoprotective agents to protect MSCs from oxidative stress, inflammation, apoptosis, and aging to regulate the cellular state of MSCs in vivo and in vitro (Calvo et al., 2013; Ma et al., 2013). Studies have shown that MLT promotes the proliferation and osteogenic differentiation of MSCs in vitro (Luchetti et al., 2010, 2014; Rodríguez-Lozano et al., 2015). In this study, we used MLT as an additive in the culture of ADMSCs in vitro. The results indicate that MLT promotes the viability of ADMSCs cultured in vitro. To explore how MLT affects ADMSCs, we used luzindole combined with MLT to treat ADMSCs. When the two receptors MT1/MT2 of MLT are inhibited, the pro-proliferation effect of MLT on ADMSCs disappears.

The TGF-β family is an important cytokine in the body that regulates cell proliferation and differentiation (Blobe et al., 2000). Studies have noted that TGF-β is essential for the proliferation of ADMSCs (Ng et al., 2008). We tested the expression of the TGF-β family and its downstream Smad and cell cycle-related transcription factors. After the MLT treatment, the ADMSCs expressed more TGF-β; the expression levels of TGF-βR1, TGF-βR2 and downstream Smad and cell cycle-related transcription factors also increased. We speculate that the proliferation of ADMSCs by MLT may be related to TGF-β. Then, we inhibited the TGF-βR1 of ADMSCs. It was found that when TGF-β was inhibited, the promotion of MLT on ADMSCs disappeared. Interestingly, the inhibition of TGF-β does not affect the expression of MT1/MT2. We also detected TGF-β in the culture medium of ADMSCs after MLT treatment. The above results explain the mechanism by which MLT promotes the activity of ADMSCs. The combination of MLT and MT1/MT2 promotes the secretion of TGF-β from ADMSCs. MLT improves the cell viability of ADMSCs through the TGF-β pathway.

Subsequently, we used ADMSCs pretreated with MLT to treat T2DM mice and dogs. We found that ADMSCs ameliorated the islet damage and liver damage caused by T2DM. The pancreas and liver are the key organs in T2DM, and their damage leads to T2DM. Two characteristics of T2DM are hyperglycemia and insulin resistance. Damage to pancreatic β cells leads to a decrease in insulin secretion, while liver damage leads to a decrease in the sensitivity of the liver to insulin, leading to hyperglycemia and insulin resistance. The underlying mechanism is mainly due to impaired liver glucose metabolism caused by hyperglycemia stimulation, resulting in insulin resistance, which, in turn, leads to pancreatic β cell damage (American Diabetes Association, 2015).

To determine whether TGF-β is a key factor in MLT function, we used MLT-ADMSCs that inhibit TGF-β to treat T2DM. The results showed the key role of TGF-β. After inhibiting the secretion of TGF-β, the effect of MLT almost disappeared and was even weaker than that of ADMSCs. This result reveals the key role of TGF-β in MLT function. Moreover, the inhibition of TGF-β reduces the efficacy of ADMSCs to a lower level, implying that TGF-β plays a key role in the treatment of MSCs.

Some studies report that ER stress and chronic inflammation are also potential killers of T2DM and cause other complications of T2DM (Hu et al., 2018). Inflammation and ER stress are self-protection measures caused by the body to resist unfavorable factors, but their abnormal occurrence is harmful to the body. We detected the inflammation and ER stress levels in T2DM mice. When T2DM occurs, inflammation and ER stress coexist. After the ADMSC treatment, liver and pancreas inflammation and ER stress were improved. The MLT pretreatment of ADMSCs strengthens these effects. We detected more TGF-β in the culture medium of the ADMSCs after the MLT treatment. The promoting effect of MLT on the efficacy of ADMSCs includes two aspects. First, MLT promotes cell viability and achieves a better therapeutic effect in the body. Second, MLT promotes ADMSCs to secrete more TGF-β, which may be related to a stronger anti-inflammatory and anti-ER stress. In addition, existing studies mostly use human-derived MSCs to treat mouse T2DM models, and xenogeneic therapy has many defects. We used canine-derived ADMSCs to treat mouse and canine disease models, which simulated xenogeneic therapy and allogeneic therapy well, provided a new solution for clinical research concerning MSC therapy and solved the ethical limitations of MSC homologous therapy. Furthermore, as a companion animal of humans, dogs have a living environment and habits that are closer to those of humans. Dogs are a good animal disease model and serve as good subjects for the clinical advancement of MSC treatment.

Melatonin promotes the differentiation ability of MSCs. Off-target differentiation and cancer cell transformation have always plagued the treatment of MSCs. In previous studies, the effect of MLT on the differentiation ability of ADMSCs was partially identified, proving the salvage effect of MLT on the osteogenic differentiation potential of aging ADMSCs. In this study, we observed the cell morphology of ADMSCs treated with MLT, performed morphological staining (Figures 1A,B), and confirmed that the morphology of MSCs was normal. We transplanted ADMSCs and MLT-ADMSCs into healthy dogs, and the results showed that ADMSCs and MLT-ADMSCs are safe. There was no residual phenomenon 60 days after the treatment.

Unfortunately, this experiment did not further explore whether TGF-β is directly related to the efficacy of MSCs. More research concerning the function of TGF-β in the treatment of MSCs is needed in the future. There is still a lack of stronger evidence exploring more mechanisms by which MLT promotes the efficacy of ADMSCs. Our research did not prove the relationship between ADMSCs’ anti-inflammatory effect and anti-endoplasmic reticulum stress. We know that ADMSCs were anti-inflammatory and anti-ER stress in the body. Since ER stress and inflammation often occur at the same time, it is urgent to research the relationship between endoplasmic reticulum stress and inflammation. Furthermore, as a new animal disease model, more research is needed to establish canine disease models that mimic human diseases. It is necessary to further explore the treatment mechanism of ADMSCs to support the use of ADMSCs in clinical treatment.



CONCLUSION

In this study, MLT was used as an additive to culture ADMSCs in vitro. MLT binds MT1/MT2 and activates the TGF-β pathway, thereby affecting the cell cycle changes of ADMSCs and promoting the viability of ADMSCs. ADMSCs primed with MLT were used to treat T2DM in mice and dogs. ADMSCs restore hyperglycemia, insulin resistance, insulin sensitivity, and glucose metabolism in T2DM by restoring inflammation and ER stress in the pancreas and liver. The MLT improved the anti-inflammatory and anti-ER stress abilities of ADMSCs through TGF-β and improved the therapeutic effect, and which is safe and valuable for pet clinic.
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Despite significant scientific advances toward the development of safe and effective radiation countermeasures, no drug has been approved for use in the clinic for prevention or treatment of radiation-induced acute gastrointestinal syndrome (AGS). Thus, there is an urgent need to develop potential drugs to accelerate the repair of injured intestinal tissue. In this study, we investigated that whether some fractions of Traditional Chinese Medicine (TCM) have the ability to regulate intestinal crypt cell proliferation and promotes crypt regeneration after radiation. By screening the different supplements from a TCM library, we found that an active fraction of the rhizomes of Trillium tschonoskii Maxim (TT), TT-2, strongly increased the colony-forming ability of irradiated rat intestinal epithelial cell line 6 (IEC-6) cells. TT-2 significantly promoted the proliferation and inhibited the apoptosis of irradiated IEC-6 cells. Furthermore, in a small intestinal organoid radiation model, TT-2 promoted irradiated intestinal organoid growth and increased Lgr5+ intestinal stem cell (ICS) numbers. More importantly, the oral administration of TT-2 remarkably enhanced intestinal crypt cell proliferation and promoted the repair of the intestinal epithelium of mice after abdominal irradiation (ABI). Mechanistically, TT-2 remarkably activated the expression of ICS-associated and proliferation-promoting genes and inhibited apoptosis-related gene expression. Our data indicate that active fraction of TT can be developed into a potential oral drug for improving the regeneration and repair of intestinal epithelia that have intestinal radiation damage.

Keywords: intestinal epithelium, active fractions of Trillium tschonoskii, intestinal organoid, radiation, regeneration


INTRODUCTION

A high dosage of ionizing radiation in pelvic and abdominal cancer radiotherapy or radiological emergency scenarios can cause acute gastrointestinal syndrome (AGS) in those affected (Booth et al., 2012; Chapel et al., 2013). Under irradiation, epithelial cells in intestinal villi and crypts are easily injured; this causes cell apoptosis or death. As the gastrointestinal epithelial integrity is destroyed, patients with AGS suffer from different degrees of nausea, vomiting, disturbance of water and electrolytes, loss of the intestinal immune barrier, bacteremia and sepsis, and even death (Shadad et al., 2013). Thus, it is essential to use radiation countermeasure agents to ameliorate AGS symptoms or rescue patients. However, so far, there is no effective drug approved for application in the clinical setting for prevention and treatment of AGS.

Several labs have been devoted to develop effective radiation protectants or mitigators. A variety of agents that function differently, including blockers of oxygen consumption, free radical scavengers, somatostatin analogs, growth factors, TLR5 agonists, endothelial protection drugs, vitamin E analogs, and Chinese herbal medicine have shown protective or mitigative effects in animal models with multiple types of intestinal radiation damage (Berbee and Hauer-Jensen, 2012; Shadad et al., 2013; Choi et al., 2019). However, it remains an unmet target to develop radiation countermeasure drugs to accelerate the regeneration of radiation-injured intestinal tissue. In vitro drug screening systems based on cell lines or primary cells are often used for drug discovery (Ayehunie et al., 2018; Dutton et al., 2019). The rat intestinal crypt cell line, rat intestinal epithelial cell line 6 (IEC-6), is a good cell model for the discovery of new chemical compound with the ability to mitigate the effects of radiation-induced intestinal epithelial damage (Wang S. et al., 2020). The stem cell population in intestinal crypts is responsible for intestinal villi renewal and regeneration after injury in vivo. This process is mainly driven by intestinal crypt base columnar cells, which are active, fast-cycling intestinal stem cells (ISCs) marked by Lgr5, CD133, and Sox9 expression (Rizk and Barker, 2012; Roche et al., 2015). Recently, using a three-dimensional extracellular matrix culture system, ISCs were cultured to grow into self-organizing mini-gut structures, e.g., intestinal organoids (Sato and Clevers, 2013; Sugimoto and Sato, 2017; Wallach and Bayrer, 2017; Rahmani et al., 2019). The intestinal organoid culture technique provides a real intestinal epithelium model to evaluate the effect of radiation countermeasure agents (Kim et al., 2020; Martin et al., 2020).

Some Traditional Chinese Medicine (TCM) have been reported to play a protective or mitigative role in radiation-induced intestinal toxicity (Kim et al., 2002; Liu et al., 2006; Dutta et al., 2012; Rockwell et al., 2013; Yang et al., 2019). It is valuable and meaningful to find more effective TCM that can modulate intestinal epithelial cell function. Hence, we performed a preliminary screening experiment using an intestinal crypt cell line (IEC-6) culture and colony-forming assays after irradiation to evaluate the function of some TCM and their fractions collected in our lab. Notably, we found that an active fraction of the rhizomes of Trillium tschonoskii Maxim (TT), strongly increased the colony-forming ability of irradiated IEC-6 cells. TT is a perennial herb plant distributed in most areas of central and western mainland China (Wang B. et al., 2020). The rhizomes of this plant are used as a folk medicine (“Yan-lingcao”) for the treatment of neurasthenia, cancer, headache, and some inflammatory diseases in the clinic (Wang S. et al., 2020). Here, we firstly reported that an active fraction of TT with the ability to decrease the apoptosis and enhance the proliferation of irradiated intestinal epithelia in vitro. Using an in vitro intestinal organoid culture system and a high-dose abdominal irradiation (ABI) model, we characterized the role of the active fraction of TT in intestinal epithelia repair following radiation injury. Herein, we provide scientific evidence for the use of the active fraction of TT as a potential drug to ameliorate AGS.



MATERIALS AND METHODS


Separation and Extraction of the Fractions of Trillium tschonoskii

Rhizomes of TT (collected from the Shennongjia, Hubei province; 3 kg) were crushed and extracted using 50% EtOH with three refluxes (24 L, 24 L, 24 L, each for 2 h). The filtered solution was concentrated in vacuo and centrifugated to obtain the supernatant and sediment. The supernatant was passed through an SP825 macroporous resin column (column volume 6 L) and eluted using a gradient condition of EtOH-H2O (v/v, 0:100 → 15:85 → 30:70 → 50:50 → 75:25 → 95:5, three column volumes per concentration) to yield six fractions (TT-1 to TT-6). TT-2 (15% EtOH elution) was lyophilized to yield 20.0 g powder, and half of TT-2 was dissolved in water and then subjected to an HP20 macroporous resin column (column volume 2 L) and eluted using a gradient condition of EtOH-H2O (v/v, 0:100 → 15:85 → 50:50, three column volumes per concentration) to yield three fractions named TT-2-0 (8.1 g), TT-2-15 (1.1 g), and TT-2-50 (0.5 g).



Cells, Mice, and Radiation Treatment

IEC-6 cells were obtained from the American Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% (v/v) CO2 under a humidified atmosphere. The cells were irradiated at a rate of 54.22 cGy/min using a 60Co irradiator with a total dose of 10 Gy. The irradiated cells were cultured in a medium with or without the addition of TT-2 (10 μg/mL), and TT-2 was dissolved in water to configure different concentrations.

C57BL/6 mice were obtained from a commercial vendor (Beijing Vital River Laboratory Animal Technology Co., Ltd.) and housed under standardized conditions with controlled temperature and humidity and a 12/12-h day/night light cycle for 7 days. The mice were anesthetized by intraperitoneal injection of pentobarbital, and then the abdomen part or mice were exposed to irradiation (non-abdomen body parts including the skeleton were shielded with lead blocks) at a rate of 54.22 cGy/min using a 60Co irradiator (Beijing Institute of Radiation Medicine, Beijing, China) with a total dose of 14 Gy. For oral delivery, TT-2 was dissolved in water at a concentration of 10 mg/kg and administered by gavage every day from day −2 to 4. C57BL/6 mice were exposed to 14 Gy ABI on day 0. After irradiation, 200 μL water with or without TT-2 was delivered by gavage to each mouse. The irradiated mice were kept in sterile water containing antibiotics after irradiation.

Irradiated IEC-6 cells (∼1,000) were seeded in six-well plates and incubated for 7 days with or without fractions derived from a TCM bank collected in our lab. After the colonies were fixed and stained with crystal violet, colony numbers were counted. Three repeated experiments were carried out in each group.



5-Ethynyl-2′-Deoxyuridine Incorporation and Detection

The EdU assay was performed using an EdU Kit (RiboBio, C10310-1). Irradiated IEC-6 cells were cultured with or without TT-2 (10 μg/mL) for 48 h in DMEM supplemented with 10% FBS, and then switched to fresh DMEM supplemented with EdU (50 μM) and incubated for 2 h; this was followed by fixation, permeabilization, and EdU staining with Apollo567 (RiboBio, C00031). The nuclei were stained with DAPI, and the staining of EdU-positive cells was observed using fluorescent reverse microscopy (UltraVIEW VOX, PerkinElmer). The percentage of incorporation of EdU in the nucleus of irradiated IEC-6 cells in each field was calculated and expressed as the mean ± SD. For flow cytometry assays, the cells were exposed to 10 μM EdU for 2 h at 37°C, and were prepared and treated using a Click-iTTM Plus EdU Alexa FluorTM 647 Flow Cytometry Assay Kit (C10635, Thermo Fisher Scientific) according to the manufacturer’s instructions. Flow cytometry analysis was performed using the FACSCalibur platform (BD Biosciences) to detect EdU incorporation.



Apoptosis Assays

Irradiated IEC-6 cells were cultured with or without TT-2 (10 μg/mL) in DMEM supplemented with 10% FBS. After 48 h of incubation, an apoptosis detection kit (AD10, DOJINDO) was used according to the manufacturer’s instructions to test the apoptosis rate. In brief, after the cells were collected and washed with PBS, then were labeled with Annexin V [Fluorescein Isothiocyanate (FITC)] and PI Solution, and incubated for 15 min in the dark at room temperature. Then the apoptosis rate was measured in a flow cytometer. All the experiments were repeated three times.

TUNEL staining was carried out according to the manufacturer’s instructions (Promega). The mouse intestinal slides were incubated with proteinase K for 20 min at room temperature and washed with PBS, then incubated in TdT buffer containing TUNEL reaction mixture at 37°C for 1 h. Afterward, the slides were counterstained with DAPI to label DNA and thus the cell nucleus and mounted for fluorescent microscopy with Nikon fluorescence microscope. Quantitation analysis of the TUNEL assay results was done by counting DAPI-staining cell numbers and the TUNEL-positive cell numbers in the intestinal crypts and villi to calculate the apoptotic cells. There are 3 mice in each group, and at least 30 villi or crypts in the small intestine were counted for the number of positive cells.



qRT-PCR Assays

Cells were collected and total RNA was isolated using TRIzol reagent (15596018, Invitrogen) according to the manufacturer’s instructions. Then, 800 ng of total RNA was reverse-transcribed into cDNA. Real-time quantitative PCR analysis was performed on a Bio-Rad CFX Connect Real-time System thermocycler using the SYBR Green PCR Master Mix (TaKaRa). The RNA levels were normalized using HPRT or GAPDH as an internal control. All the experiments were repeated three times. The primers are shown in detail in Supplementary Table 1.



Crypt Isolation and Organoid Culture

The small intestines of mice were opened longitudinally and washed repeatedly with cold PBS (containing 100 U/mL or 100 μg/mL penicillin/streptomycin) until there were no visible impurities. The tissue was cut into 2–3 mm pieces, which were placed in cold 2.5 mM EDTA (AM9261, Invitrogen) at 4°C for 30 min. After removal of the EDTA medium, the tissue fragments were shaken to release crypts and then passed through a 70 μm cell strainer to remove the remaining villi. Isolated crypts were washed with cold PBS containing 0.1% BSA (A3311, Sigma) and centrifuged (∼290 × g) 10 times for enrichment. The crypts were buried in 30 μL cold Matrigel® matrix (356231, Corning) and 30 μL IntestiCultTM Organoid Growth Medium (06005, STEMCELL) at a density of 200 crypts per well. Fresh medium was replaced every 3 days.



Hematoxylin and Eosin Staining Assays

Paraffin sections of the small intestine were melted at 56°C for 30–60 min and hydrated in 100, 90, and 70% ethanol for 5 min. The sections were immersed in Mayer hematoxylin (ZLI-9610, Zsbio) for 5 min without differentiation, and then immersed in acidified eosin ethanol solution (ZLI-9613, Zsbio) for 2–5 min. The length of villus or crypt in each group was determined by counting 30 intact villi or crypts and reported as the mean ± SD. Three mice were used in each group.



Immunohistochemistry Assays

Paraffin sections were incubated overnight with primary antibodies in 1% horse serum albumin (PK-6200, Vector) at 4°C. The next day, the samples were washed with PBS and incubated with secondary antibodies at 25°C for 1 h. After washing with PBS, the sections were developed using ImmPACT® NovaRED® Substrate, Peroxidase (HRP) (SK-4805, Vector) for color reaction, and then observed under a microscope. The number of positive cells in 30 complete crypts was counted and expressed as the mean ± SD. Three mice were used in each group. The antibodies used were anti-BrdU (5292, CST), anti-Ki67 (9129, CST), anti-Cyclin D1 (2978, CST), anti-Lgr5/GPR49 (MAB8240, R&D Systems), anti-Sox9 (82630, CST), anti-Lysozyme (ab108508, Abcam), anti-Chromogranin A (GTX113165, GeneTex), and anti-Muc2 (GTX100664, GeneTex).



In situ Hybridization

A small section of the intestine was embedded and made into paraffin sections. Then the RNA scope in situ hybridization 2.5 HD red detection kit (Advanced Cell Diagnostic, Newark, CA, United States) was used according to the manufacturer’s instructions to process the intestinal sections. In brief, the intestinal tissue underwent target retrieval, permeabilization, hybridization of Lgr5 (MAB8240, R&D Systems), amplification, and visualization using DAB-A and DAB-B. And then the intestinal sections were observed under a microscope. The expression of Lgr5 was quantitatively analyzed according to the five-grade scoring system recommended by the manufacturer (0, no staining; 1, 1–3 dots/cell; 2, 4–10 dots/cell; 3, >10 dots/cell; 4, >15 dots/cell with >10% of dots in clusters). The H-score was calculated as: (% of grade 1 cells × 1) + (% of grade 2 cells × 2) + (% of grade 3 cells × 3) + (% of grade 4 cells × 4). In addition, a cell with one or more dots was regarded as Lgr5-positive. Three mice were used in each group.



Fluorescein Isothiocyanate-Dextran Test

C57BL/6 mice were orally administrated with 200 μL water with or without 10 mg/kg TT-2 from day −2 to 4. These mice were exposed to 14 Gy ABI on day 0. Four days after irradiation, FITC-Dextran (Sigma-Aldrich, St. Louis, MO, United States) was administered to the mice by oral gavage at a concentration of 0.6 mg/g body weight and a volume of 20 μL. Four hours after gavage, the serum of mice was collected, and 50 μL of both diluted serum samples and standards as well as blanks (PBS and diluted serum from untreated animals), were transferred to black 96-well microplates. FITC-Dextran concentrations were analyzed with a fluorescence spectrophotometer and fluorescence intensity was measured (excitation, 492 nm; emission, 525 nm).



Statistical Analysis

Data were expressed as means ± SD. The paired t-test was used to determine the statistical significance between the two groups. One-way ANOVA followed by Dunnett’s post hoc test was used to compare the means of three or more independent groups. Results with p < 0.05 were considered statistically significant.



RESULTS


Active Fraction of Trillium tschonoskii Increases Colony-Forming Ability of Irradiated IEC-6 Cells

To discover traditional Chinese herbs that may enhance intestinal epithelial repair after irradiation, we firstly chose a TCM library to screen potential effective fractions by performing the colony-forming assay of IEC-6 cells after 10 Gy irradiation (Figure 1A). We found that over 10 fractions from the TCM library increased the number of colonies formed by irradiated IEC-6 cells (data not shown). Notably, the active fractions of Trillium tschonoskii extracts (TT) numbered TT-2 caused 1.4-fold increases in the number of colonies formed by irradiated IEC-6 cells (Figure 1B). TT-2 was then isolated into three kinds of active fractions after elution with different concentrations of ethanol (0, 15, and 50%), these were named TT-2-0, TT-2-15, and TT-2-50. All these active fractions significantly increased the number of colonies formed by irradiated IEC-6 cells (Figure 1C). TT-2 and TT-2-0 were the same fraction from the TCM, and showed a better effect on increasing the colony-forming ability of irradiated IEC-6 cells than TT-2-15 and TT-2-50. These results indicated that the active fractions of TT might have the ability to promote intestinal cell regeneration after irradiation.
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FIGURE 1. Active fraction of Trillium tschonoskii (TT) promoted colony formation of rat intestinal epithelial cell line 6 (IEC-6) cells. (A) Schematic diagram of colony formation by IEC-6 cells after 10 Gy irradiation. (B) Representative colony image and colony numbers formed by IEC-6 cells after 10 Gy irradiation and addition of H2O, or TT-2 to the culture medium (**p < 0.01, scale bar = 1 cm). (C) Representative colony staining image and colony numbers formed by IEC-6 cells after 10 Gy irradiation and addition of TT-2 or samples isolated after elution with different concentrations of ethanol (TT-2-0, TT-2-15, and TT-2-50) (*p < 0.05, **p < 0.01, scale bar = 1 cm).




Active Fraction of Trillium tschonoskii Promotes Proliferation and Inhibits Apoptosis of Irradiated IEC-6 Cells

We performed EdU incorporation experiments to further evaluate whether the active fraction of TT could directly regulate the proliferation of intestinal crypt cells after irradiation. The results of immunostaining of incorporated EdU showed that TT-2 and TT-2-0 notably increased the incorporation of EdU in the nucleus of irradiated IEC-6 cells compared to that in the control group (Figure 2A). Flow cytometry data of EdU-incorporated cell percentages also demonstrated a similar role of TT-2 and TT-2-0 in enhancing incorporation (Figure 2B). Next, we assessed the apoptosis rate of irradiated IEC-6 cells after TT-2 or TT-2-0 treatment for 48 h. The apoptotic cell percentage of irradiated cells was significantly lower in the TT-2 or TT-2-0 treatment group than in the controls (Figure 2C). Given that TT-2 and TT-2-0 were the same active fraction from TT, we chose TT-2 to further evaluate its role in proliferation- and apoptosis-related gene expression. The qPCR results demonstrated that TT-2 treatment significantly enhanced the expression of the proliferation-related genes, Cyclin D1 and Myc (Figure 2D). The expression levels of the anti-apoptosis-related gene, Bcl-2, significantly increased after TT-2 treatment. In contrast, the expression of the p53 gene was inhibited by TT-2 (Figure 2E). These results indicated that TT-2 might have enhanced intestinal crypt cell regeneration mainly by regulating irradiated crypt cell proliferation and inhibiting cell apoptosis.
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FIGURE 2. Active fraction of Trillium tschonoskii (TT) promoted proliferation and inhibited apoptosis of IEC-6 cells after irradiation. (A) Immunostaining analysis of EdU in IEC-6 cells after irradiation with or without TT-2 or TT-2-0 for 48 h (**p < 0.01, scale bar = 80 μm). (B) Percentage analysis of EdU incorporation for 4 h in IEC-6 cells after 10 Gy irradiation with or without TT-2 or TT-2-0 (**p < 0.01). (C) Percentage of apoptotic cells among IEC-6 cells after 10 Gy irradiation with or without TT-2 or TT-2-0 treatment for 48 h (**p < 0.01). (D) qPCR for proliferation-related gene expression in IEC-6 cells after 10 Gy irradiation with or without TT-2 treatment for 48 h (*p < 0.05, **p < 0.01). (E) qPCR for apoptosis-related gene expression in IEC-6 cells after 10 Gy irradiation with or without TT-2 treatment for 48 h (*p < 0.05, **p < 0.01).




Trillium tschonoskii-2 Promotes Intestinal Organoid Growth After Irradiation

To determine whether TT-2 could directly act on in vitro ISC proliferation, freshly isolated small intestinal crypts of normal mice were cultured for 4 days to form organoids, and then exposed to 6 Gy radiation (Figure 3A). After irradiation, cells were incubated in TT-2 containing culture medium for 3 days. The imaging data showed that TT-2 significantly increased the total organoid number, budding number, and surface area of each organoid at 0.7-, 1.9-, and 1.1-fold, respectively, compared to those in the control group on day 3 after 6 Gy irradiation (Figure 3B). By employing Lgr5-EGFP-IRES-creERT2 mice, we found that the irradiated organoids cultured with TT-2 showed a markedly increased percentage of Lgr5-EGFP+ cells at 1.9-fold (Figure 3C). The EdU incorporation percentage of TT-2-treated organoids was increased by 0.5-fold compared with the controls (Figure 3D). Gene expression analysis of these irradiated organoids showed that TT-2 significantly upregulated the transcription of ISC-related and proliferation-promoting genes such as Ascl2, Bmi1, Mam1, Cyclin D1, Myc, Fos, and Jun at 48 h after irradiation (Figures 3E,F). The apoptosis-related genes, such as Caspase-3 and Bax, in the irradiated intestinal organoids were remarkably downregulated by TT-2 (Figure 3G). These observations indicated that TT-2 promoted intestinal organoid growth and ISC proliferation in vitro.
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FIGURE 3. Active fraction of Trillium tschonoskii (TT) promoted intestinal organoid growth after irradiation. (A) Schematic diagram of organoid isolation and irradiation. (B) Representative phase contrast microscopic images of intestinal organoids cultured in presence of TT-2, and quantification of organoid numbers per well, bud numbers, and surface area of each organoid (**p < 0.01, scale bar = 100 μm). (C) Representative dot plots and percentages of EGFP+ cells in the intestinal organoids with or without TT-2. The intestinal crypts were isolated from Lgr5-EGFP-IRES-creERT2 mice (**p < 0.01). (D) The percentage analysis of EdU incorporation for 4 h in organoids after 6 Gy irradiation with or without the addition of TT-2 to the medium for 48 h (**p < 0.01). (E) qPCR for ISC-related gene expression in organoids after 6 Gy irradiation with or without TT-2 treatment for 48 h (*p < 0.05, **p < 0.01). (F) qPCR for proliferation-related gene expression in organoids after 6 Gy irradiation with or without TT-2 treatment for 48 h (**p < 0.01). (G) qPCR for apoptosis-related gene expression in organoids after 6 Gy irradiation with or without TT-2 treatment for 48 h (**p < 0.01).




Trillium tschonoskii-2 Enhances Repair of Intestinal Epithelium in Mice After Abdominal Irradiation

Acute and lethal intestinal crypt injury is triggered upon exposure to high doses of radiation (>12 Gy) (Kuhnert et al., 2004; Chen et al., 2014). To evaluate the beneficial effects of TT-2 on radiation-induced intestinal tissue damage, C57BL/6 mice were exposed to 14 Gy ABI on day 0, and were gavaged TT-2 or H2O every day from day −2–4 (Figure 4A). It has been reported that ISCs in the crypt base are initially inactive, are activated within several hours to 4 days after irradiation, and are mainly responsible for crypt regeneration (Booth et al., 2012; Yan et al., 2012). Therefore, we collected intestinal tissue 4 days after ABI. Notably, oral administration of TT-2 improved intestinal tissue morphology (Figure 4B). Histological analysis of H&E-stained intestinal sections showed that TT-2 administration significantly increased intestinal villus and crypt lengths compared to those in the control group (Figure 4B). The villus and crypt length in the TT-2 group was remarkably higher than in the control group, 4 days after irradiation (Figure 4B). After treatment with TT-2, the number of apoptotic cells in the villus and crypt was significantly decreased (Figure 4C). To gain insight into the proliferative status of the intestinal crypts upon irradiation and TT-2 treatment, we performed a 12 h bromodeoxyuridine (BrdU) tracer experiment. We observed a 2.1-fold increase in the percentage of BrdU+ cells in the small intestine section of TT-2-treated mice than that in the controls 4 days after irradiation (Figure 4D). The immunohistochemical staining results demonstrated significant increases in the positive cell number of Ki67 and Cyclin D1 in the crypt of TT-2-treated mice, as shown by the brown staining of the intestinal tissue sections (Figures 4E,F). On day 4 post ABI, TT-2- treated intestinal tissue sections showed significant increases in the numbers of Ki67+ cells and Cyclin D1+ cells by 2.8-fold and 1.1-fold, respectively (Figures 4E,F). We also detected the expression of Lgr5 mRNA and Sox9 protein in the small intestine sections, these are active ISC markers and are critical for crypt regeneration. Using an in situ hybridization assay, we found that TT-2 administration significantly improved the expression of Lgr5 mRNA in the intestinal crypts (Figure 5A). We also found that TT-2 administration significantly enhanced the percentage of Sox9+ cells compared with that in the control group, 4 days after ABI (Figure 5B). The expression levels of the ISC-related genes, such as Lgr5, Sox9, Dclk1, Hopx, Tert, and Prox1, significantly increased after TT-2 treatment at 96 h after ABI (Figure 5C). To further evaluate the role of TT-2 in repairing intestinal epithelial cells after irradiation, we analyzed several types of intestinal epithelial cells after 14 Gy ABI, including enteroendocrine, Paneth, and goblet cells. Immunohistochemical staining results showed that TT-2 administration significantly increased the positivity rate of Chga for enteroendocrine cells, Lysozyme for Paneth cells, and Muc2 for goblet cells in the intestinal sections (Figures 6A–C). Gene expression analysis of the irradiated mice showed that TT-2 significantly upregulated the expression of Chga, Lysozyme, and Muc2 genes at 48 h after irradiation (Figure 6D). We then employed FITC-Dextran assay to evaluate the effect of TT-2 on intestinal permeability in mice after irradiation. TT-2 administration significantly reduced the FITC-Dextran level in the serum of mice at day 4 after 14 Gy irradiation (Figure 6E). The result indicated that TT-2 administration decreased intestinal epithelial permeability and prevented gut leakiness to a greater extent in mice after irradiation. These data suggested that TT-2 promoted ISC differentiation and the repair of the intestinal epithelium of mice after high dosage of ABI.
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FIGURE 4. TT-2 promoted proliferation of small intestinal epithelial cells. (A) Time schedule for TT-2/H2O oral administration to mice after 14 Gy irradiation. (B) Representative H&E-stained sections and quantification of villus and crypt length 4 days after irradiation (**p < 0.01, scale bar = 200 μm). Three mice from each group were used. (C) Representative TUNEL-stained images and the quantification of the TUNEL+ cells in the villus and crypt of the small intestine on day 4 after 14 Gy WBI and different treatments (**p < 0.01, Scale bar = 50 μm). (D) Representative BrdU-stained sections and quantification of BrdU+ cells in crypt of small intestine after 14 Gy ABI and different treatments (**p < 0.01, scale bar = 100 μm). Three mice from each group were used. (E) Representative Ki67-stained sections and quantification of Ki67+ cells in crypt of small intestine after 14 Gy ABI and different treatments (**p < 0.01, scale bar = 100 μm). Three mice from each group were used. (F) Representative Cyclin D1-stained sections and quantification of Cyclin D1+ cells in crypt of small intestine after 14 Gy ABI and different treatments (**p < 0.01, scale bar = 100 μm). Three mice from each group were used.
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FIGURE 5. TT-2 promoted intestinal stem cell proliferation of mice after 14 Gy ABI. (A) Representative images of in situ hybridization for Lgr5 mRNA in intestinal crypts after 14 Gy ABI and different treatments (**p < 0.01, scale bar = 100 μm). Three mice from each group were used. (B) Representative Sox9-stained sections and quantification of Sox9+ cells in crypt of small intestine after 14 Gy ABI and different treatments (**p < 0.01, scale bar = 100 μm). Three mice from each group were used. (C) qPCR for Lgr5, Sox9, Dclk1, Hopx, Tert, and Prox1 gene expression in mice after 14 Gy irradiation with or without TT-2 treatment for 96 h after ABI (**p < 0.01).
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FIGURE 6. TT-2 enhanced the integrity of intestinal epithelium of mice after 14 Gy ABI. (A) Representative Chga-stained sections and quantification of Chga+ cells in crypt of small intestine after 14 Gy ABI and different treatments (**p < 0.01, scale bar = 100 μm). Three mice from each group were used. (B) Representative lysozyme-stained sections and quantification of lysozyme+ cells in crypt of small intestine after 14 Gy ABI and different treatments (**p < 0.01, scale bar = 100 μm). Three mice from each group were used. (C) Representative Muc2-stained sections and quantification of Muc2+ cells in crypt of small intestine after 14 Gy ABI and different treatments (**p < 0.01, scale bar = 100 μm). Three mice from each group were used. (D) qPCR for differentiation-related gene expression in mouse intestinal epithelial cells after 10 Gy irradiation with or without TT-2 treatment for 48 h (**p < 0.01). (E) The FITC-Dextran level in the serum of mice on day 4 after 14 Gy ABI and treatment with water with or without TT-2 from day −2 to 4 (**p < 0.01).




DISCUSSION

In this study, we discovered a novel function of an active fraction of TT, TT-2, it promoted intestinal epithelial repair after irradiation. To the best of our knowledge, this is the first report on the mitigative function of this natural product on radiation-induced intestinal toxicity. TT-2 enhanced colony formation, promoted cell proliferation, and inhibited apoptosis of the irradiated intestinal crypt cell line, IEC-6. TT-2 also enhanced the growth of an irradiated intestinal organoid model. Results of in vivo experiments indicated that oral administration of TT-2 significantly improved the expression of ISC-related genes and enhanced crypt regeneration and epithelial repair of radiation-damaged intestinal tissue.

Radiotherapy is often used to kill residual tumor cells in clinics. However, abdominal or pelvic tumor radiotherapy is painful for patients with various symptoms, such as AGS, which limits the dosage of radiation. The lack of effective drugs with mitigative effects on AGS has stimulated efforts to find new and potential drugs to reduce radiation-induced intestinal damage and enhance intestinal epithelial repair. Primary screening of effective agents using intestinal cell lines or organoid models combined with special phenotype analysis will provide a clue to discover natural products or compounds with radiation countermeasure potential. China has abundant traditional herbs and several natural herbal products have been reported to play a beneficial role in tissue-injury repair (Meng et al., 2020). Hence, we established a screening system based on counting the numbers of colonies formed by irradiated IEC-6 cells treated with different constituents from a TCM library, which contains different extracts of TT. Some scientists are devoting to isolate and purify the chemical ingredients of TT and investigate the function of them. Accumulated evidence indicates that there are various constituents in TT with diverse function (Yan et al., 2016; Wang et al., 2018; Wang B. et al., 2020). The total saponins of TT showed the protective and repair-promoting effects on injured brain cells (Ludwig et al., 2018). However, a kind of chemical compounds, spirostanol saponins, showed an inhibitory role on the growth or/and metastasis of tumor cells (Huang et al., 2011). Interestingly, we found that a number of furostanol saponins isolated from TT promoted the expansion of hematopoietic stem and progenitor cells (Wang B. et al., 2020). Here, we also tested the effect of these saponin ingredients from TT on irradiated intestinal cell proliferation in primary screening step. TT-4 to TT-6, which mainly consist of steroidal saponins, showed less effect on enhancing the colony number of irradiated IEC-6 cells than TT-2 (data not shown). Thus, we further investigated the role of TT-2 on irradiated intestinal cells by using other proliferation-related detection criteria. The ingredients of TT-2 are different from TT-4 to TT-6, which mainly consists of oligosaccharide components according to our purification method and sample analysis results. It is difficult to further purify each oligosaccharide from TT-2 due to the limited oligosaccharide purification technique (Moravcova et al., 2021). We first found the novel function of TT-2 in improving irradiated intestinal epithelial regeneration by employing the colony-forming screening model. EdU incorporation detection and cell apoptosis analysis results indicated that TT-2 enhanced regeneration mainly by increasing cell proliferation and suppressing the apoptosis of irradiated IEC-6 cells. Results of gene expression analysis further supported these observations, indicating that TT-2 has a positive effect on the survival and proliferation of irradiated IEC-6 cells. We also confirmed the similar effect of TT-2 on human intestinal epithelial cell line HIEC-6. TT-2 significantly promoted the incorporation of EdU in the nucleus, increased the expression of proliferation-related genes and inhibited the expression of apoptosis-related genes in irradiated HIEC-6 (Supplementary Figures 1A–C). Notably, TT-2 showed no significant cytotoxic effect on unirradiated intestinal epithelial cells, and there was no obvious difference in the colony-forming number of unirradiated IEC-6 cells treated with different concentration of TT-2 (Supplementary Figures 2A,B).

To reduce the cost of research and development of new drugs and the risk of failure, many labs and pharmaceutical companies have focused on the development of predictive and reliable cell or tissue models for primary screening of drug-candidate efficacy in vitro. In recent years, several breakthroughs have been achieved regarding the culture of ISC-derived intestinal organoids (Ootani et al., 2009; Sato et al., 2009; Jung et al., 2011; Mahe et al., 2013; Wang et al., 2013). Intestinal organoids have the epithelial architecture and physiological characteristics of the intestine, and are more effective and useful models for investigating factors that regulate ISC self-renewal, proliferation, and differentiation (Sato et al., 2011). Patient-derived organoids have proved to be a reliable model to test the treatment response of metastatic gastrointestinal cancer (Vlachogiannis et al., 2018). Here, we established an irradiated small intestinal organoid model to test the efficacy of primary-screened special active fractions of natural products. Utilizing the radiation-injured intestinal organoid model, we found that TT-2 significantly increased the total organoid numbers and budding rate of irradiated intestinal organoids, most likely by increasing proliferation-related gene expression and decreasing apoptosis-related gene expression in the irradiated organoids. These data provide compelling evidence for a novel role of TT-2 in promoting intestinal organoid growth after in vitro irradiation. TT-2 addition to the culture medium showed no significant effect on the growth of unirradiated intestinal organoids (Supplementary Figures 3A,B). There was no significant difference in the expression levels of the ISC-related genes, proliferation-related genes, and anti-apoptosis-related genes between Con- and TT-2-treated unirradiated organoids (Supplementary Figures 3C–E). These results indicated that TT-2 had no significant proliferation-enhancing role on normal intestinal epithelium. The beneficial influence of TT-2 on irradiated intestinal organoids prompted us to perform animal experiments to evaluate the effect of TT-2 on radiation-induced intestinal damage. We demonstrated that TT-2 is a potent radiation countermeasure, evidenced by the fact that oral administration of TT-2 into mice after lethal doses of ABI significantly increased the length of the intestinal crypts and villi by promoting intestinal cell and ISC proliferation. Several studies indicate that in vivo function of chemicals or biomaterials is complex and might involve in indirectly regulatory manner on tissue repairing (Bressan et al., 2019; Peng et al., 2020). Given that intestinal tissue contains multiple cell types and cytokines, it needs to do more work to investigate whether TT-2 can indirectly regulate intestinal cell regeneration via other type of cells or co-factors. In recent years, mesenchymal stem cells (MSCs) or their exosomes have demonstrated enhancing-repair function in injured tissue (Ballini et al., 2017; Soontararak et al., 2018). It is valuable to further evaluate the combination effect of MSC transplantation and TT-2 administration on radiation-injured animal model in the future.



CONCLUSION

Our data demonstrate a novel role for an active fraction of Trillium tschonoskii, TT-2, it enhanced the colony forming numbers and improved the proliferation of irradiated intestinal crypt cells. More importantly, TT-2 significantly accelerated intestinal organoid growth and increased Lgr5+ ISC numbers after radiation exposure. TT-2 plays a beneficial role in irradiated intestinal crypt cells and organoids mainly by promoting the expression of proliferation-related genes and inhibiting the expression of apoptosis-related genes. In vivo animal experiments showed that TT-2 remarkably enhanced intestinal crypt cell proliferation and new crypt regeneration after irradiation damage. Notably, the administration of TT-2 significantly decreased intestinal epithelial permeability and reduced gut leakiness in irradiated mice. Overall, our data revealed that this active fraction of TT has the potential to be further developed for use in clinics to treat patients with AGS by enhancing intestinal epithelium repair.
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Bronchopulmonary dysplasia (BPD) is a common pulmonary complication observed in preterm infants that is composed of multifactorial pathogenesis. Current strategies, albeit successful in moderately reducing morbidity and mortality of BPD, failed to draw overall satisfactory conclusion. Here, using a typical mouse model mimicking hallmarks of BPD, we revealed that both cord blood-derived mononuclear cells (CB-MNCs) and umbilical cord-derived mesenchymal stem cells (UC-MSCs) are efficient in alleviating BPD. Notably, infusion of CB-MNCs has more prominent effects in preventing alveolar simplification and pulmonary vessel loss, restoring pulmonary respiratory functions and balancing inflammatory responses. To further elucidate the underlying mechanisms within the divergent therapeutic effects of UC-MSC and CB-MNC, we systematically investigated the long noncoding RNA (lncRNA)–microRNA (miRNA)–messenger RNA (mRNA) and circular RNA (circRNA)–miRNA–mRNA networks by whole-transcriptome sequencing. Importantly, pathway analysis integrating Gene Ontology (GO)/Kyoto Encyclopedia of Genes and Genomes (KEGG)/gene set enrichment analysis (GSEA) method indicates that the competing endogenous RNA (ceRNA) network is mainly related to the regulation of GTPase activity (GO: 0043087), extracellular signal-regulated kinase 1 (ERK1) and ERK2 signal cascade (GO: 0070371), chromosome regulation (GO: 0007059), and cell cycle control (GO: 0044770). Through rigorous selection of the lncRNA/circRNA-based ceRNA network, we demonstrated that the hub genes reside in UC-MSC- and CB-MNC-infused networks directed to the function of cell adhesion, motor transportation (Cdk13, Lrrn2), immune homeostasis balance, and autophagy (Homer3, Prkcd) relatively. Our studies illustrate the first comprehensive mRNA–miRNA–lncRNA and mRNA–miRNA–circRNA networks in stem cell-infused BPD model, which will be valuable in identifying reliable biomarkers or therapeutic targets for BPD pathogenesis and shed new light in the priming and conditioning of UC-MSCs or CB-MNCs in the treatment of neonatal lung injury.
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INTRODUCTION

Bronchopulmonary dysplasia (BPD) is the most common complication associated with extremely preterm infants and is increasing in prevalence, most likely due to the increased survival of extremely low gestational age newborns (Thebaud et al., 2019). The pulmonary phenotypes of BPD are characterized by alveolar simplification, development retardation, impaired vascularization, progenitor cell reduction, as well as pulmonary function abnormality (Pasha et al., 2018). It was documented that 35% (18,000/50,000) of extremely preterm infants will develop BPD. Conventional therapies for BPD are symptom-targeted, whereas the mortality rate remains at high levels, with survivors displaying systematic adverse effects (Poets and Lorenz, 2018). Therefore, developing novel and efficient therapies to reduce overall morbidity and mortality in preterm infants with BPD is of great significance.

Stem cell-based therapies have been proven to alleviate various kinds of diseases, such as neurodegenerative diseases, heart malfunctions, as well as osteoporosis (Lou et al., 2021). Considering the self-renewal capacity, the multi-lineage differentiation, and site-directed mobilization, the broadly distributed mesenchymal stem cells (MSCs) have emerged as a key regulator in stem cell-based therapeutics for injuries (Thébaud, 2018). Recent data from allogeneic or autologous umbilical cord-derived MSC-based therapies have demonstrated promising results in studies based on animal models and early phase clinical studies of neonatal lung injury (Kang and Thébaud, 2018). Initially defined as adjuvant for human stem cell transplantation, mononuclear cells (MNCs) are another source of stem cell reservoir containing a high level of primitive multi-potent stem cells, progenitor cells, and regulatory T cells (Peters et al., 2015). MNCs consist of three categories, peripheral blood-derived mononuclear cells (PB-MNCs), bone marrow-derived mononuclear cells (BM-MNCs), and cord blood-derived mononuclear cells (CB-MNCs). Although a wide range of studies has revealed that MNCs with adult-appendage derivations are capable of presenting superior biological activity and regenerative efficacy in adult pulmonary conditions (Luan et al., 2012; Mills, 2017; Machado et al., 2018), conclusions on the effects of CB-MNCs toward treatment or pathogenesis of BPD remain vague. It is therefore worthwhile to determine the regulatory functions of human cord blood MNCs in an animal model. Furthermore, it is still hung in the balance whether a specific type of stem cell is the best candidate for a particular application in a certain disease model; comparison of the efficacies of UC-MSCs and CB-MNCs in preventing BPD is of great significance.

Noncoding RNAs (ncRNAs) are transcribed from more than 98% of human genome and regulate gene expression (Wright and Bruford, 2011), which can be subdivided into small noncoding RNAs [microRNAs (miRNAs)] and long noncoding RNAs (lncRNAs) as well as circular RNAs (circRNAs) by distinctive length and structure. Intriguingly, the reshaped expression profile of miRNA and lncRNA has been recently reported in the pathogenesis of a myriad of pathological and physiological conditions including BPD. For example, miR-206 (Duan et al., 2017) was boosted, whereas miRNA-489 (Olave et al., 2016) was shrunk in expression; the escalation of lncRNA–metastasis-associated lung adenocarcinoma transcript (MALAT)1 leads to the necrosis of type II alveolar epithelial cell (T2AEC), which ultimately induces lung injury (Cai et al., 2017). Strikingly, elevated levels of multiple miRNAs or lncRNAs have been found in preterm infants who later developed BPD (Syed et al., 2017; Chen J.H. et al., 2020), whereas most of the studies were conducted on cellular level or establishing a primitive correlation model in human specimens. Furthermore, circRNAs have attracted great research interest not only for its specific structure but also for its tissue- or developmental stage-specific expression features. Despite the accumulating knowledge obtained through studies from multiple human developmental diseases, reports about circRNA in the functional regulation of BPD are still poor.

Recently, the mechanisms of competing endogenous RNA (ceRNA) networks have been evidenced to explain a posttranscriptional layer of gene translation regulation. The classical ceRNA network is composed of various types of RNAs, such as lncRNAs, circRNAs, messenger RNAs (mRNAs), and pseudogenes. The potential regulatory lncRNA–miRNA–mRNA and circRNA–miRNA–mRNA pathways are therefore constructed on the basis of their shared bridge miRNAs imprinted with miRNA responsive elements (MREs). Although primitive studies have illustrated the putative circRNA-mediated ceRNA network in the pathogenesis of rat BPD model (Cheng et al., 2020), the comprehensive lncRNA–miRNA–mRNA and circRNA–miRNA–mRNA networks supported by physiological evidence are largely unknown. Moreover, priming and preconditioning of CB-MNCs or UC-MSCs with different cytokines or growth factors are of great importance in cell therapy-based treatment of BPD. Elucidation of the traceable biomarkers between stem cell implantation and BPD would suggest new strategies for combating this life-threatening disease.

In the current research, with the aim of assessing the efficiency of CB-MNCs and UC-MSCs in restoring lung function and balancing inflammatory responses in hyperoxia-induced BPD, we adopted an experimental mouse model to systematically evaluate the most appropriate cell infusion of indicated stem cells. We also attempted to elucidate the relevant inflammatory responsive mechanisms underlying stem cell-based therapies. Moreover, we adopted whole-transcriptome RNA sequencing (RNA-seq) to identify differentially expressed mRNAs (DEmRNAs), lncRNAs, circRNAs, and miRNAs. Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) pathway analyses were performed for differentially expressed RNAs (DE-RNAs) with significantly different expressions in BPD. Then, the ceRNA networks of mRNAs, lncRNAs, circRNAs, and miRNAs were constructed on the basis of evidence obtained from integrative miRNA target databases combined with the Pearson correlation analysis. Taken together, our findings may provide new evidence for the underlying mechanisms of ncRNAs and related ceRNA networks in stem cell-infused BPD and uncover novel targets for better utilizing stem cells in the treatment of BPD.



MATERIALS AND METHODS


Study Approval and Ethics Statement

Animal procedures were reviewed and approved by the Animal Care and Ethics Committee of the Seventh Medical Center of PLA General Hospital (No. 2020-037). All animals were housed, cared for, and used in compliance with the guidelines regarding the humane use and care of laboratory animals for biomedical research published by the National Institutes of Health (No. 85-23, revised 1996).



Mouse Model

Experimental male mice maintained on a C57BL6/J background were obtained from Beijing Vital River Laboratory Animal Technology and housed under pathogen-free conditions. Typically, a minimum of six mice were included in each treatment group, and all experiments were repeated at least three times.

For constructing the hyperoxia-based BPD model, newborn pups with both genders from different litters were pooled and then randomly distributed to exposure to room air (21% O2) and hyperoxia (85% O2) for 14 days (PN1–PN14) starting between 12 and 24 h after birth (recognized as PN1, postnatal day 1). Nursing dams were rotated between room air and hyperoxia every 24 h. Oxygen exposure occurred in an airtight plexiglass chamber equipped with an in-line oxygen analyzer and controller system (Jian-de Xin’anjiang Analysis Instrument Second Factory) in the same room as room air control animals. Oxygen concentrations were monitored continuously and maintained at 85% in the chamber during the experiment. Hyperoxia-exposed pups at PN7 were further randomly assigned to receive stem cell infusion. Briefly, CB-MNCs or UC-MSCs (3 × 106 cells/kg, 0.03 ml) were delivered intravenously to pups through the great saphenous vein. Specifically, MSCs were transfected with green fluorescent protein (GFP)-tagged lentivirus to observe the distribution of cells. For blinding of the above experiments, mice were body-tagged with simple signs. The person who performed the experiments did not know the identity of the specific samples until data were collected and analyzed.



Extraction and Characterization of Human Cord Blood-Derived Mononuclear Cells and Umbilical Cord-Derived Mesenchymal Stem Cells

Briefly, CB-MNCs and UC-MSCs were provided by Shandong Cord Blood Hematopoietic Stem Cell Bank. Human umbilical cord was sourced from uncomplicated full-terms, while cord blood was collected and cryopreserved from the punctured umbilical vein postpartum. All human-derived samples were collected following approval by the ethics review board of the Seventh Medical Center of Chinese PLA General Hospital.

For extraction of CB-MNCs, the cryopreserved cord blood units were thawed immediately and gently shook in 37°C water. Cord blood was collected into 50-ml centrifuge tube thrice volume of premixed suspension buffer within 5 min and stored at room temperature (RT). Mononuclear cells were isolated by centrifugation over a Ficoll-Hypaque density gradient at 700 rpm for 20 min at 4°C in premixed suspension buffer. Cells at the interface were collected by adding premixed suspension buffer followed by centrifugation at 500 rpm for 5 min at 4°C. The collected cells were washed thrice with phosphate buffered saline (PBS) and subsequently resuspended in serum-free Dulbecco’s modified Eagle’s medium (DMEM). The morphology of resuspended mononuclear cells was determined by Wright Giemsa staining.

Umbilical cord-derived mesenchymal stem cells extraction and purification were as described. Briefly, freshly collected UCs were washed with PBS three times and cut into segments. After removing the two arteries and one vein, the cord segments were cut into small pieces of approximately 1 mm3. The cord tissue blocks were cultivated in DMEM (Gibco, United States) supplemented with F12 and 10% fetal bovine serum (FBS; Gibco) in a humidified atmosphere at 37°C with 5% CO2 (Bu et al., 2017). Cells were subcultured once they attained 80% confluence. Medium was replaced every 2 days, and UC-MSCs at passage 5 were used for these experiments. Flow cytometry, Wright–Giemsa staining, alizarin red S staining, and oil red O staining were used to analyze the stem cell phenotype as revealed in Figure 2.



Reagents and Antibodies

Antibodies were purchased from the following: primary antibodies subjected to immunohistochemistry including anti-vascular endothelial growth factor (VEGF)-α (Cat. #13034; 1:200), anti-matrix metalloproteinase (MMP)9 (Cat. #11132; 1:1,000), anti-transforming growth factor (TGF)-β (Cat. #11179; 1:1,000) were all purchased from Service Bio. Fluorescein isothiocyanate (FITC)-CD44 (Cat. #347943; 1:100), FITC-CD45 (Cat. #347643; 1:100), phycoerythrin (PE)-CD34 (Cat. #652802; 1:100), PE-CD73 (Cat. #550257; 1:100), PE-CD90 (Cat. #555896; 1:100), PE-CD105 (Cat. #580839; 1:100), HLADR (Cat. #555561; 1:100), PE mouse IgG1 (Cat. #349043; 1:100), and FITC mouse IgG1 (#349041; 1:100) for flow cytometry were purchased from BD Biosciences. For immunofluorescence, anti-human-CD44 (Cat. #5640; 1:1,600) were commercially bought from CST. The gradients of the premixed suspension buffer for CB-MNC extractions are commercially obtained as follows: PBS (Beijing Solarbio Science & Technology Co., Ltd.), 2% human albumin (Baxter International Inc.), and 10 U/ml heparin (Changzhou Qianhong Bio-Pharma Co., Ltd.).



Immunofluorescence

Lung and brain tissue frozen sections were fixed in 4% paraformaldehyde 1 week post injection of indicated stem cells or sham controls. A standard immunofluorescence protocol was followed as previously described. Briefly, tissue was fixed in 1× zinc formaldehyde for 24 h at 4°C then rinsed with PBS. Tissue was dehydrated with a gradient of sucrose solution, cryo-sectioned, and rehydrated, followed by antigen retrieval. Blocking and staining were performed in 1% bovine serum albumin (BSA) in PBS supplemented with 0.3% Triton X-100. Sections were incubated in primary antibodies including mouse anti-CD44 (Cell Signaling no. 5640, used at 1:1,600) overnight at 4°C (Chen et al., 2014). The corresponding secondary antibodies were incubated with tissue for 1–2 h at RT. The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; Sigma), and images were captured and processed using identical settings in the Zeiss LSM 510 Meta inverted Confocal Microscope.



Lung Morphology

Left-lobe lung sections (5 μm thick) were stained with H&E. For each morphometric analysis, 8–10 areas per slide were quantitated and averaged per slide. Images were acquired with a Nikon Eclipse TE300 inverted microscope, and quantification was performed using ImageJ. For radial alveolar count (RAC) measurement, the well-established method to quantify alveolarization (Hirsch et al., 2020), areas were randomly chosen and photographed at ×10 magnification. For each of six images, a perpendicular line was drawn from the center of a bronchial or bronchiolar airway to either the edge of the lung or the nearest connective tissue septum or airway. A minimum of 40 lines were drawn for each lung, and the number of septae intersected was counted for each line. Chord length (Lm) of the airspace was estimated, as previously described (Cooney and Thurlbeck, 1982). Briefly, the images were superimposed on parallel on a grid with parallel lines spaced at 58-μm intervals, and the mean length of each chord, defined as the distance between two sequential intersections of the alveolar surface with the test line, was measured. For measuring the radical alveolar area, the Analyze Particles function of ImageJ was used in conjunction with a custom written macro for the measurement of the lung architecture and alveolar area (Nold et al., 2013). To prevent inadvertent observer bias, an investigator blinded to the assigned groups performed image acquisition and analyses. Values were pooled for each individual animal for statistical analysis.



Transmission Electron Microscopy

Three slices of 2 mm × 2 mm × 2 mm were cut from three different segments of the left lung and fixed in 2.5% glutaraldehyde and phosphate buffer 0.1 M (pH = 7.4) for electron microscopy analysis. For each lung electron microscopy image (20/animal), the following alterations were analyzed as described previously (Buchacker et al., 2019) (a) alveolar-capillary membrane damage, (b) type II pneumocyte lesion, (c) type I pneumocyte infiltration, (d) elastic fiber breakdown, and (e) capillary and fibroblast deposition. Data were acquired using JEOL 1010 Transmission Electron Microscope, Tokyo, Japan.



Quantitative Real-Time PCR

RNAs of lung tissue samples from indicated groups were reverse-transcribed into complementary DNAs (cDNAs) using the ReverTra Ace qPCR RT Kit (TOYOBO, OSAKA, Japan, FSQ-101), according to the manufacturer’s instructions. All primers used in the study are shown in Table 1. Real-time PCR was performed with THUNDERBIRD SYBR qPCR Mix (TOYOBO, OSAKA, Japan, QPS-201) on StepOnePlusTM Real-Time PCR System (Roche Diagnostics, CA, United States, lightcycler 480). The PCR conditions were as follows: an initial denaturation step at 95°C for 5 min, followed by 40 cycles of 95°C for 10 s, and 60°C for 30 s. The results were analyzed using 2 –ΔΔΔCT.ΔCT = CT (target gene) − CT (internal reference), ΔΔCT = ΔCT (sample) − ΔCT (control). All experiments were performed in triplicate.


TABLE 1. Hematological Indicators.
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Immunohistochemistry

Mice were anesthetized by intraperitoneal (i.p.) injection with 4% chloral hydrate (0.01 ml/g). Mouse lungs were collected after saline perfusion, and the tissue specimens were fixed overnight in 4% paraformaldehyde. After sequential steps of dehydration and embedding, 5-μm sections were rehydrated and stained with hematoxylin and eosin (Sigma-Aldrich) according to the manufacturer’s instructions. For immunohistochemistry, tissue sections were deparaffinized and incubated in citrate buffer at 95°C for 40 min for antigen retrieval and then incubated overnight at 4°C with the primary antibodies including anti-VEGFα (1:100), anti-MMP (1:100), and anti-TGF-β (1:100). After washing three times, tissue sections were incubated with biotinylated anti-rabbit IgG (1:200 dilution) for 1 h at RT after washing three times. Then, streptavidin–horseradish peroxidase conjugates were added, and the slides were incubated for 45 min. Here, 3,3′-diaminobenzidine (DAB) solution was added post PBS washing, and the slides were counterstained with hematoxylin. Negative controls were treated in the same way except without adding the primary antibodies. All staining was evaluated by a quantitative imaging method (Xie et al., 2014). Briefly, the percentage of immunostaining was calculated by immunohistochemistry (IHC) profiler plug-ins of the ImageJ software, and the staining intensity (negative, score = 0; weak, score = 1; medium, score = 2; very strong, score = 3) was recorded. An H-score was further calculated using the following formula: H-score = Σ (PI × I) = (percentage of cells of weak intensity × 1) + (percentage of cells of moderate intensity × 2) + (percentage of cells of strong intensity × 3). PI indicates the percentage of positive cells vs. all cells, and I represents the staining intensity.



Pulmonary Function Assessment

For detection of respiratory motion function, mice were euthanized with 4% chloral hydrate (0.01 ml/g) i.p. followed by tracheostomy. Data were monitored and acquired by AcqKnowledge (Biopac Systems Inc., United States), a pulmonary maneuver system. During data collection, basic stable heart rate (HR) was recorded by ECG before tracheotomy operation. Mouse HR was maintained at proper level (<10% variation of basic HR) and breathing rate was maintained stable to ensure the reliability of the physiological data. Basic parameters included peak expiratory flow (PEF), peak inspiratory flow (PIF), breathing per minute (BPM), tidal volume (TV), and minute volume (MV).

For detection of pulmonary blood flow, all mice were subsequently transferred to evaluate pulmonary blood flow with laser Doppler flowmetry (LDF) using MoorFLPI (Moor Instruments, United Kingdom). Mice were ventilated (Alcott Biotech, China) with an average breathing frequency of 150 breaths/min, inspiratory/expiratory ratio 2.0, and tidal volume 1.0 ml/kg. The blood flow of bilateral lungs and heart were synchronizing measured after they were fully exposed. The pulmonary blood flow signal intensity was normalized to heart surface blood.



Blood Sampling and Hematology Test

With the aim of evaluating the safety of CB-MNC infusion, hematological indicators were enrolled to present the overall physiological status. Briefly, a 1.5-ml ethylene diamine tetraacetic acid (EDTA)-coated eppendorf® tube (EP tube) was used to collect approximately 200 μl of blood via the tail vein of the mice. The collected blood was placed at 4°C and transferred for analysis using BC-5180CRP (Mindray Instruments, Shenzhen, China).



RNA Extraction and Library Preparation

Total RNA was isolated using TRIzol reagent (Invitrogen), according to the manufacturer’s instructions; RNA integrity was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). The samples with RNA Integrity Number (RIN) R7 were subjected to the subsequent analysis of high-throughput sequencing. For small RNA-seq, a total of 1 μg of total RNA per sample was used for the small RNA library. Sequencing libraries were generated using NEBNext® Multiplex Small RNA Library Prep Set for IlluminaR (NEB, United States) following the manufacturer’s recommendations. For mRNA+lncRNA sequencing, mRNA libraries were constructed using NEBNext® UltraTM II RNA Library Prep Kit for Illumina® (NEB Cat# E7770L/E7775L) following the manufacturer’s instructions.



RNA Sequencing Analysis

mRNA–lncRNA seq reads were preprocessed as described previously (Chen W. et al., 2020). Briefly, the 150-nt paired-end retained reads were mapped to the reference genome (mice NCBI 37 assemblies) using STAR (version 2.5.3a) with the default parameters. The uniquely mapped reads with less than 2% mismatch were passed to StringTie (version 1.3.3b) for transcript assembly, and the fragments per kilobase of transcript per million mapped reads (FPKM) value was also generated for each gene. For the small RNA-seq reads, the clean reads with high quality were then aligned to the same reference genome using Tophat2 (version 2.0.13) with default parameters after FastQC assessment. miRNA reads were normalized with transcripts per million (TPM). Finally, the DEGs were called with limma and DEseq2 packages in R software with the criterion of an adjusted p-value < 0.1 as well as log2FC > 1. Notably, the p-values were attained by the Wald test and adjusted by BH method.



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Analysis

Gene ontology analysis functionally associates DEmRNAs with GO categories, which consist of biological process (BP), molecular function (MF), and cellular component (CC) networks that attribute the gene subsets to defined terms1. KEGG pathway analysis is optimal for analyzing DEmRNAs with defined signaling pathways based on the latest KEGG2 database.



Gene Set Enrichment Analysis

The association between DEmRNAs and hallmark molecular signatures was analyzed using gene set enrichment analysis (GSEA v2.2) as previously described. We use default settings to calculate the enrichment score (ES), which estimates whether a certain term of gene set from the Molecular Signatures Database (MSigDB) (here refers to the term “hallmark”) is enriched among the ordered predefined differently expressed gene sets or not. False discovery rate (FDR) < 0.05 was considered statistically significant.



Strategies in Identification of ceRNA Pairs

Based on the expression levels of mRNAs, lncRNAs, circRNAs, or miRNAs, Pearson’s correlation coefficient and p-value were calculated for miRNA–target (mRNA/lncRNA/circRNA) or mRNA–lncRNA/circRNA coexpression networks. For miRNA–target, combining with evidence from miRNA–target-analyzing tools miRanda and Targetscan, negatively correlated pairs with Pearson’s correlation coefficient value < −0.9 and p-value < 0.05 were subjected to further analysis. mRNA–lncRNA/circRNA coexpression pairs with Pearson’s correlation coefficient value > 0.8 and p-value < 0.05 were retained. Subsequently, shared pairs from the predicted miRNA–target pairs from binding sites and the predicted pairs from the coexpression network were synergistically used for building ceRNA network. Finally, a hypergeometric test was introduced to filter the mRNA–miRNA–lncRNA/circRNA network of significance as previously described (Zhang et al., 2018).



Network Building

Cytoscape software v.3.8.0 was utilized to construct and graph the corresponding networks (San Diego, CA, United States). In figures, distinct shapes of nodes define RNA types, and colors represent expression module. Patterns of edges define regulatory relationships. The size of the nodes represents the number of interactions (Figure 1).
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FIGURE 1. Graphic overview of the study design. The overall scheme of the current research is displayed. Newborn mice (C57 BL/6J) were exposed to hyperoxia (85% O2) for 14 days. Hyperoxia-exposed mice were compared with mice that remained in normoxic conditions (room air). Different indices and parameters evaluating the pulmonary–vascular functions were recorded and calculated. For better investigating the underlying mechanisms, whole-transcriptome sequencing was conducted in indicated groups. Details of the mRNA-seq, miRNA-seq, and circRNA-seq methods are described in the “Materials and Methods”.




Statistical Analysis

Data were all mean ± SD. Comparisons between different groups were performed by one-way ANOVA followed by Bonferroni’s multiple comparison test or unpaired Student’s t-test (GraphPad v7.03; GraphPad Software Inc.). Statistical significance was defined as a two-sided p-value less than 0.05. All statistical analyses were graphed by Prism software program (version 7.03; GraphPad Software, San Diego, CA, United States). Data are representative of three independent biological replicates.



Data Availability

Bioinformatics pipelines and scripts used for our analysis are available at https://github.com/mauve612/BPD-stem-cell-. All the datasets of RNA-seq included in this study have been uploaded to the Genome Sequence Archive at the National Genomics Data Center, Beijing Institute of Genomics (BIG), Chinese Academy of Sciences/China National Center for Bioinformation (GSA: CRA004720 with BioProject ID: PRJCA004041), and are publicly accessible at https://bigd.big.ac.cn/gsa/ after the release date of December 14, 2022.



RESULTS


Characterization and Distribution of Umbilical Cord-Derived Mesenchymal Stem Cells (UC-MSCs) and Cord Blood-Derived Mononuclear Cells

With the aim of testing our hypotheses that the infusion of fetus-derived stem cell can alleviate the phenotype of BPD, we set out to establish a BPD model that can phenocopy the features of severe BPD as previously discussed (Nardiello et al., 2017). In this model, newborn mice were exposed to 85% O2 (hyperoxia) from postnatal day 1 (PN1) to PN14 and returned to room air at PN14 thereafter. Age-matched control litters were housed under standard room air conditions (normoxia) (Figure 1).

Before assessing the efficiency and safety of indicated stem cell infusion, purity of UC-MSCs and CB-MNCs was firstly characterized. Flow cytometry analysis of cell surface antigens revealed that UC-MSCs stained positive for the MSC markers CD73, CD44, CD90, and CD105 but negative for the hematopoietic lineage marker CD34, CD45, and the human leukocyte antigen HLA-DR (Figure 2A). Next, we observed the purities of UC-MSCs and CB-MNCs by Wright–Giemsa staining, as shown in Figure 2B. Randomly selected views have shown that the relative quantities of purified UC-MSCs (Figure 2B, upper panel) and resuspended CB-MNCs (Figure 2B, lower panel) are higher than 90%. Meanwhile, as shown by alizarin red S, oil red O, and Alcian blue staining, under specific culture conditions, UC-MSCs could differentiate into osteocytes and adipocytes in vitro (Figure 2C).
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FIGURE 2. Intravenous infusion of cord blood derived-mononuclear cell (CB-MNC) and umbilical cord derive-messenchymal stem cell (UC-MSC) through great saphenous vein injection. (A) Surface marker expression of umbilical cord-derived mesenchymal stem cells (UC-MSCs). Flow cytometry analysis indicated that UC-MSCs were positive for CD105, CD90, CD44, and CD73 but negative for CD34, CD45, and HLA-DR. (B) Wright–Giemsa staining illustrating the purity of UC-MSCs (upper panel, scale bar: 50 μm) and cord blood-derived mononuclear cells (CB-MNCs) (lower panel, scale bar: 50 μm). (C) The lineage differentiation capacity of UC-MSCs was revealed by induction of distinct reagents. Alizarin red S for osteogenic capacity, oil red O for adipogenic capacity, and Alcian blue for chondrogenic differentiation, scale bar: 50 μm. (D) Fluorescent image indicating the successful infection of green fluorescent protein (GFP)-lentivirus in MSC, scale bar: 20 μm. (E) Immunofluorescence analysis of lung tissues infused with indicated cells. CD44 antibodies were used to detect human-derived CD44 (red), blue staining shows cell nuclei [4′,6-diamidino-2-phenylindole (DAPI)]. Images are representative of three independent experiments, scale bar: 20 μm. Data are representative of three independent biological replicates.


We went on to study the distribution of indicated stem cells after infusion. Initially, UC-MSCs were stably infected with GFP fluorescent virus, and intensive fluorescent signals were observed (Figure 2D). One day after stem cell infusion, GFP-labeled MSCs were found in the lung (Figure 2D), indicating the successful circulation of UC-MSCs. To further verify the residence of UC-MSCs and CB-MNCs, lung and brain sections of mice harvested at PN42 were stained with CD44, a human stem cell marker. UC-MSC- and CB-MNC-infused mice demonstrated strong immunofluorescent density, while tissue sections in BPD group can hardly detect any fluorescent signals in lung (Figure 2F). These results suggested that UC-MSCs and CB-MNCs were most prevalently residents in lung at indicated times post injection.



Intravenous Infusion of Cord Blood-Derived Mononuclear Cells and Umbilical Cord-Derived Mesenchymal Stem Cells Improves Hyperoxia-Induced Bronchopulmonary Dysplasia

To explore the potential impacts on stem cell-implanted hyperoxia-induced BPD, the body weights of mice following stem cell infusion were again traced and recorded based on the time point of intense acute lung injury and active tissue remodeling. Strikingly, the growth rate of mice in UC-MSC and CB-MNC groups was significantly enhanced compared to that of the mice in BPD group, rendering the mouse weights of UC-MSC group and CB-MNC group comparable to that of control group at the endpoint of the observation (Figure 3A). Importantly, integrating sex and gender considerations into basic experimental biomedical research can largely improve the reproducibility and fidelity of the conclusion (Freeman et al., 2017), which have been adopted in previous animal studies regarding BPD model (Leary et al., 2019). No striking differences were observed between male and female mice in corresponding groups (Figure 3B). Mouse lung histology analyses were performed on mice of indicated groups at PN28 after injections. As indicated in Figure 3C, male animals subjected to infusion with CB-MNCs and UC-MSCs presented with dramatically improved alveolarization and almost completely restored lung architecture compared with those of the BPD group at both monitoring time points, and the conclusion was consistent in age-matched female animals (Supplementary Figure 1A), as reflected by an increase in radical alveolar counts (RACs), shrunk MIL (mean chord length, Lm), and the radical alveolar area (RAR) compared with normoxia-control mice at both genders (Figure 3D, Supplementary Figures 1B–D).
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FIGURE 3. Intravenous infusion of cord blood-derived mononuclear cells (CB-MNCs) and umbilical cord-derived mesenchymal stem cells (UC-MSCs) improves hyperoxia-induced bronchopulmonary dysplasia (BPD). (A) Line graph illustrating the changes of weight in mice with different treatments at indicated time points. (B) Bar graph illustrating the change of weight in male and female mice with different treatments at postnatal day (PN)28. (C) Representative H&E staining images of lung histology in hyperoxia-exposed male mice with indicated treatments at PN28. Scale bar: 100 μm. (D–F) Sections of whole lungs were analyzed for the number of alveoli per square millimeter (D), the chord length (E), the size of the alveoli (F). (G) Electron microscopy presenting the distal lung architecture of hyperoxia-exposed preterm mice subjected to different treatments at indicated time points. Pictures in left orientation indicated the type II pneumocytes, scale bar: 1 μm, whereas pictures in right orientation indicated the capillaries, scale bar: 2 μm. Values are mean ± SD of a minimum of six animals in each group, *p < 0.05, **p < 0.01, ***p < 0.001, by one-way ANOVA test. Data are representative of three independent biological replicates.


We also utilized electron microscopy to observe ultrastructure changes by hyperoxia exposure; gradual degeneration of the alveolar capillary membrane and damage to type II pneumocytes, higher septal barrier (see blue arrows, compare the annotated distances) and lower septal surface density, and reduced density of storage organelles were shown in BPD group compared to those of the controls (Figure 3G, upper two lanes). Significantly, both CB-MNC- and UC-MSC-infused group displayed ameliorated lung morphology. Interestingly, CB-MNC and UC-MSC infusion contributes to proliferation in type II pneumocytes lamellar bodies resembling those of control groups and repairs of alveolar capillary disorganizations (Figure 3G; lanes 3,4). Taken together, both CB-MNCs and UC-MSCs are capable of restoring lung morphology and improving pulmonary development of BPD mouse lung.



Cord Blood-Derived Mononuclear Cells and Umbilical Cord-Derived Mesenchymal Stem Cells Attenuate Hyperoxia-Exposed Mouse Lung Inflammation Response

Given that inflammatory imbalance and abnormal growth are considered hallmarks of hyperoxia-induced BPD (Ryan et al., 2008), we examined the expression level of cytokines regarding vascular remodeling. As shown in Figure 4A, VEGF was significantly downregulated in BPD mice, which is consistent with the evidence that VEGF is decreased in infants dying with BPD and VEGF promotes lung angiogenesis and prevents alveolar damage in hyperoxia-exposed rats; injections of CB-MNCs restore their expression to the level comparable with the normoxia controls. TGF-β signaling plays a crucial role during lung development, and increased TGF-β levels negatively affect alveogenesis (Wu et al., 2020). Immunohistochemical staining analysis demonstrated that BPD mice had a marked increase in expression of the TGF-β and MMP-9 protein in the lung at 21 days of age compared to control group. Strikingly, there was significant abrogation in expression level of TGF-β1 and MMP-9 after CB-MNC infusion at both genders (Figures 4A,B and Supplementary Figures 2A,B). On the contrary, the expressions of TGF-β1 and MMP-9 were not significantly diminished post UC-MSC infusion compared to BPD mice among male mice. This might be due to a distinct mechanism of UC-MSCs and CB-MNCs that regulates the secretion of TGF-β1 and MMP-9 at different gender backgrounds of BPD. Subsequently, we adopted quantitative qPCR analysis to validate the expression levels of typical inflammatory factors and classical growth factors in lung tissue of hyperoxia-induced BPD mice, which were harvested 3 weeks post injection. We firstly examined the variations of the expression of indicated regulators in BPD model. Notably, there are folds of increase in expression of IL-6 and IL-1β concomitant with repression of IL-10, which is consistent with the long known evidence that elevated serum concentrations of pro-inflammatory cytokines IL-6 and IL-1β and declined anti-inflammatory IL-10 are markers of the pathogenesis of BPD in extremely low-birth weight infant (Yoon et al., 1997; Garingo et al., 2007). Infusion of UC-MSCs and CB-MNCs shrunk the expression of IL-6 and IL-1β, whereas it boosted the expression of IL-10 compared to BPD group (Figures 4C–E). In contrast to the sharp decline in BPD group, an increase of interleukin-2 (IL-2) was observed in the stem cell-infused groups (Figure 4F). IL-2 has been implied to play pivotal roles in T-cell activation and proliferation (Dhupkar and Gordon, 2017). We also observed that moderately decreased level of tumor necrosis factor-α (TNF-α) after UC-MSCs and CB-MNCs were infused (Figure 4G), which is supported by the evidence that preterm infants who went on to develop moderate or severe BPD showed significantly lower TNF-α levels at birth compared with no or mild BPD (Ehrhardt et al., 2016).
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FIGURE 4. Expression profiles of inflammatory factors and in lung of UC-MSC- and CB-MNC-infused mice. (A) Immunohistochemical staining of vascular endothelial growth factor (VEGF), transforming growth factor-β1 (TGF-β1), and matrix metalloproteinase-9 (MMP-9) in lung tissue of male mice. Positive staining of cytoplasm is yellow-brown and that of nuclei is blue. Scale bar: 100 μm. (B) Summary of the quantification of the immunohistochemical staining of the indicated factors in (A). (C–G) Lung tissue was collected from mice in each group at postnatal day (PN)28. Transcriptional levels of cytokines and growth factors were determined by quantitative reverse transcription polymerase chain reaction analysis. (C) Interleukin (IL)-6, (D) IL-10, (E) IL1-β, (F) IL-2, (G) tumor necrosis factor (TNF)-α. p-values are based on two-sided Mann–Whitney U-tests. *p < 0.05, **p < 0.01, ***p < 0.001. Data are representative of three independent biological replicates.




Intravenous Infusion of Cord Blood-Derived Mononuclear Cells and Umbilical Cord-Derived Mesenchymal Stem Cells Improved Pulmonary Respiratory Motion

To elucidate the impact of CB-MNCs and UC-MSCs on improvement of respiratory motion, we conducted pulmonary function test using integrative pulmonary respiratory analyzing system. Parameters including peak inspiratory flow (PIF), peak expiratory flow (PEF), tidal volume (TV), breaths per minute (BPM), and minute volume (MV) were monitored and assessed in different groups of both genders at PN28. In accordance with the alterations in lung morphology, BPD mice displayed shortest breath and highest respiratory rate upon hyperoxia exposure, evidenced by the square respiratory waveform compared to those in controls (Figure 5A, lane 2). Interestingly, infusion of stem cells greatly reshaped the respiratory wave by shifting from square-like to sinusoidal (Figure 5A, upper two panels). Mice in stem cell-infused groups resulted in a significant escalation in multiple indices of respiratory waveform and decline in BPM and MV compared to those of BPD mice (Figures 5B–F, Supplementary Figures 4A–E). Strikingly, infusion of CB-MNCs exhibited even stronger capacity in restoring the respiratory motion function compared to those in UC-MSC-infused group.


[image: image]

FIGURE 5. Intravenous infusion of CB-MNCs and UC-MSCs improved pulmonary respiratory function and pulmonary vessel circulation. (A) Representative respiratory waveforms of male and female mice at postnatal day (PN)28 after indicated treatments. (B–F) Pulmonary function testing among male mouse groups. The indicators include peak inspiratory flow (PIF) (B), peak expiratory flow (PEF) (C), tidal volume (TV) (D), breathing per minute (BPM) (E), and minute volume (MV) (F). Values are mean ± SD of a minimum of six animals in each group*p < 0.05, **p < 0.01, ***p < 0.001, by one-way ANOVA test). (G,H) Bar graph showing lung/heart blood flow ratio analysis of pulmonary vascular function in different groups at indicated time points. (G) Left side, (H) right side. Values are mean ± SD of a minimum of six animals in each group, *p < 0.05, **p < 0.01, ***p < 0.001, by one-way ANOVA test.




Intravenous Infusion of Cord Blood-Derived Mononuclear Cells and Umbilical Cord-Derived Mesenchymal Stem Cells Recovered Respiratory Blood Flow

With the aim of exploring the potential impact of UC-MSCs and CB-MNCs toward peripheral pulmonary vascular remodeling under hyperoxia exposure, lung perfusion with LDF was employed. Of note, left or right lung/heart blood flow ratio were recorded and calculated to analyze the pulmonary vascular resistance and pulmonary vascular areas. Notably, there was mild alteration of left lung/heart blood flow ratio after 3 weeks of infusion of UC-MSCs and CB-MNCs (Figure 5G, Supplementary Figure 4G), whereas the right lung/heart blood flow ratio were drastically escalated post UC-MSC and CB-MNC infusion (Figure 5H, Supplementary Figure 4H), compared to that of the BPD mice at both sex backgrounds. Collectively, these results suggested that stem cell injection, especially CB-MNC infusion, can improve the pulmonary vascular resistance and increased pulmonary vascular area upon hyperoxia stimulation.



Toxicity Test

Current reports on safety application of CB-MNC of preclinical animal level are inadequate. We therefore assessed the toxic impact of CB-MNC infusion in C57 mice. During the experimental period, control group and BC-MNC group did not incur animal deaths. The body weight of animals in the CB-MNC group was not statistically different compared with that in the control group (Figure 6A). We also compared the hematological indicators in MNC-infused and control groups. Hematological indicators [hemoglobin (HGB) and lymphocytes (%)] were statistically significant (p < 0.05). Other hematological indicators white blood cells (WBC), platelet (PLT), neutrophils (NEUT) (×109/L), lymphocytes (×109/L), monocyte (MONO) (×109/L), percentage of neutrophils [NEUT (%)], and percentage of monocyte [MONO (%)] were not statistically significant (p > 0.05) (Table 1). System autopsy at PN28 revealed no abnormal changes in the animals in indicated groups. There were no obvious pathological changes associated with the infusion of cells in the general and microscopic examinations, and representative histological images were shown in Figures 6B–Q. We observed unremarkable changes of corresponding parameters such as respiratory waveform, PIF, PEF, TV, BPM, and MV in CB-MNC group compared to those in control group at PN28 (Supplementary Figures 4A–E. The right or left lung/heart blood flow ratio of CB-MNC infusion was similar to those of the control group. Collectively, these results suggested that CB-MNC infusion will not influence the pulmonary vascular flow (Supplementary Figures 4F,G).
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FIGURE 6. General report of pathology regarding toxicity test. Mice in control group and mononuclear cell (MNC) group [intravenous infusion 3 × 106 cell/kg initiated at postnatal day (PN)7, twice in total] were sacrificed at PN28. Body weight was monitored (A). At the end of the euthanasia infusion, neither cord blood-derived mononuclear cell (CB-MNC)-infused male nor female mice displayed significant abnormal changes in brain (B–E), heart (F,G), lung (H,I), liver (J,K), spleen (L,M), kidney (N,O), and colon tissues (P,Q). Scale bar: 50 μm.




Differentially Expressed Gene Analysis Between Bronchopulmonary Dysplasia and Stem Cell-Infused Groups

As mentioned above, the therapeutic effects of CB-MNCs and UC-MSCs are divergent in trimming the imbalanced inflammatory network and restoring impaired structural remodeling. This phenomenon raised our attention to unravel the underlying molecular mechanisms with regard to the infusion of indicated stem cells. We therefore introduced whole-transcriptome sequencing, a highly popular and feasible approach, to analyze the differentially expressed (DE) ncRNAs (lncRNAs, circRNAs, miRNAs) and mRNAs in the compared groups. We adopted the value FPKMs to estimate the expression levels of mRNA transcripts. With cutoff of absolute Log2 fold changes ≥ 1 and adjusted p-value < 0.05, a total of 2,256 mRNA transcripts are significantly dysregulated, with 1,077 and 1,179 being, respectively, upregulated and downregulated in UC-MSC-transplanted mice relative to BPD mice (Figure 7A and Supplementary Table 1); 2,997 mRNAs were significantly dysregulated, with 1,595 and 1,402 being upregulated and downregulated in CB-MNC-infused mice relative to BPD mice (Figure 7B, Supplementary Table 1). After filtration of unannotated merged lncRNAs, we identified 1,065 significantly dysregulated lncRNA transcripts in UC-MSC-infused group relative to their levels in BPD mice group, within which 630 were upregulated and 435 downregulated (Figure 7C and Supplementary Table 2). As for CB-MNC-infused groups, 1,408 lncRNA transcripts were significantly dysregulated, 435 and 804 transcripts were upregulated and downregulated in CB-MNC-infused mice relative to BPD (Figure 7D and Supplementary Table 2). Next, based on TPM values, 42 miRNA transcripts were significantly dysregulated, with 21 and 21 being, respectively, upregulated and downregulated in UC-MSC-infused mice relative to BPD mice (Figure 7E and Supplementary Table 3); 69 miRNAs were significantly dysregulated, with 45 and 24 being, respectively, upregulated and downregulated in CB-MNC-transplanted mice relative to BPD mice (Figure 7F and Supplementary Table 3). Once again, differentially expressed circRNAs were revealed by spliced reads per billion mapping (SRPBM) value, and we mainly focus on the circbase-documented circRNAs for better validation of the functional markers. Here, 48 circRNA transcripts were significantly dysregulated, with 16 and 32 being, respectively, upregulated and downregulated, in UC-MSC-infused mice relative to BPD mice (Figure 7G and Supplementary Table 4); 58 circRNAs were significantly dysregulated, with 28 and 30 being, respectively, upregulated and downregulated in MNC-infused mice relative to BPD mice (Figure 7H and Supplementary Table 4). Detailed information on the number counts of the DEGs and the topmost DEGs was listed in Table 2; in UC-MSC-infused vs. BPD mice, the most upregulated mRNA was Pcdhgb4 and the most downregulated mRNA was Ucp2. Besides, the most upregulated lncRNA, miRNA, and circRNA were NONMMUG041359.2, mmu-miR-5615-3p, and mmu_circ_0000628, respectively. The most downregulated lncRNA, miRNA, and circRNA were NONMMUG091403.1, mmu-miR-7650-5p, and mmu_circ_0000375, respectively. Whereas in groups between CB-MNC-infused and BPD mice, the most upregulated mRNA was Nxt2 and the most downregulated mRNA was Mknk2. Besides, the most upregulated lncRNA, miRNA, and circRNA were NONMMUG017423.2, mmu-miR-6481, and mmu_circ_0001098, respectively. The most downregulated lncRNA, miRNA, and circRNA were NONMMUG046386.2, mmu-miR-6947-5p, and mmu_circ_0001879, respectively. We further analyzed the frequency distribution of the fold changes in different categories of DE-RNAs. As shown in Table 3, the 2–4-fold change (with Log2FC 1∼2) was most common in all kinds of RNA transcripts between UC-MSC and CB-MNC injection group, while the percentages of differentially expressed mRNAs, lncRNAs, and circRNAs among Log2FC ranging 2∼3 as well as 3∼4 were significantly higher in CB-MNC-infused group than that of the UC-MSC-infused group, which was in opposite trend with distribution of miRNA.
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FIGURE 7. Expression profiles of distinct RNAs. (A,B) Expression profiles of mRNAs. In the volcano plots, red, green, and black points represent mRNAs that were downregulated, upregulated, and not significantly different in UC-MSC-infused mice (A) and CB-MNC-infused mice (B) relative to bronchopulmonary dysplasia (BPD) mice, respectively. x axis: log2 ratio of mRNA expression levels between stem cell-infused BPD mice and BPD mice. y axis: false discovery rate values (−log10 transformed) of mRNAs. (C,D) Expression profiles of lncRNAs. In the volcano plots, red, green, and black points represent circRNAs that were downregulated, upregulated, and not significantly different in umbilical cord-derived mesenchymal stem cells (UC-MSC)-infused mice (E) and cord blood-derived mononuclear cell (CB-MNC)-transplanted mice (F) relative to BPD mice. x axis: log2 ratio of lncRNA expression levels between stem cell-infused BPD mice and BPD mice. y axis: false discovery rate values (-log10 transformed) of circRNAs. (E,F) Expression profiles of circRNAs. In the volcano plots, red, green, and black points represent circRNAs that were downregulated, upregulated, and not significantly different in UB-MSC-infused mice (E) and CB-MNC-infused mice (F) relative to BPD mice. x axis: log2 ratio of circRNA expression levels between stem cell-infused BPD mice and BPD mice. y axis: false discovery rate values (−log10 transformed) of circRNAs. (G,H) Expression profiles of miRNAs. In the volcano plots, red, green, and black points represent miRNAs that were downregulated, upregulated, and not significantly different in UB-MSC-infused mice (G) and CB-MNC-infused mice (H) relative to BPD mice. x-axis: log2 ratio of miRNA expression levels between stem cell-infused BPD mice and BPD mice. y axis: false discovery rate values (-log10 transformed) of miRNAs.



TABLE 2. Statistical analysis of all of the differently expressed ncRNAs and mRNAs.
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TABLE 3. Summary of distribution of indicated DE-RNAs.
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Pathway Analysis in Differentially Expressed ncRNAs and mRNAs

Considering that the complexities of the interactive pairs in lncRNA–miRNA–mRNA networks or the circRNA–miRNA–mRNA networks were both derived from the DEmRNAs in the indicated groups, we firstly performed the GO and KEGG pathway analysis upon DEmRNAs involved in the two different treatments. By conducting GO analysis, 274 GO terms were significantly enriched in DEmRNAs between the UC-MSC-infused and BPD mice, which are mainly related to regulation of GTPase activity (biological_process, GO: 0043087), fibrillar center (cellular_component, GO: 1901673), and nucleoside triphosphatase regulator activity (molecular_function, GO: 0060589). KEGG pathway analysis revealed the top 10 enriched pathways in these DEmRNAs. Of them, endocytosis, Axon guidance and protein processing in endoplasmic reticulum regulation of actin cytoskeleton, and phosphatidylinositol 3-kinase (PI3K)–Akt signaling pathway were the most significantly enriched (Figure 8B). Intriguingly, the introduction of CB-MNCs gives birth to quite different outcomes of pathway enrichment. Among the 823 significantly enriched GO terms between the CB-MNC-infused and BPD mice, the topmost enriched terms are regulation of chromosome segregation (biological_process, GO: 0007059), chromosome region (cellular_component, GO: 0098687), and microtube binding (molecular_ function, GO: 0008017). KEGG pathway analysis revealed the top 10 enriched pathways in these DEmRNAs (Figure 8D). Of them, Epstein-barr virus infection, viral carcinogenesis, and cell cycle signaling pathway were the most significantly enriched.
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FIGURE 8. Pathway analysis for the differentially expressed mRNAs (DEmRNAs). (A,B) Gene Ontology (GO) analysis of the significantly differently expressed mRNAs in umbilical cord-derived mesenchymal stem cell (UC-MSC)-infused (A) and cord blood-derived mononuclear cell (CB-MNC)-infused bronchopulmonary dysplasia (BPD) mice (B) relative to BPD mice. (C,D) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis significantly differently expressed mRNAs in UC-MSC-infused (C) and CB-MNC-infused BPD mice (D). (E,F) Enrichment plots of gene expression signatures for topmost signaling hallmarks by gene set enrichment analysis (GSEA) of DEmRNAs in UC-MSC-infused group and CB-MNC-infused group.


We also conducted gene set enrichment analysis (GSEA) to better understand the signatures of these significantly changed genes. As shown in revised Figures 8E–F, the hallmarks of the top 2 significantly changed genes in UC-MSC group with p-value < 0.05 are interferon_alpha_response (NES = 1.49, p = 0.0432), Kras_signaling_DN (NES = 1.62, p = 0.0345). While the hallmarks of the significantly changed genes in CB-MNC group with p-value < 0.05 are G2M_checkpoint (NES = −1.67, p = 0.0025) and E2F targets (NES = −1.83, p = 0.0026). The opposite correlation value in the pivotal ways of UC-MSC- and CB-MNC-infused groups was a reflection of the distinct traits of the above two cells. Detailed gene enrichments are listed in Supplementary Tables 5–7. Normalized RNA-seq results of the topmost changed mRNAs, miRNAs, lncRNAs, and circRNAs and the key genes residing in the topmost enriched pathways regarding the divergence of CB-MNC and UC-MSC infusion were shown in Supplementary Figure 6.



Construction of DEmRNAs Mediating Protein–Protein Interaction Network in Stem Cell-Infused Bronchopulmonary Dysplasia Mice vs. Bronchopulmonary Dysplasia Mice

By converging the four common methods (DEseq2, edgeR, limma-voom, and limma-trend) in analyzing the DEmRNAs between BPD mice and the indicated stem cell-infused mice, 66 DEmRNAs coexist in all analyzed methods between UC-MSC-introduced mice and BPD mice (Supplementary Figure 6A), whereas 330 mRNAs were simultaneously contained in DEmRNAs between CB-MNC-introduced mice and BPD mice (Supplementary Figure 6B). We next constructed DEmRNAs mediating protein–protein interaction networks in indicated groups to reveal their complex interactions among each other using STRING system. Based on the filter parameters of the cytoHubba plug-ins, a total of 25 proteins and 41 edges were included in the network of UC-MSCs vs. BPD group (Supplementary Figure 6C), and a total of 168 proteins and 2,027 edges were included in the network of CB-MNCs vs. BPD group (Supplementary Figure 6D). Furthermore, a Cytoscape MCODE plug-in system was used to identify the key hubs of these PPI networks. The top key regulated genes mediating PPI networks of UC-MSC vs. BPD as well as CB-MNC vs. BPD were shown in Supplementary Figures 6E,F. Module 1 included five DEGs and 10 edges (Supplementary Figure 6E), and module 2 included 53 DEGs and 1,090 edges (Supplementary Figure 6F).



Construction and Analysis of the Dysregulated mRNA–lncRNA ceRNA Network and Dysregulated mRNA and circRNA ceRNA Network

In brief, firstly, we mapped all the DE-RNAs to the expression matrix in different categories and retrieved the expression profile, then we used miRanda as well as Targetscan to establish the putative miRNA–targets by screening the miRNA-binding sequence. As for the dysregulated mRNA–lncRNA ceRNA network (DMLCN), a candidate lncRNA–mRNA pair was generated if they competed for at least three common miRNAs. Furthermore, positive co-expression pairs between the differentially expressed lncRNA or circRNA and mRNA with coefficients > 0.8 and the negative regulatory relationships between the differentially expressed lncRNA or circRNA and miRNA with coefficients < −0.9 were retained. Finally, all the mRNA–miRNA–lncRNA ceRNA pairs were identified by performing hypergeometric test at the threshold of p-value < 0.05. As a result, DMLCN between MSC and BPD groups contained 60 lncRNA nodes (43 upregulated, 17 downregulated), 152 mRNA nodes (111 upregulated, 41 downregulated), 27 miRNA nodes (14 upregulated, 13 downregulated) in 602 pathway edges (Figure 9A). DMLCN between MNC and BPD groups contained 28 lncRNA nodes (25 upregulated, three downregulated), 211 mRNA nodes (193 upregulated, 18 downregulated), and 25 miRNA nodes (10 upregulated, 15 downregulated) in 2,138 pathway edges (Figure 9B). Thereafter, we constructed the dysregulated mRNA and circRNA ceRNA network (DMCCN) by above strategies. Notably, the estimated miRNA–circRNA interactions were obtained by mapping downloaded data in a combination of circBase and Starbase. DMCCN between MSC and BPD mice contained 30 circRNA nodes (eight upregulated, 22 downregulated), 111 mRNA nodes (42 upregulated, 69 downregulated), and 36 miRNA nodes (17 upregulated, 19 downregulated) in 1,326 pathway edges (Figure 9C). DMCCN between MNC and BPD groups contained 25 circRNA nodes (four upregulated, 21 downregulated), 105 mRNA nodes (96 upregulated, nine downregulated), and 52 miRNA nodes (33 upregulated, 19 downregulated) in 1,942 pathway edges (Figure 9D). All of the circRNA/lncRNA–miRNA–mRNA ceRNA pairs were provided in Supplementary Table 6. Importantly, the six DEmRNA nodes that presented in both the mRNA–miRNA–lncRNA and mRNA–miRNA–circRNA ceRNA networks in UC-MSC-implanted BPD group were Cacnb1 (calcium voltage-gated channel auxiliary subunit beta 1, downregulated, modulator of G protein inhibition) (Lu et al., 2010); Cacnb3 (calcium voltage-gated channel auxiliary subunit beta 3, upregulated, inducible responder of dendritic cells) (Bros et al., 2011); Cdk13 (cyclin-dependent kinase 13, upregulated, regulator of global RNA polymerase) (Fan et al., 2021); Lrrn2 (leucine-rich repeat protein 2, neuronal, upregulated, controller of cell adhesion and movement) (Haines et al., 2005); R3hdm2 (R3H domain-containing protein 2, downregulated, independent risk factors of cardiovascular system) (Yang et al., 2010); and RFX1 (regulatory factor RFX1, downregulated, transcriptional factor of FGF1) (Hsu et al., 2012; Figure 9E). On the other hand, five mRNA nodes that presented in both the mRNA–miRNA–lncRNA and mRNA–miRNA–circRNA ceRNA networks in CB-MNC-implanted BPD group were Prkcd [protein kinase C, delta, downregulated, suppressor of autophagy (Zhang et al., 2017)]; Homer3 (Homer protein homolog 3, upregulated, scaffold of neutrophil polarity and involved in GTPase signaling) (Wu et al., 2015); Eif2s3y (eukaryotic translation initiation factor 2 subunit 3, Y-linked, downregulated, extracellular signal-regulated kinase (ERK) pathway-dependent regulators in proliferation of spermatogonial stem cells) (Zhang et al., 2021); Uty [ubiquitously transcribed tetratricopeptide repeat gene, Y chromosome (downregulated, site-specific histone demethylase (Shpargel et al., 2012)]; and Ctnnd1 (cadherin-associated protein, delta 1, downregulated, promoters of proliferation in multiple cancers) (Castillo et al., 2010; Figure 9F). To sum up, the key hub DE protein-coding genes along with the ncRNA network can partially explain the therapeutic divergence upon UC-MSC and CB-MNC manipulation.
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FIGURE 9. Construction of dysregulated mRNA–lncRNA coexpression network (DMLCN) and the dysregulated mRNA–circRNA coexpression network (DMCCN) based on the correlation value. (A,B) The layout of dysregulated mRNA–lncRNA ceRNA network (DMLCN). A total of 239 nodes and 602 edges were identified in umbilical cord-derived mesenchymal stem cell (UC-MSC)-infused groups relative to bronchopulmonary dysplasia (BPD) mice, and a total of 264 nodes and 2,138 edges were identified in cord blood-derived mononuclear cell (CB-MNC)-infused groups relative to BPD mice. Purple diamond: upregulated mRNAs, yellow diamond: downregulated mRNAs; purple hexagon: upregulated miRNA, yellow hexagon: downregulated miRNA; purple round rectangle: upregulated lncRNAs, yellow round rectangle: downregulated lncRNAs. (C,D) The layout of dysregulated mRNA–circRNA ceRNA network (DMCCN). A total of 177 nodes and 1,326 edges were identified in UC-MSC-infused groups relative to BPD mice, and a total of 182 nodes and 1,942 edges were identified in CB-MNC-infused groups relative to BPD mice. Purple diamond: upregulated mRNAs, yellow diamond: downregulated mRNAs; purple round rectangle: upregulated circRNAs, yellow round rectangle: downregulated circRNAs. (E) The Venn diagram could demonstrate that six key genes were contained in the mRNA–miRNA–lncRNA and mRNA–miRNA–circRNA ceRNA network of UC-MSC-infused group simultaneously. (F) The Venn diagram could demonstrate that five genes were contained in the mRNA–miRNA–lncRNA and mRNA–miRNA–circRNA ceRNA network simultaneously.




DISCUSSION

Hyperoxia causes direct injury to cells mainly through recruiting inflammatory cells to the residential organs, and human MSCs have been disclosed to show enhanced therapeutic effects via paracrine secretion or cell-to-cell contact that modulates inflammatory functions or differentiation capacities. Meanwhile, accumulating evidence has suggested that human MSCs can also possess the potential to facilitate tissue repair and stimulate lung maturation (Laube et al., 2016), while limited preclinical experiments have demonstrated that UC-MSCs can improve outcomes under hyperoxia-induced BPD. These might be due to the higher level of quality control and release criteria for UC-MSCs in neonatal manipulation than that of the utility in adulthood as well as the inadequate establishment of general standards in assessing ways of delivery. Considering the side effects of metastatic potential and EMT property raised by human MSC implantation in tumor treatment (Yan et al., 2021), MNCs are optimal alternatives in stem cell-based therapies, especially CB-MNCs, among which we have witnessed an increasing body of data (Yin et al., 2015; Shin et al., 2016). Additionally, the MNCs preferentially resided in the pulmonary concomitant with very low engraftment rate (O’Reilly and Thebaud, 2015). Moreover, unlike the frequently reported applications of UC-MSCs in managing pulmonary dysfunctions, few studies have examined the translational potential of CB-MNCs in neonatal BPD animal models to date, and conclusions remain staggering under different situations (Abreu et al., 2013; Monz et al., 2013; Mills, 2017). In our current research, we demonstrate that intravenous administration of CB-MNCs to hyperoxia-exposed mice had significant effects on stimulating alveolarization, promoting tissue repair, and alleviating pro-inflammatory responses with substantial evidence (Figure 3 compares BPD group with CB-MNC group). Strikingly, CB-MNC transplantation exhibited strong capacity of enhancing the overall lung motion function and maintaining pulmonary–vascular flow homeostasis (Figure 5). Moreover, we also compared the efficiency between independent CB-MNC and UC-MSC infusion in all aspects. We observed generally better (albeit not consistent in all parameters or indices) effects of CB-MNC transplantation in balancing the inflammatory responses and restoring the lung morphogenesis compared to UC-MSC administrations (Figures 3–5).

Over the past few decades, the development of high-throughput sequencing has led to the identification of several lncRNAs and circRNAs in various tissues and cells (Hua et al., 2019; Wei et al., 2019). Increasing evidence has shown that these ncRNAs could participate in the regulation of multiple layers of the pathological and physiological event, including cell proliferation, migration, and metastasis (Zhou S.Y. et al., 2020) through regulating gene expression at the levels of pretranscription, transcription, and posttranscription (Zhang et al., 2019). Despite the combinative analysis integrating multiple datasets from public Gene Expression Omnibus (GEO) database (Wang et al., 2019), comprehensive expression profile and analysis of mRNAs, miRNA, lncRNA, and circRNA with regard to mouse BPD model with or without intervention treatment are vague. To the best of our knowledge, this is the first comprehensive high-throughput sequencing analysis of circRNA, miRNA, lncRNA, and mRNA expression profiles in comparison between the MSC- or MNC-infused BPD mice and BPD mice. We found that there were 2,256 and 2,997 mRNAs, 1,065 and 1,408 lncRNAs, 48 and 58 circRNAs, and 42 and 69 miRNAs with significantly different variations (fold change > 2 and p < 0.05) in UC-MSC and CB-MNC infusions, respectively (Figure 7, Table 2, and Supplementary Tables 1–4). We further navigate to the comparison analysis on the biological pathways of GO (GO-BP) that features the functions of differentially expressed genes. Interestingly, the top GO-BPs in UC-MSC-infused groups are related to GTPase activity (i.e., Rapgef3/Rapgef6/Rasgrp1/Rap1gap), ERK1 and ERK2 cascade (i.e., Fn1, Dab2, Fgfr2, and Fgf3), and chromosome segregation (Nusap1, Bub1, Map10, and Cenpc1). On the other hand, the top GO-BPs in CB-MNC-infused groups are cohesively related to mitotic nuclear division (Ccne2, Ccnb1, Cdc6, and Cdc27), cell cycle phase transition (Cdk4, Cdc25c, Aurkb, and Ccnd3), and chromosome segregation (Bub1, Psrc1, Bub1, and Cenp1). Collectively, chromosome segregation a fundamental cell activity, were both drastically changed upon UC-MSC and CB-MNC infusion, which might be an explainable output owing to the strong capacity of stem cells with the key genes varied in different groups. Also, the divergent GO-BPs in the two groups are sense-making, since the stimulating and proliferation effects are robust in CB-MNC-infused BPD, while the widely accepted UC-MSC introduction in alleviating BPD can relieve the injured pulmonary microenvironment from stress suffering by refreshing the motor sensing (GTPase activity) and mitogen activation pathways (ERK1 and ERK2 cascade) (Figure 8).

The pathogenesis of BPD is a complex process characterized by fewer and larger simplified alveoli, influx of inflammatory cells, and endothelial and epithelial cell death (Choo-Wing et al., 2013) and regulated by signaling-regulatory networks (Zhao et al., 2014; Liu et al., 2020; Zhang et al., 2020), including growth factors, transcription factors, regulating enzymes, and ncRNAs, a number of which formed feedback loops controlling the process of damage repair, alveolarization revitalization, and angiogenesis restoration. By combining initial screening of DEmRNA with GO/KEGG analysis, multiple significantly dysregulated genes have drowned consistent conclusion with current studies. For instance, Semaphorin 4A is reported to regulate angiogenesis through modulating the VEGF pathway (Segarra et al., 2012), and Ucp2 is a macrophage-specific inducer in response to pulmonary injury (Wang et al., 2016). Besides, many studies have indicated the important roles of an inflammatory response and immune response in cancers (Vilariño et al., 2020) and neurodevelopment (Tan et al., 2020). Among the gene lists of the top 10 most significantly upregulated and downregulated genes interfered by stem cell implantation, NXT2 played pivotal roles in neurodevelopment, whereas Mknk2, Sema6a, and PIR2 are frequently dysregulated molecules in the pathogenesis of multiple cancer types as evidenced by GeneRIF documented by PubMed. While implantation of UC-MSCs or CB-MNCs expectedly redirected the expression pattern (refer to Table 1 and Supplementary Tables 1–4) of these candidates, further verifications are important for deepening the understanding of BPD and lay a good prediction ability for evaluating the treatment effects through single-factor model or multiple-factors model.

Despite their poor conservation and low levels of expression compared with protein-coding genes, lncRNAs are often regulated by transcription factors and are expressed in a cell- or tissue-specific manner. In this study, most of the lncRNAs in the co-expression network were not yet annotated. In addition, from DMLCN, the lncRNA–mRNA co-expression network, we found that Rmi2 coexpressed with most numbers of lncRNAs (Figure 8A) and Eif2s3y coexpressed with most numbers of lncRNAs (Figure 8B), forming a complex network in UC-MSC-infused group or CB-MNC-infused group relative to BPD model, respectively. More importantly, recent studies have revealed that these hub genes played pivotal roles in pulmonary malfunctions (Ulke et al., 2019). It is therefore very much worth to perform further studies to reveal the underlying mechanisms of these lncRNAs and the interactions with the guiding hub genes.

Evidence is emerging that circRNAs can participate in the regulation of gene expression in various ways. It has been reported that circRNAs can function through their parental genes (Xu et al., 2020). Additionally, many more circRNAs have been reported to harbor multiple miRNA-binding sites, which seem to be a typical feature of this class of RNA molecules. This feature, together with covalently closed loop structure, suggests that circRNA can act as a sponge of miRNA to regulate a myriad of target genes. Interestingly, the DMCCN network we built exhibited a much concentrated network with highly centered distribution of the circRNA nodes in both UC-MSC- and CB-MNC-related groups compared with the scattered lncRNA distribution (Figures 9C,D). Intriguingly, much progress has been achieved in elucidating the roles of circRNA in lung cancer and multiple adult pulmonary malfunctions. For instance, a novel circular RNA, circXPO1, promotes lung adenocarcinoma progression by interacting with IGF2BP1 (Huang et al., 2020), and hot-star circRNA CDR1as and CircRNA0001859 are key players in balancing cardiovascular–pulmonary homeostasis (Chen S. et al., 2020; Ma et al., 2020). Linking the novel discovered circRNAs in alleviating BPD and stem cell-based therapy will make them optimal biomarkers.

Of note, we interpret the overall prior phenotype in CB-MNC group compared to UC-MSC group in two aspects: one is the same gene, same variation trend with different expression fold changes that impacts the regulation level and the other are distinct genes involved in the same pathway with divergent regulation modes. We focused on the significantly changed genes that reside in the hallmark pathways by GSEA analysis and BP term of GO analysis, among which Clic3 (chloride intracellular channel protein 3), Kdm4b (lysine demethylase 4B), Pxn (paxillin), Sorbs2 (sorbin and SH3 domain-containing protein 2), Trafd1 (TRAF-type zinc finger domain containing 1), and Tsku (Tsukushi) coexisted in both CB-MNC and UC-MSC groups with larger extent variations in CB-MNC groups (Supplementary Table 7, sheet co_GSEA). As typical examples, their geneRIFs are closely related in the cellular hallmarks of BPD including epithelial transition, endothelial homeostasis, and inflammatory responses (Mashima et al., 2005; Zhou S. et al., 2020; Hurskainen et al., 2021). Tsku is a small leucine-rich proteoglycan that has been documented to be induced in proteomic profiling of a TGF-β1-induced in vitro model of fibrosis in rat kidney fibroblasts (Zhou S. et al., 2020). When we reviewed our data, MSC group: downregulated log2FC −4.99, MNC group: −7.50, implying that introduction of the indicated stem cell can revert the induced Tsku level and the level of TGF-β expression with distinct extent. Meanwhile, in lung cancer cells, TSK expressed more highly than the other small leucine-rich repeat proteoglycan family members and regulates the epithelial–mesenchymal transition and cell proliferation (Yamada et al., 2019; Huang et al., 2021), indicating its pivotal functions in reverting the abrogated epithelium development and retarded EC proliferation. SORBS2 is another example of epithelial-regulating molecule, as a component of the acto-myosin ring at the apical junctional complex in epithelial cells (Fredriksson-Lidman et al., 2017) SORBS2 is a scaffolding protein associated with Abl/Arg non-receptor tyrosine kinase pathways and is known to interact with actin and several other cytoskeletal proteins in various cell types. The downregulated SORBS2 expression in both groups (CB-MNC: log2FC −6.25, UC-MSC: log2FC −6.52) implies that the rebalancing of the epithelial junction complex greatly contributes to the integrity of the pulmonary development. Another interesting example is Pxn (paxillin), whose knockdown has been proven to enhance endothelial cell migration in vitro and stimulate angiogenesis during normal development and in response to tumor angiogenic factors in vivo (German et al., 2014). In our data, MNC group pxn attenuated at Log2FC −9.88 while MSC group pxn reduced at log2FC −5.50, indicating the angiogenesis promoting functions of this gene in rescuing histopathological phenotype of abnormal growth and development. We also found that Clic3 is a chloride intracellular channel protein. It has been reported that its homologous family member, Clic1, has been significantly reduced in severe BPD compared to the moderate BPD (Magagnotti et al., 2013). Infusion of CB-MNC robustly enhanced the expression level of Clic3, with log2FC 5.06 in UC-MSC group while log2FC 9.88 in CB-MNC group. The calcium-related channel protein might participate in the reescalating effect of CB-MNC and UC-MSC in alleviating BPD.

We have thoroughly detected the factors regarding inflammatory regulation, tissue repair, and vascular remodeling (Figure 4). Interestingly, the classical pro-inflammatory factors (i.e., IL-6 and IL-1β) and classical anti-inflammatory factors (i.e., IL-10 and IL-2) exhibited a Yin–Yang balance expression module in response to experimental BPD model expectedly (Figures 4A–E). Inflammation is generally considered to be detrimental in recovery from hyperoxia-induced lung injuries, while single use of anti-inflammatory treatments targeting specific inflammatory mediators has yet been ineffective to date. It has been proven that Toll-like receptor (TLR)-mediated regulation of inflammasomes is a significant prognostic marker of BPD with different severities (Liao et al., 2015; Syed et al., 2019). Furthermore, cell-extrinsic responses induced by TLR signaling consist of inflammation (TNF-α) and tissue repair (IL-10). In the GSEA-enriched core genes, Trafd1, also named FLN29, is a novel interferon- and lipopolysaccharide (LPS)-inducible gene acting as a negative regulator of TLR signaling. As shown in Figures 4A–E, restraint levels of inflammatory marker IL-1β and IL-6 were concomitant with augmenting secretion of IL-10 and TGF-β. The reversion effect was more significant in CB-MNC group than in UC-MSC group (with log2FC in CB-MNC 6.72 and log2FC in UC-MSC 1.52). The unveiled functions of Trafad1 might provide another great example in illustrating the conversion of the inflammatory network.

The slightly declined TGF-β signaling and MMP-9 expression along with escalated VEGF expression after CB-MNC infusion (Figures 4F,G) implied the prevalence of adopting MNC in both balancing the delicate and intertwining feature of inflammatory networks and rescuing the devastative developing lung in experimental BPD model caused by hyperoxia exposure. The recovery of an intact epithelium following lung injury is critical for restoration of lung homeostasis, which includes an acute inflammatory response, recruitment of immune cells, and epithelial cell spreading and migration upon an autologously secreted provisional matrix. MMP-9 involves the breakdown of extracellular matrix in normal physiological and pathological processes regarding pulmonary homeostasis. Several key signaling pathways are important in regulating these processes, including sonic hedgehog, Rho GTPases, MAP kinase pathways, STAT3, and Wnt (Crosby and Waters, 2010), within which the uniquely differently expressed hub genes reside in the pathways (Supplementary Table 7). Previous studies have established the functional links between oxidative stress, apoptosis, autophagy, and endoplasmic reticulum (ER) stress through the nuclear factor erythroid-like 2 (Nrf2)/antioxidant response element (ARE) signaling pathways (Chen Y. et al., 2020; Zhang et al., 2020), and it has been reported that mesenchymal stem cells attenuate diabetic lung fibrosis via adjusting Sirt3-mediated stress responses in rats. In our data, in CB-MNC vs. BPD group, Sirt3 was among the significantly changed genes (log2FC 6.93, sheet CB-MNC vs. BPD group), while in UC-MSC, the changed Sirt family members were sirt2, and the expression level was downregulated (Chen Y. et al., 2020). Aberrant pulmonary vascular growth and remodeling are frequently seen in bronchopulmonary dysplasia (Alvira, 2016), and the fibroblast growth factor (FGF)-2 and VEGF are promising targets in the treatment of respiratory disorders (Laddha and Kulkarni, 2019). In CB-MNC group, the FGF-2 was slightly decreased (log2FC −1.68), and the FGFR (log2FC 1.27) was slightly increased (see sheet UC-MSC vs. BPD). This might partly explain the moderately mitigated VEGF level in MSC-introduced groups while the escalating of VEGF in CB-MNC group was largely due to the role of FoxM1, a transcriptional regulator of G1/S and G2/M transition and M phase progression in the cell cycle and a multifaced regulator in pulmonary disease. It can significantly activate adherens junctions, vascular formation, and pulmonary inflammation through multiple direct targets. In our data, the CB-MNC infusion can largely increase the level of Foxm1 (log2FC 2.46). Therefore, the robust enhancement of VEGF in CB-MNC group can be explained, which accounts for the second way of understanding the links between key genes in the pathways. Collectively, the concentrated molecules and hub genes are interpretable in understanding the divergence of UC-MSC and CB-MNC in alleviating BPD, especially the phenotypes related with VEGF, MMP-9, TGF-β.

Interestingly, the hub DEmRNAs within ceRNA pairs between UC-MSC and BPD groups are closely related with cell cycle integrity, cell adhesion, cell proliferation, and transcriptional homeostasis. The hub DEmRNAs within ceRNA pairs between CB-MNC and BPD groups are closely related with autophagy, neutrophil polarity, cell proliferation, and histone methylation, which is consistent with the result of global DEmRNA GO analysis. Taken together, our findings may provide new evidence for the underlying mechanisms of mRNA/ncRNAs and related ceRNA networks in stem cell-infused BPD and uncover novel targets for better utilizing stem cells in the treatment of BPD (Figure 1).
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Limited by the poor proliferation and restricted sources of adult hepatocytes, there is an urgent need to find substitutes for proliferation and cultivation of mature hepatocytes in vitro for use in disease treatment, drug approval, and toxicity testing. Hepatocyte-like cells (HLCs), which originate from undifferentiated stem cells or modified adult cells, are considered good candidates because of their advantages in terms of cell source and in vitro expansion ability. However, the majority of induced HLCs are in an immature state, and their degree of differentiation is heterogeneous, diminishing their usability in basic research and limiting their clinical application. Therefore, various methods have been developed to promote the maturation of HLCs, including chemical approaches, alteration of cell culture systems, and genetic manipulation, to meet the needs of in vivo transplantation and in vitro model establishment. This review proposes different cell types for the induction of HLCs, and provide a comprehensive overview of various techniques to promote the generation and maturation of HLCs in vitro.
Keywords: hepatocyte-like cells, hepatocyte induction, chemical approach, culture system, genetic manipulation
1 INTRODUCTION
Liver transplantation is the only therapeutic modality for curing end-stage liver disease. However, the chronic shortage of donors has compelled researchers to develop alternative treatments. Clinical studies have demonstrated that transplanted hepatocytes can relieve patient symptoms, prolong their survival (Hansel et al., 2014), and provide a “bridge” therapy until patients are matched with an appropriate liver for transplantation (Nguyen et al., 2020). However, there are problems associated with human hepatocyte transplantation. First, human primary hepatocytes have higher cell quality requirements, and isolated hepatocytes lose their functionality after prolonged periods of culture in vitro. In addition, long-term oral immunosuppressive drugs are needed after allogeneic hepatocyte transplantation which has arisen adverse effect and given negative impact of patient’s life quality. (Zeilinger et al., 2016; Miki, 2019; Ruoss et al., 2020).
In theory, undifferentiated stem cells can be induced into hepatocytes along the development track of hepatocytes under external intervention. The final induced cells were shown to adopt the phenotypes of hepatocytes, express hepatocyte-specific genes, perform glycogen storage and albumin synthesis functions. However, when compared with human hepatocytes (HHs), most of these cells express higher level of alpha-fetoprotein (AFP) and, perform insufficient detoxification functions, so called hepatocyte-like cells (HLCs). (Bell et al., 2017; Roy-Chowdhury et al., 2017; Cotovio and Fernandes, 2020). Nevertheless, even with this immature state, HLCs show an ideal effect in treating animal models of liver diseases and, are used for generating in vitro organoid models for predicting the hepatotoxicity of new drug (Corbett and Duncan, 2019). Unfortunately, immature phenotypes and the inconsistent differentiation of HLCs in the same batch, especially those derived from stem cells, pose a risk of tumorigenesis after transplantation into humans (Xu et al., 2018). All of these obstacles block the transformation of HLCs as an alternative to HHs in clinical applications, and greatly discount the authenticity of drug prediction results in some basic experiments, because HLCs cannot fully express the function of mature hepatocytes.
Thus, the question arises as to how HLCs can be generated with similarities to HHs both for ex vivo use and towards eventual clinical programs. Researchers have developed several methods to promote hepatocyte maturation by attempting to simulate hepatocytes in vivo for liver progenitors to induce mature and stable HLCs in vitro (Berger et al., 2015; Touboul et al., 2016). Actually, these methods can be divided into three types, chemical approaches, changing the culture system, and genetic manipulation. In this review, we discuss various cell sources for HLCs formation and methods promoting the maturation of HLCs in vitro (Figure 1).
[image: Figure 1]FIGURE 1 | Different methods promoting the maturation of HLCs in vitro as well as various cell sources for HLCs formation. ESCs, embryonic stem cells; iPCSs, included pluripotent stem cells, MSCs, Mesenchymal stem cells; HpSCs, hepatic stem cells; HGF, hepatocyte growth factor; bFGF, basic-fibroblast growth factor.
2 CELL SOURCES FOR GENERATING HEPATOCYTE-LIKE CELLS IN VITRO
HHs are considered the “gold standard” for functional cells used for drug screening and for cell transplantation. It is noteworthy that neonatal hepatocytes, compared with adult hepatocytes, have higher viability with better treatment outcomes in clinical settings, even after cellular cryopreservation (Tolosa et al., 2014; Lee et al., 2018). However, owing to a chronic, global shortage of donors, and ethical issues, alternative cell sources are needed (Zeilinger et al., 2016; Ruoss et al., 2020). Studies shows that HLCs can be derived from embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), mesenchymal stem cells (MSCs), endodermal cells and hepatic stem/progenitor cells. HLCs, performing some characteristics of hepatocytes, can be a promising alternative of hepatocytes to be tested in some preclinical researches which need to consume sufficient number of cells (Zhou et al., 2017; Wang et al., 2018; Mun et al., 2019) (Figure 2). Some key features of ideal HLCs cell source scientific research and clinical application are sufficient, accessible, and restricted differentiation into hepatic lines with complete phenotype and function in scientific research and clinical application.
[image: Figure 2]FIGURE 2 | Cell sources of HLCs induction in vitro and their advantages (black font) and disadvantages (red font). The abscissa represents the complexity of the stages required during hepatic differentitation. The ordinate represents the potential of cell differentiation into other cell types.
2.1 Embryonic Stem Cells
Embryonic stem cells (ESCs) feature the pluripotency to differentiate into endoderm, mesoderm and ectoderm. ESC lineages may be restricted to cells with hepatocyte-like features under induction conditions (Mun et al., 2019). ESCs with a comprehensive spectrum are more likely to differentiate into other lineages, which leads to heterogeneous differentiation of HLCs. Before differentiation, if ESCs are transformed into definitive endoderm for narrow-spectrum differentiation, the differentiation efficiency can be improved. However, this may increase the number of steps and duration of differentiation. In addition, it is necessary to provide an appropriate environment for stem cells to support their pluripotency when cultured in vitro. Generally, according to the materials of substratum on the dish, the culture methods are divided into feeder-dependent culture (e.g., mouse embryonic fibroblasts and skin fibroblasts) and feeder-free culture (e.g., Matrigel, collagen, human recombinant laminin and its subtypes) (Hoffman and Carpenter, 2005; Dakhore et al., 2018). It has been found that some cytokines and extracellular matrix components secreted by the feeder layer into the culture medium can form a benefit environment for growth of stem cells. For example, basic fibroblast growth factor (bFGF), transforming growth factor-β (TGF-β), and Laminin-511 secreted by fibroblast feeder layer is associated with the cell self-renewal and pluripotency maintenance of human ESCs (Stacey et al., 2006; Hongisto et al., 2012; Lim et al., 2019). Limited by the potential of unidentified pathogens from feeder cells, feeder-free culture represents a greater prospect (Llames et al., 2015). At present, some fully defined commercial media for feeder-free culture, such as E8 and TeSR, optimizes the passage and maintenance of stem cells (Lim et al., 2019). Compared with TeSR medium, the development of E8 medium rejects the animal derived bovine serum albumin and some non-essential additions, simplifying the medium components, maintaining the undifferentiated proliferation of ESCs, and further reducing the culture cost (Ludwig et al., 2006; Chen et al., 2011).
2.2 Induced Pluripotent Stem Cells
Induced pluripotent stem cells (iPSCs), which represent a promising source of HLCs, can be reprogrammed from different adult cells (Wang et al., 2016; Roy-Chowdhury et al., 2017). The classic reprogramming technique involves introducing Oct4/Sox2/KLF4/c-MYC genes into candidate cells to reverse cells from a differentiated state to the ground state with the ability to re-differentiate (Takahashi and Yamanaka, 2006). However, the reprogramming efficiency is affected by the expression level of the four transcription factors, and the method poses a potential risk of insertion mutation; furthermore, the continuous expression of c-MYC may pose a risk of tumorigenesis in vivo (Xu et al., 2018; Haridhasapavalan et al., 2020). Based on efficiency and safety considerations, reprogramming methods have been explored and optimized, such as reducing or replacing the application of c-MYC (Huang et al., 2018; Nakagawa et al., 2008), shifting from genetic integration to integration-free methods, or using small-molecule cocktails for direct reprogramming (Fusaki et al., 2009; Okita et al., 2011; Ma et al., 2017). The culture and induction methods of iPSCs in vitro are very similar to those of ESCs. iPSCs are differentiated into HLCs through three stages: endoderm formation, hepatic specification, and maturation (Li et al., 2019). In addition, transcription factor-based reprogramming retains the epigenetic memory of donor cells, which may favor iPSC differentiation along the original tissue and limit the efficiency of differentiation into other lineages, without contributing to performance of the complete phenotype of HLCs induced from liver-derived iPSCs (Kim et al., 2010; Calabrese et al., 2019). The emergence of iPSCs provides a sustainable concept for high-value precision medicine; the use of patient-specific recombinant iPSCs can not only solve the problem of cell source but also avoid various risks related to inhibition and rejection in in vivo applications; however, the reprogramming efficiency and culture mode of iPSCs need to be further optimized.
2.3 Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) are a type of non-hematopoietic stem cells that exist in a wide range of tissues such as bone marrow, adipose tissue, menstrual blood and umbilical cord (Raoufil et al., 2015; Farnaz Sani et al., 2016; Xing et al., 2016; Cipriano et al., 2017; Xu et al., 2017). Among them, umbilical cord mesenchymal stem cells are widely studied as the candidate for the treatment of end-stage liver disease and HLCs differentiation (Talaei-Khozani et al., 2015; Varaa et al., 2019). Typically, liver-specific induction and maturation stages are required to obtain HLCs, which are unstable and inefficient due to the need to transition from mesoderm to endoderm (Vojdani et al., 2015; Huang et al., 2017). There is a type of stem cell localized in the liver with a phenotype similar to that of MSCs, can be successfully differentiated into HLCs (Najimi et al., 2007; Lee et al., 2020). Even that being of hepatic origin, these cells are not more mature in hepatic differentiation compared with extrahepatic MSCs (Chinnici et al., 2019). Of course, as an accessible cell source of HLCs in vitro, MSCs have the advantages of their low immunogenicity in vivo, strong proliferation ability in vitro, and unaffected cell vitality and differentiation ability after cryopreservation. However, it is noteworthy that adult stem cell actually accounts for only a small part of the tissue, and the number and proliferation ability of MSCs will decrease along with donor age.
2.4 Endodermal Cells
Organs from endodermal origins, including the gallbladder, pancreas and intestine, which are of the same germ layer origins as the liver, also contain endodermal stem cells (Carpino et al., 2014; Lanzoni et al., 2016). These cells can differentiate into HLCs with a shorter differentiation path. Isolation of tissue-derived endodermal stem cells cost far less than that the pluripotent stem cell-derived. The issue with the tissue-derived endodermal stem cells is their ex vivo expansion limitation due to the underdeveloped expansion condition. Therefore, pluripotent stem cells are recombined into stable and expandable endodermal progenitor cells as a new cell-type source of HLCs in vitro (Cheng et al., 2013; Sambathkumar et al., 2018). This approach represents a more simple and safe method than other strategies that require endodermal differentiation because endoderm formation has already occurred by the time of isolation. Furthermore, selecting an endodermal source (e.g., intestine) with a close lineage relationship is logical since one is not trying to reprogram cells from ectoderm or mesoderm to endoderm (Wang et al., 2016). The transformation of digestive tract epithelial cells into endoderm cells using a small molecule cocktail has already been achieved and such cells are genetically stable (Wang et al., 2016). The strategy of using endodermal cells as initiators for differentiation can be less fraught, with greater chance of success and at far lower cost. This has been an increasingly interesting and promising strategy, but additional investigations are necessary to validate these early findings.
2.5 Hepatic Stem/Progenitor Cells
There are two types of multipotent cells in the liver: hepaoblasts and hepatic stem cells (HpSCs). Hepatoblasts are diploid bipotent cells with hepatocytes and cholangiocytes differentiation, locating in the canals of Hering in the adult liver. As the precursors of hepatoblasts, HpSCs are multipotent and can give rise to pancreatic islets cells except for hepatocytes and cholangiocytes. These cells can be found in the ductal plates of fetal and neonatal livers, and the canals of Hering in pediatric and adult livers. These two kinds of cells have very similar antigenic profiles, only with and without AFP expression, respectively (Chen et al., 2017; Schmelzer et al., 2007; Turner et al., 2011; Zhang, et al., 2008). These cells can be lineage-restricted into hepatocytes under different condition, which indicates that they are safe for use in transplantation in vivo (Cardinale et al., 2011; Turner et al., 2011). However, the extraction and separation of HpSCs or hepatoblasts presents a challenge due to the scant numbers of HpSCs (0.5–2.5% of liver parenchyma of all donor ages) and hepatoblasts (<0.01% in adult livers) (Turner et al., 2011; Liu et al., 2019). Although it is possible to obtain proliferative hepatoblasts by transferring both stem maintaining genes and liver specific genes, the final differentiation efficiency seems to be dissatisfactory (only 56.7%) (Yu et al., 2013; Park et al., 2019). Some scientists tried to change the composition of the culture medium and add some growth factors to transform mature hepatocytes into proliferative hepatoblasts, which have been realized in both mouse and human cells (Katsuda et al., 2017; Wu et al., 2017; Fu et al., 2019; Katsuda et al., 2019; Katsuda and Ochiya, 2019). Such chemically-induced hepatoblasts can stably expand in vitro and differentiate into mature hepatocytes under appropriate conditions and without gene mutations (Katsuda et al., 2017). The degree of differentiation of initial cells is close to the terminal state, and the inertia of cells makes it less steps to differentiate into HLCs.
3 INDUCTION AND MATURATION OF HEPATOCYTE-LIKE CELLS IN VITRO
Reviewing the development history of the whole liver, it is not difficult to find that process is committed and complex. Immature stem cells develop into polarity and functional maturation hepatocytes, initiated by exogenous signals, cell localization clues and accumulated transcription factors, which is inseparable from the transduction and regulation of chemical and mechanical signals (Trefts et al., 2017; Ober and Lemaigre, 2018). Therefore, in the induction of HLCs in vitro, from the initial attempt to stimulate cell differentiation by adding a certain proportion of xenobiotics, in recent years, increasing researches also take into account the interaction between cells and cells and the extracellular matrix. The development from monolayer to multilayer differentiation and even multicellular culture has promoted the maturation of HLCs in vitro significantly (Kaserman and Wilson, 2017; Tomizawa et al., 2017; Blau and Miki, 2019; Mun et al., 2019).
3.1 Chemical Approach, Adding Exogenous Substances
Using different proportions of cytokines and growth factors based on activation or inhibition of signals on a regular basis is the basic induction method of generating HLCs in vitro (Figure 3). Generally, totipotent cells need to go through three stages to differentiate into HLCs in natural state (Table 1). Activin A acts via BMP signaling pathway, which often is coupled with Wnt3a during the highly efficient induction of definitive endoderm from pluripotent stem cells (Hay et al., 2008; Mitani et al., 2017; Si-Tayeb et al., 2010). And this process is considered to be the premise of formation of available HLCs in vitro. Hepatic nuclear factor (HGF), epidermal growth factor (EGF), FGF, and other growth factors are commonly used, which mainly promote the differentiation of endodermal cells into hepatocytes and inhibit the differentiation of non-hepatocyte cells (Raoufil et al., 2015; Vojdani et al., 2015; Kaserman and Wilson, 2017). In the process of HLCs generation, the key is to promote and induce the mature phenotype of cells, which determines the authenticity and safety of the experiments based on it. Generally, dexamethasone (DEX), oncostatin M (OSM) are often added at the mature stage to increase the expression of maturation HLCs genes and enhance their functions (Tomizawa et al., 2017). OSM is a key factor involved in the development and maturation of fetal liver, and OSM can also promote hepatic progenitor cells to hepatocyte maturation when adult liver injured (Kamiya et al., 1999; Okaya et al., 2005). In vitro culture, the addition of OSM combined with DEX which is prominent in inducing the expression of cytochrome enzyme in hepatocytes, can significantly increase hepatic protein synthesis was demonstrated (Lindley et al., 2002; Chivu et al., 2009; Zhang et al., 2012). The use of cytokines to induce hepatocyte formation is a classic method with high success rates, but this technique is often accompanied by the high costs and poor efficiency, and cannot meet clinical needs. Obviously, the induction of HLCs only with growth factors is no longer a routinely induction pathway because of its high cost and long time (about 15–28 days). However, this method is still as the basic idea to combined with other improved methods for yielding HLCs.
[image: Figure 3]FIGURE 3 | The flow chat showing the stages of pluripotent stem cells differentiating into HLCs and the common cytokines added at each differentiation stage. HGF, hepatocyte growth factor; EGF, epidermal growth factor; FGF, fibroblast growth factor; OSM, oncostatin M; DEX, dexamethasone.
TABLE 1 | Hepatocyte-like cells formation by cytokines and growth factors.
[image: Table 1]Small molecules, economic and effective substitutes for cytokines, can modulate gene expression and epigenetic modifications, accelerate the differentiation process, and promote maturation in hepatocytes (Du et al., 2018; (Qin et al., 2018; Tasnim et al., 2015) (Table 2). The chemical inhibitors GSK-3β, CHIR99021 and 6-bromo-indirubin-3′-oxime can activate Wnt signaling, regulate SOX17 expression, and promote dedifferentiation (Tasnim et al., 2015; Xu et al., 2015; Huang et al., 2017). The use of CHIR99021 reduce concentrations of activin A without affecting the differentiation rate of endoderm (Farzaneh et al., 2018). Sodium butyrate and valproic acid are histone deacetylation inhibitors that can promote the differentiation of definitive entoderm into liver-specific cells (Kondo et al., 2014; Panta et al., 2019). Trichostatin A, 5-aza, and nanomycin A, all of which are epigenetic modifiers, can be employed to induce differentiation of HLCs (Seeliger et al., 2013; Cipriano et al., 2017; Nakamae et al., 2018). FH1 and FPH1 have been used to replace HGF and OSM, respectively, to promote hepatocyte maturation. When used in conjunction with A83-01, dexamethasone, and hydrocortisone, the rate of cell differentiation was increased to 67.7% (37.1% in the cytokines cocktail group) (Shan et al., 2013; Du et al., 2018).
TABLE 2 | Small molecules and possible mechanisms in HLCs formation.
[image: Table 2]Much controversy exists regarding the use of dimethyl sulfoxide (DMSO); in particular, its dose may affect the differentiation results. Indeed, studies have shown that 0.1% DMSO can accelerate the morphological differentiation of stem cells, whereas 1% or 0.5% DMSO can enhance the differentiation of liver specificity (Siller et al., 2015; Alizadeh et al., 2016). Contrary to this conclusion, Wang et al. pointed out that the differentiation efficiency of cells was not affected with the use of DMSO (Wang et al., 2019). Nevertheless, as a sulfur-containing organic compound, DMSO can interact with protein hydrophobic groups, resulting in protein denaturation, affecting cell metabolism and free radical scavenging, which also contribute to its controversial use.
In brief, exogenous substances are added to simulate cytochemical signals and the paracrine mechanism of cell development in vivo. The application of classical cytokines to small molecules is not only an innovative, simplified induction method but also the embodiment of deep insight into cell development and differentiation. Although the induction method involving small molecules is simple and cost-effective and can even be used to replace growth factors, screening an effective small molecule is a time- and money-intensive process (Siller et al., 2015). Generally, a mixture of growth factors and small molecules has been shown to effectively induce directional hepatic differentiation from stem cells. However, this approach still suffers from challenges in finding the most appropriate mixture proportion once the culture system becomes complex, such as the need to regulate the fate of different cell types at the same time.
3.2 Culture System
It is also important to provide appropriate mechanical stimulation and growth space for cells to further promote differentiation and maturation. Therefore, a number of studies have sought to change the physical environment of cell growth, including the matrix, oxygen concentration, and flow effect, using different culture systems.
3.2.1 Spheroid Culture
Spheroid cultures involve the self-aggregation of cells in static culture systems, such as low-adhesion culture plates or suspension cultures, resulting in the formation of cell spheres. The spatial distribution formed by the cells in the sphere is conducive to the extension of the three-dimensional (3D) structure of the cells that can show the function of the cells better. Meanwhile, the cells separated from the single mode of monolayer growth in the dish can be more beneficial for absorption and exchange of nutrients and promote the maturation of HLCs in vitro (Lauschke et al., 2016; Choi et al., 2018). Studies have shown that HLCs in spheroid culture show increased expression levels of liver-specific genes, cytochrome enzymes, and esterase, with the appearance of bile canaliculi (Kim et al., 2015; Choi et al., 2018). However, the size of the aggregates formed by HLCs affects nutrient exchange and signal reception by cells in the sphere, thus affecting their subsequent differentiation (Meier et al., 2017). Extremely small spheroids result in the loss of cells if there is fluid shear stress in the culture. Large-sized spheroids may exhibit issues regarding the diffusion of oxygen and metabolism of substances in cells within the spheroids, resulting in inconsistent differentiation of the whole spheroid (Farzaneh et al., 2018). Recently, Zeinab et al. placed particles containing growth factors in the center of such spheres to ensure an evenly distributed release of growth factors, thereby reducing the otherwise uneven absorption of nutrients at the center of the sphere (Heidariyan et al., 2018).
3.2.2 Organoid Culture
Organoid cultures, comprising parenchymal cells along with one (or more) mesenchymal cell types, reproduce primary tissues more accurately and incorporate more of the original developmental processes of cells (Koike et al., 2019). Compared with spheroid cultures, liver organoids are superior in terms of cell diversity and long-term culture in vitro (Mun et al., 2019). The effective microvascular structure formed by organoids can provide oxygen and nutrients to the cells in the center, thus improving the maturity of organoids and prolonging the culture time in vitro. Organoids with microstructures and microvasculature show irreplaceable advantages in recapitulating organogenesis and as the alternative treatment for organ failure (Takebe et al., 2017; Koike et al., 2019). At present, the use of organoids is the most widespread method to implant cells in Matrigel domes along with different cytokines to promote differentiation. However, the need for an extracellular matrix (e.g., Matrigel) to maintain long-term culture introduces undefined components, making it difficult to reproduce appropriate culture conditions. In addition, the size of organoids formed by this method is limited, and it is still a simplified organ compared to the native tissue with complex architecture and cellular diversity (Brassard et al., 2021). Although the continuous constructional improvements of organoid platforms are gaining momentum and result in improved physiological interactions between different systems (e.g., immune system and vascular system), cultivating multiple cell types on a single platform is still a challenge. Furthermore, effective replication of the cellular diversity of the liver is a time- and money-consuming process (Harrison SP et al., 2021; Shiota et al., 2021).
3.2.3 Culture Based on Hydrogel
Hydrogels are a type of polymer that can swell in water, providing an extracellular matrix by coating culture dishes, there by simulating the physiological growth of cells and promoting the diffusion of nutrients and cellular growth factors. As a biomaterial, hydrogels also play a non-negligible role in regulating cell proliferation, activity, and differentiation when they become part of the microenvironment of culture systems (Lutolf and Hubbell, 2005; Biggs et al., 2010). Hydrogels possess beneficial inherent chemical properties, as well as ideal wettability, roughness, and stiffness, which may affect cell growth, adhesion, migration, and apoptosis (Gentile et al., 2010; Slepicka et al., 2015). Hydrogels are classified into natural and synthetic polymer hydrogels, depending on their source. Natural hydrogels include alginate, collagen, and gelatin, while synthetic polymers include polyacrylamide (Toivonen et al., 2016; Luo et al., 2018; Ma and Huang, 2020).
A natural hydrogel derived from the decellularized extracellular matrix (ECM) of animal liver tissue not only provides a complex scaffold structure but also preserves the active substances present in it, including collagen, fibronectin, and glycosaminoglycans, as well as HGF, bFGF and other growth factors, in the cell growth microenvironment (Wang et al., 2016; Lorvellec et al., 2017; Wang et al., 2018). Spheroids formed by stem cells in liver ECM hydrogels have a smooth surface and are homogeneous in size (Toivonen et al., 2016). This method promotes the expression of maturation genes, such as ALB and CYP3A4, in HLCs, while effectively reducing the expression of AFP (Wang et al., 2016). However, polypeptides in natural hydrogels (e.g., collagen type I) contain animal-sourced antigens; this characteristic reduces their biological safety and thus limits their clinical applications. Recyclable mixed hydrogels with stable chemical properties and the plant-derived biomaterials known as cellulose nanofibrils, which are nontoxic, biocompatible, and biodegradable, have gained attention recently (Chitrangi et al., 2017; Poorna et al., 2021).
Polymeric synthetic hydrogels have similar structures and properties to natural ECM, providing suitable mechanical simulation and adhesion sites for the formation and maturation of HLCs (Yamazoe et al., 2013; Mahmoodinia Maymand et al., 2017). Common scaffold materials include poly L-lactic acid, polyether sulfone, and polycaprolactone. Because of the difference in the synthesis process and material source, cell adhesion, growth, and differentiation are affected (Biggs et al., 2010). Thus, aligned polyethersulfone synthesized by electrospinning technology is more conducive to the differentiation of HLCs and increases the expression of CYPs than random polyethersulfone (Mahmoodinia Maymand et al., 2018); this difference may be attributed to the fact that orderly arrangement of materials is beneficial for the formation of highly ordered tissue assemblies. Furthermore, compared with single polymers, hybrid scaffolds have better biocompatibility and material properties and can effectively improve the phenotype of HLCs and maintain phenotype stability in vitro (Mahmoodinia Maymand et al., 2017; Mobarra et al., 2019). For example, mixed scaffolds comprising poly L-lactic acid and collagen-I have a clear fiber structure, which can improve the maturation of hepatocytes and simplify the differentiation process (Wang et al., 2016).
Hydrogels can be used for single-layer cultures or covered with the same or different matrices to form a so-called sandwich culture (Bi et al., 2006). Sandwich culture promotes cell growth by maintaining material exchange on top of the substrate and a stable cell culture in vitro, providing an effective hepatotoxicity prediction model (Bi et al., 2006; Sakai et al., 2019). Unfortunately, this method is limited by the inability to remove apoptotic cells. Furthermore, an obvious shortcoming is that the extract of proteins from cells always mixes with exogenous proteins present in polypeptide-based hydrogels, leading to experimental difficulties.
3.2.4 Hydrogels in 3D Bioprinting
The controllable viscosity and water storage ability of hydrogels, as well as excellent cytocompatibility, make then the ideal choice for 3D bioprinting technology (Irvine and Venkatraman, 2016). Bio-inks composed of hydrogels and cells allow the replication of functional organs with tissue structure during printing; moreover, the location of cells can be preset in order to simulate natural tissues more accurately and show better therapeutic effects in disease treatment (Wust et al., 2011; Brassard et al., 2021). It is expected that HLCs are more mature both in liver phenotype and function after incubation on 3D-printing scaffolds (Kang et al., 2018). As a vital part of 3D printing, hydrogels can not only provide temporary residence for the isolated cells but also stabilize cells in the printing process to avoid thermal and mechanical damage and ensure the survival rate of cells (Belk et al., 2020). Indeed, potential pollution in the process of in vitro printing and the product damage owing to toxic particles produced by the materials, cannot be ignored. Notably, the effects of material factors on cell differentiation should also be controlled.
3.2.5 Bioreactor
Bioreactors can comprehensively simulate microenvironments suitable for hepatocyte growth in vivo and enable scaling-up of the cell culture system (Ardalani et al., 2019; Yamashita, et al., 2018). The bioreactor is equipped with parameter setting systems, which can realize the real-time monitoring and adjustment of temperature, oxygen concentration and shear force in the incubator. By enabling fluid flow in the culture medium, simulating the flow in peripheral blood vessels experienced by hepatocytes in vivo, the cells are always exposed to consistent concentrations of nutrients and oxygen (Yen et al., 2016; Kehtari et al., 2018). Such dynamic culture systems can remove unhealthy cells with weak adhesion and dispose of cellular metabolites. For example, microfluidic-based biochips provide cells with a stable fluid-flow environment (Jang et al., 2019). The presence of a flow effect is expected to not only to improve the maturation of HLCs, but also to increase the levels of CYP1A2 activity. Furthermore, the effect of two-sided flow on cells is greater than that of one-sided flow set-ups. HLCs express increased levels of phase I and II enzymes, as well as undergo bile duct formation (Jang et al., 2019). Compared with static cell culture, ESCs cultured in stirred bioreactors can function as more mature HLCs, exhibiting upregulated liver gene mRNA transcripts and enhanced liver functionality (Park et al., 2014). In addition, bioreactors can maintain a relatively constant oxygen concentration in long-term culture. Research has demonstrated that the concentration of oxygen around cells can have a large impact on the state of cells (van Wenum et al., 2018; Kimura et al., 2019). IPSCs cultured under high oxygen levels differentiate into definitive endoderm more efficiently, and the expression of albumin and cytochrome enzymes in HLCs is significantly improved (Kimura et al., 2019). High oxygen (40%) conditions also promote the maturation of HLCs (van Wenum et al., 2018). However, Zhi found that the effects of hypoxia on liver differentiation depend on the duration of treatment, because short-term (24 h) hypoxic (10% O2) pretreatment can also increase hepatic gene expression and glycogen storage (Zhi et al., 2018).
Bioreactors enable simultaneous co-culture of various cell types. It is well known that nonparenchymal liver cells, such as endothelial sinus, Kupffer, hepatic stellate, and bile duct cells, play important roles in the process of liver development by secreting cytokines or contacting hepatocytes directly (Kitade et al., 2016). Co-culture with non-liver cells can prolong the culture time of hepatocytes in vitro and maintain the function of HLCs when cultured together with MSCs (Rebelo et al., 2017). MSCs not only provide signal transduction for HLCs, but also protect the spheroid from shear stress.
Microbioreactor represented by microfluidic biochips require low cost but high precision; therefore, they are usually used for high-throughput drug screening but not for large-scale cell preparation. Large bioreactors can increase cell production, especially when producing clinical quantities of cells (Tandon et al., 2013; Samal et al., 2019). However, because cells adhere to capillaries filled with nutrients and oxygen, the rate of perfusion and the properties of substances affect the efficiency of cellular metabolite exchange (Meier et al., 2017). Therefore, adjusting parameter variation to achieve the ideal differentiation effect in vitro has become one of the challenges in the popularization and application of bioreactors. Nevertheless, the use of bioreactors is still anticipated to become widespread owing to the quantitative advantage of cell culture.
3.3 Blastocyst Complementation
Although, to some extent, in vitro differentiation has been mimicking all the induction cues required for liver development in vivo, the immature and complex production processes are incompatible, resulting in a lag in clinical transplantation applications. Differentiation is optimally induced in vivo, where the host can provide all factors and conditions for cell development. Therefore, blastocyst complementation technology is used to confer a vacant developmental niche in the host via gene knockout, so as to provide a suitable growth environment for stem cells. Finally, the stem cells can compensate for the developmental vacancies and produce derived organs from donor cells (Wu et al., 2017; De Los Angeles et al., 2018; Crane et al., 2019). Using this strategy, human organs such as the pancreas, kidney, skeletal muscle, and liver, have been successfully derived from rodents and large non-rodents (Goncalves et al., 2008; Kobayashi et al., 2010; Usui et al., 2012; Matsunari et al., 2013). Recently, it was found that in the animal model of liver development disorder caused by deletion of the HHEX gene, normal liver could develop after blastomere supplementation in the embryonic stage; this result suggests that patient-derived iPSCs can be used to derive the mature liver tissue in some large animals suitable for in vivo transplantation (Matsunari et al., 2020).
3.4 Genetic Manipulation
Changing the expression of specific genes and introducing exogenous ones represent direct and effective strategies to regulate the function of differentiated HLCs in vitro (Table 3). The specific expression of target genes in host cells can be realized through a virus delivery system. For example, overexpression of liver-enriched transcription factors (HNF4α and HNF1α) and forkhead box (FOXa2 and FOXa3) was found to shorten stem cell differentiation time, improve differentiation efficiency, and promote HLC maturation (Takayama et al., 2012; Hu et al., 2016; Hanawa et al., 2017). In addition, the use of adenovirus as a vector to transduce ATF5, c/EBPα, and Prox1, the three important mature hepatocyte transcription factors, into HLCs induced by traditional growth factors for 25 days, led to upregulated expression levels of liver markers, such as drug-metabolizing enzymes and liver cell metabolite transporters (Nakamori et al., 2016). Indeed, this genomic non-integration method has advantages for adjusting the poor metabolic function of HLCs, because it exhibits high transfection efficiency without the risk of insertion mutation.
TABLE 3 | Application of gene editing technology in human HLCs formation.
[image: Table 3]Another approach is represented in the hepatic direct reprogramming, that is, human somatic cells bypass the induced pluripotent stage and directly reprogram into functional HLCs (Du et al., 2014; Huang et al., 2014; Wu et al., 2020) (Table 3). At present, induced functional HLCs have been successfully generated, by introducing a combination of some liver fate determined factors (e.g., FOXa3, HNF1a, HNF4a, and GATA4), from fibroblasts and urine epithelial cells (Huang et al., 2014; Wu et al., 2020). In addition, for further promoting the maturation of HLCs and their application in drug development, the overexpression of maturation factors (ATF5, PROX1, and c/EBPα) can greatly improve the level of drug metabolism enzymes, even comparable to human hepatocytes (Du et al., 2014). Although this approach is beneficial for the short-term induction of a large number of HLCs, it is known that liver development is a continuous change process, indicating that its network of expression regulation is continuous and complex (Ober and Lemaigre, 2018). Therefore, it is difficult to prove whether the constant expression of some genes can truly represent the differentiation of hepatocytes.
MicroRNAs (miRNAs), which regulate gene expression at the post-transcriptional level during cell development and growth, play significant roles during HLC induction. Zhou et al. found that a combination of five miRNAs (miR-122, miR148a, miR-424, miR-542-5p, and miR-1246) in cord mesenchymal stem cells could induce functional hepatocytes within 7 days without the addition of cytokines, providing a new strategy for in vitro induction of HLCs (Zhou et al., 2017). Among them, mir-122, as a liver-specific miRNA, exhibits the highest expression in the adult liver, accounting for approximately 70% of all cloned miRNAs. It plays an important role in the regulation of liver function and pathological development (Girard et al., 2008; Hu et al., 2012). Studies have shown that miR-122 can stimulate the expression of hepatocyte-specific genes and most hepatocyte-enriched transcription factors to form a positive feedback loop and induce hepatocyte differentiation in vitro (Laudadio et al., 2012). Overexpression of miR-106a, miR-574-3p, and miR-451 in cells resulted in formation of HLCs in 28 days; these HLCs expressed higher levels of ALB, cytokeratin (CK18), and HNF4α compared with cells induced by traditional cytokines (Khosravi et al., 2018). Moreover, the overexpression of miR-382 in rat hepatocyte progenitor cells promoted the maturation of HLCs (Zheng et al., 2018). In addition, miRNA induction methods usually require a combination of a variety of miRNAs; however, the network of miRNAs regulating gene expression is very complex. This characteristic increases the cost of the experiment because of the need for constant testing of new combinations to find an ideal one.
Overexpression of certain maturation genes in immature HLCs can optimize their liver-specific functions. Studies have shown that iPSC genome editing can be used to improve the expression of cytochrome enzymes and obtain high-purity CYP3A4-like hepatocytes that are needed to evaluate the risks of candidate drugs (Takayama et al., 2018). The CRISPR/Cas9 system has been used to establish a hepatocyte line with high PXR expression, which could promote the expression of iPSC-derived hepatocyte cytochrome enzymes and enhance cell proliferation capacity (Kim et al., 2018).
As mentioned earlier, compared with the traditional method of inducing cells from an undifferentiated state into appointed cells step by step, direct transdifferentiation based on genetic operation and epigenetic regulation has a higher efficiency and shorter cycle. However, the expression instability and tumorigenicity caused by the inherent defects of virus transfection may lead to inconsistent differentiation, which manifests itself in the mixed expression of immature hepatocyte progenitor cells and mature hepatocytes (Orge et al., 2020). While it is easy to induce epithelial stromal transformation in long-term in vitro culture, phenotypic instability can lead to poor transplantation outcomes in vivo (Xue et al., 2016). Although this drawback may lead to the limited application of this method in vivo, its application in drug screening and disease modeling cannot be ignored.
4 APPLICATIONS AND CHALLENGES
4.1 Pharmaceutical Industry
Monolayer HLCs and organoid-derived HLCs provide high-throughput predictive models for drug screening and toxicity prediction and can become important drug research tools (Cayo et al., 2017; Shinozawa et al., 2021). In particular, HLCs in 3D culture show higher cytochrome enzyme activity and sensitivity to hepatotoxicants than those in 2D culture, as well as provide suitable platforms for drug screening (Lee et al., 2021). Meanwhile, special gene expression cell lines for scientific research can be established in combination with genetic manipulation technology. For example, CYP2C19-knockout human iPSC-derived HLCs can be used as a new CYP2C19-deficient metabolism model for drug research (Deguchi et al., 2019). The use of HLCs as a drug-screening model in vitro has been reported to be efficient, safe, and ethical (Williams, 2018). At present, the immature function of HLCs poses a significant challenge in toxicology studies. Although genetic editing can enhance the expression of some cytochrome enzymes, it is impossible to fully cover the CYP450 system containing all phase I and phase II enzymes. Therefore, HLCs cannot fully reproduce the oxidation–reduction reaction during drug metabolism (Figure 4).
[image: Figure 4]FIGURE 4 | Applicaton and Challenges of HLCs, BAL, bioartificial liver.
4.2 Disease Models
Disease modeling from HLCs is not limited by the ethical issues of cell origin, because the current reprogramming technology of iPSCs can be applied to most adult cells in the human body, including the easily available urine epithelial cells and hair follicle epithelial cells (Zhou et al., 2011; Xu et al., 2018). In addition, HLCs can be used to establish disease models based on genetic backgrounds (e.g., autosomal recessive hypercholesterolemia) or specific disease models, such as in vitro HBV, HCV infection, and CYP2C19-deficient metabolism models (Schwartz et al., 2012; Sakurai et al., 2017; Deguchi et al., 2019; Nikasa et al., 2021). Additionally, expandable liver organoids provide a more favorable research tool for further exploring the etiology and pathophysiology of disease as a whole, not only from damaged cells but also from changes in the microenvironment (Gomez-Mariano et al., 2020; Ramli et al., 2020; Shinozawa et al., 2021). Considering that the occurrence and development of disease involve crosstalk and interaction between various cells and multiple systems, recent research has established a steatohepatitis model using multicellular cultured organoids, which presented a continuous pathological process of steatohepatitis from inflammation to fibrosis in vitro (Kisseleva and Brenner, 2019; Ouchi et al., 2019). As an in vitro research tool, organoids are not only highly physiologically related but also maintain genetic stability during long-term culture (Fiorotto et al., 2019). However, the costs and complex technology involved in establishing and maintaining organoid cultures are causes of the limited research. In addition, the batch effect caused by varying environments and culture durations affect the experimental results (Luce et al., 2021) (Figure 4).
4.3 Cell Therapy
HLCs are considered the most promising cells for liver regeneration and tissue engineering. Animal experiments have demonstrated that HLC transplantation in mice with liver injury significantly improves liver function and promotes liver regeneration (Park et al., 2019) and human iPSC combined with gene correction can induce normal hepatocytes to realize autologous cell therapy for patients with metabolic diseases (Yusa et al., 2011). Exploratory applications of HLCs in clinical treatments have shown satisfactory results (Mohamadnejad et al., 2010; Amer et al., 2011). Recently, liver organoid transplantation and cell sheet technology provide advanced methods to solve the loss in cell transplantation and improves therapeutic effects (Nagamoto et al., 2016; Tsuchida et al., 2020; Imashiro and Shimizu, 2021). However, cell therapy requires sufficient number of HLCs (2 × 108/per injection) (Amer et al., 2011), which takes a certain time to extend such number of HLCs in vitro. But for patients with acute liver failure, 1 min less waiting will give them more chance to live. Therefore, it is very important to establish HLCs cell bank to store HLCs. Before that, we still need to solve the problems of low activity after long-term culture and cryopreservation of HLCs (Figure 4).
4.4 Medical Device
In bioartificial liver (BAL) research, there are mainly two cell lines employed; hepatoma cell lines and porcine hepatocytes, which have achieved ideal results. However, expandable PHHs may be more in accord with the characteristics of human liver metabolism and with ethical requirements. Compared with hepatoma cell lines, HLCs exhibit similarities to PHHs and show very substantial curative effects in treatment of a porcine acute liver failure (ALF) model (Shi et al., 2016). Recently, Li et al. developed a new BAL embedded with expandable liver progenitor-like cells from human primary hepatocytes for the treatment of an ALF porcine model, and the results showed that BAL attenuates liver damage, ameliorates inflammation, and enhances liver regeneration (Wei-Jian Li et al., 2020). Although stem cell-derived HLCs are considered the ideal cell source second to primary hepatocytes, their translation from laboratory to clinical application is limited by the difficult induction technology of functional HLCs large-scale culture and the high cost involved. In addition, whether BAL can be reused is still unclear because there is a lack of evaluation of the functional changes of HLCs before and after exposure to patient serum.
5 CONCLUSION
In conclusion, great progress has been made to improve the induction and culture of HLCs in vitro and enhance their potential applications. The increasing experiments suggest that cell fate is not only related to chemical signal, but also the mechanical signals and structural support provided by the extracellular environment are the key points to promote functional cells. Organ is a 3D architecture composed of cells, which means that co-culture of multiple cells and reasonable spatial distribution of cells are conducive to maturation of organ. Admittedly, that the maturity of HLCs has been improved to a certain extent, but the operation steps and culture system inevitably become complex, and there is no standard induction scheme to produce uniformly differentiated HLCs, which confuses the choice of induction protocol and rare replication of the same results. Although this review discussed fundamental and advanced methods in culturing HLCs, it inevitably puts too much focus on ex vivo research. Exploring the process of culturing functional hepatocytes in vitro will contribute to uncover the regulatory mechanism of cell fate and the interaction between microenvironment and cells, which is basic clues for disease modeling and personalized medicine. However, before the widespread application of HLCs in clinical treatment, there is still much research and investigation required, especially in terms of the safety of in vivo treatment.
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Parkinson’s disease (PD) is a progressive neurological disorder characterized by loss of neurons that synthesize dopamine, and subsequent impaired movement. Umbilical cord mesenchymal stem cells (UC-MSCs) exerted neuroprotection effects in a rodent model of PD. However, the mechanism underlying UC-MSC-generated neuroprotection was not fully elucidated. In the present study, we found that intranasal administration of UC-MSCs significantly alleviated locomotor deficits and rescued dopaminergic neurons by inhibiting neuroinflammation in a PD mouse model induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, a toxic agent which selectively destroys nigrostriatal neurons but does not affect dopaminergic neurons elsewhere). Furthermore, UC-MSC treatment altered gut microbiota composition characterized by decreased phylum Proteobacteria, class Gammaproteobacteria, family Enterobacteriaceae, and genus Escherichia-Shigella. In addition, the neurotransmitter dopamine in the striatum and 5-hydroxytryptamine in the colon were also modulated by UC-MSCs. Meanwhile, UC-MSCs significantly maintained intestinal goblet cells, which secrete mucus as a mechanical barrier against pathogens. Furthermore, UC-MSCs alleviate the level of TNF-α and IL-6 as well as the conversion of NF-κB expression in the colon, indicating that inflammatory responses were blocked by UC-MSCs. PICRUSt showed that some pathways including bacterial invasion of epithelial cells, fluorobenzoate degradation, and pathogenic Escherichia coli infection were significantly reversed by UC-MSCs. These data suggest that the beneficial effects were detected following UC-MSC intranasal transplantation in MPTP-treated mice. There is a possible neuroprotective role of UC-MSCs in MPTP-induced PD mice by cross talk between the brain and gut.
Keywords: human umbilical cord mesenchymal stem cells, Parkinson’s disease (PD), gut microbiota, inflammation, neurotransmitter, goblet cells
INTRODUCTION
Parkinson’s disease (PD) is a common neurodegenerative disorder which occurs due to the loss of dopaminergic neurons. The global prevalence of PD is predicted to be doubled by the year 2040 (Dorsey and Bloem, 2018), making it a faster growing neurodegenerative disorder than Alzheimer’s disease (Group, 2017). It has been shown that pathological mechanisms of PD include α-synuclein aggregation, mitochondrial dysfunction, oxidative stress, autophagy, and neuroinflammation (Charvin et al., 2018). Recent studies have revealed that dysfunction and alteration intestinal barrier in the microbial composition are related to the etiology of PD. In addition, the common non-motor symptoms of PD patients such as constipation begin years before the onset of motor dysfunction (Visanji et al., 2013). The PD mouse model disrupts the intestinal barrier, suggesting that gut–brain interaction plays an important role in PD pathology (Perez-Pardo et al., 2019). In addition, microbiome normalization can improve impaired motor function in MPTP-induced PD mice (Zhou et al., 2019; Sun et al., 2021). These findings indicate that targeting the gut–brain axis is a promising strategy to treat PD.
Mesenchymal stem cells (MSCs) are an important source for tissue repair due to their multifunctional differentiation, easy sampling, rapid expansion, and low immunogenicity, and are also free from ethical issues. MSCs have been used in clinical trials to treat neuropsychiatric disorders such as autism spectrum disorder and multiple sclerosis (Riordan et al., 2018; Riordan et al., 2019). Evidence shows that MSCs have been used to improve intestinal functions and inflammation in inflammatory bowel disease (Soontararak et al., 2018) and to restore gut microbial dysbiosis in various refractory diseases, such as acute liver injury (Dong et al., 2019), rheumatoid arthritis (Li et al., 2020), type 1 diabetes (Lv et al., 2020), and acute lung injury (Sun et al., 2020). Previous studies had reported that administration of MSCs improves motor function and rescues dopaminergic neurons in PD animal models by reducing oxidative stress (Chi et al., 2019), modulating autophagy (Park et al., 2014), and inhibiting neuroinflammation (Kim et al., 2009). However, the molecular mechanisms and interactions between MSCs and gut microbiota in PD remain unknown. What is more, studies demonstrate similar trends in the microbial composition of PD subjects, while pathogenic Gram-negative bacteria (Proteobacteria, Enterobacteriaceae, and Escherichia-Shigella) and mucin-degrading Verrucomicrobiaceae are increased (Gorecki et al., 2019). MSC treatment can reduce the proportion of Proteobacteria (Lv et al., 2020) and Escherichia-Shigella (Sun et al., 2020). Taken together, we assume that the intestinal microbes of PD were also regulated by MSCs.
MSCs are mainly derived from the bone marrow (BM), adipose (AD), and umbilical cord (UC). Compared with BM and AD, UC-MSC harvesting is non-invasive, and cell proliferation is fastest in vitro (Li et al., 2015; Fričová et al., 2020). UC-MSCs are not affected by cell contact inhibition, and they are still in a state of proliferation after confluence (Choudhery et al., 2013). These studies indicate that UC-MSCs may be ideal for PD therapy. However, previous studies had reported that UC-MSC transplantation methods mainly focus on stereotactic and intravenous injection in PD animal models (Wang et al., 2016; Chi et al., 2019). There is still a lack of research on the intranasal instillation of UC-MSCs. The advantage of intranasal delivery is brain-targeting; BM-MSCs can be found in multiple brain regions and last up to 4.5 months by intranasal delivery in the PD animal model (Danielyan et al., 2014). Therefore, the present study will further explore the neuroprotective effect of nasal drip transplantation UC-MSCs on PD model mice.
In the present study, we discovered the neuroprotective effects of UC-MSC administration in PD mice. UC-MSCs inhibited reactive gliosis and neuroinflammation and facilitated motor functional recovery in MPTP-treated mice. The neurotransmitter dopamine (DA) in the striatum (ST) and 5-hydroxytryptamine (5-HT) in the colon were also modulated by UC-MSCs. In the same animal, we found that UC-MSCs corrected microbial composition, maintained colonic goblet cells, suppressed colonic pro-inflammatory response, and the activation of the NF-κB pathway in MPTP-treated mice. Our findings provide insights into the effects of UC-MSCs on the brain–gut axis in the PD mouse model.
MATERIALS AND METHODS
Cell Culture and Phenotype Identification
Fresh umbilical cord samples were obtained from normal spontaneous full-term delivery mothers with written informed consent and reserved in a sterilized phosphate-buffered saline (PBS) solution processed within 3 h. The cord was rinsed three times to remove the residue blood and clots, cut into 3-cm-long pieces, and rinsed again in a petri dish until the solution became clear. After blood vessels were removed, Wharton’s jelly was dissected into pieces approximately 0.3 cm3 in size and then transferred into culture vessels, with 10 ml mesenchymal stem cell complete medium (Beijing Yocon Biology Co., Ltd.) at 37°C in a 5% CO2 incubator. The medium was replaced with fresh medium every 3 days after the initial plating. The cultured cells were passaged when cell confluency reached 80%.
Cells at passage 3 were seeded into 12-well plates at a density of 1.3 × 104 cells per well and observed for 5 days for proliferation measurement. At passage 3, the cells were harvested for phenotype identification through staining with antibodies against CD34, CD45, HLA-DR, CD73, CD90, and CD105 (Sino Biological, Beijing, China) and analyzed using a flow cytometer (Celula, Sichuan, China). An MSC three-line differentiation kit was purchased from Guangzhou Cyagen Biological Co., Ltd. The adipogenic, osteogenic, and chondrogenic differentiation were carried out in accordance with the product instructions. Oil red O, Alizarin Red, and Alcian Blue staining were used to observe the abilities of adipogenesis, osteogenic, and chondrogenic differentiation. UC-MSCs from passages 2 to 5 were used for the experiments.
MPTP Injury Mouse Model and UC-MSC Treatment
Sixty male C57BL/6 mice (8 weeks old, body weight 22–25 g) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were housed in a specific pathogen-free laboratory under a controlled environment with a temperature of 22 ± 3°C and humidity 60 ± 5% at 12-h light/12-h dark cycle. All mice were given free access to food and tap water. The experimental protocols and animal care were strictly in accordance with the approval of the Animal Care and Management Committee of Hebei Medical University.
The mice were randomly assigned to receive either intraperitoneal injection of MPTP or normal saline. The MPTP-induced PD mouse model was conducted as previously described (Xu et al., 2019a). MPTP (30 mg/kg, M0896; Sigma-Aldrich) was injected intraperitoneally once a day for 5 days to produce an experimental PD model.
The method of UC-MSC administration is modified according to previously published (Long et al., 2017; Narbute et al., 2019; Simon et al., 2019). Intranasal application of UC-MSCs or PBS into MPTP-or vehicle-treated mice was performed 5 days after MPTP injection. Two hours after MPTP injection, each nostril was treated with 5.0 μl of hyaluronidase (100 U; H3506; Sigma-Aldrich) in sterile PBS solution to enhance the permeability of the nasal mucous membrane. Thirty minutes later, 5.0 μl cell suspension was instilled in the nasal cavity with a pipette in a 5-min interval. The daily dose contained 1 × 106 cells/40 μl (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the experimental design. (B) Diagram of the experimental process before sample collection, among which intranasal delivery schema can be found in Rhea EM et al. (2020). DOI: 10.3390/pharmaceutics12111120.
Behavioral Test
The motor function was evaluated by two modified pole tests and a traction test (Sun et al., 2018). Behavior training was conducted once a day for three consecutive days, and a behavior test was conducted on the day after the last treatment. The two neurobehavioral tests were performed by investigators blinded to other treatment and group assignment information.
Immunohistochemistry and Immunofluorescence Staining
Mice were anesthetized with isoflurane, and their brains were gently and quickly removed and post-fixed for 24 h in 4% paraformaldehyde. After being embedded in paraffin, the brains were cut into 3-μm coronal sections by using a microtome (Leica). Sections containing the substantia nigra (SN) were subjected to immunostaining. Briefly, the sections were dewaxed by xylene (I, II, Ⅲ) for 15 min and rehydrated in alcohol (100, 100, 85, and 75%) for 5 min. The tissue sections are placed in citric acid antigen retrieval buffer (pH 6.0) for antigen retrieval. Endogenous peroxidase activity was inhibited by incubation with 3% hydrogen peroxide for 25 min. Then sections were blocked with 3% BSA for 30 min at room temperature and overnight at 4°C with rabbit anti-tyrosine hydroxylase (TH, dilution 1:1000 for immunohistochemistry and 1:2000 for immunofluorescence staining, GB11181, Servicebio). Subsequently, the sections were incubated with horseradish–peroxidase-labeled goat anti-rabbit IgG antibody (dilution 1:200, GB23303; Servicebio) for 50 min at room temperature. The sections then were transferred to fresh 3, 3′-diaminobenzidine for coloration and rinsed with tap water to stop staining. Results were expressed as TH-positive neuron numbers in SN. For immunofluorescence staining, antigen retrieval was performed after the sections were treated with FITC reagent, rabbit-anti-Iba-1 (dilution 1:200, 01919741; Wako), and its corresponding secondary antibody CY3-conjugated goat anti-rabbit IgG (1:300, GB21303; Servicebio) were incubated. For co-expression of TH and GFAP, the mice brain sections were co-incubated with rabbit anti-TH (dilution 1:200, GB11181; Servicebio) and mouse anti-glial fibrillary acid protein (dilution 1:800, GB12096; Servicebio) overnight at 4°C. After being washed in PBS, secondary antibody (488)–conjugated goat anti-rabbit IgG (1:400, GB25303; Servicebio) and CY3-conjugated goat anti-mouse IgG (1:300, GB21301; Servicebio) were incubated. Immunofluorescence images were observed under a fluorescent microscope, and areas of interest were captured and analyzed by ImageJ software.
Neurotransmitter Measurement by HPLC-MS
The distal colon tissues were collected following previous methods (Li et al., 2019). Striatal DA and colonic DA, 5-HT, 5-hydroxyindoleacetic (5-HIAA) were determined by high-performance liquid chromatography–mass spectrometry (HPLC-MS). The chromatogram collection and integration of each analyte were processed by software Xcalibur 4.0 (Thermo Fisher), and linear regression was performed with weighting coefficients.
16S rRNA Sequencing
The fresh feces from mice were collected in sterile tubes and immediately flash-frozen in liquid nitrogen and stored at −80°C until analysis, as previously described (Jiang et al., 2019). The feces samples were transported to OE Biotech Co., Ltd (Shanghai, China) and analyzed on the Illumina MiSeq PE300. After the sequencing data are preprocessed to generate high-quality sequences, Vsearch software is used to classify the sequences into multiple OTUs based on the similarity of the sequences. Then, QIIME software was used to select the representative sequence of each OTU and compare all representative sequences with the Greengenes or Silva database (v. 123) database. Species comparison annotation uses an RDP classifier, and the confidence threshold was 70%.
Measurement of Cytokines in Serum and Colon
Blood was collected via the orbital venous plexus with anticoagulant-free tubes. Blood was centrifuged at 4500 g for 10 min at 15°C, and serum was isolated and stored at −80°C until it was used. The contents of tumor necrosis factor-alpha (TNF-α) and interleukin 6 (IL-6) in serum and the colon were measured using ELISA kits (Proteintech, Wuhan, China) according to the protocol of the manufacturer. The contents of lipopolysaccharides (LPSs) in serum were measured with commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions.
Periodic Acid–Schiff (PAS) Staining
The colon was fixed in 4% paraformaldehyde, embedded, and cut to 3-μm-thick sections. The sections of the colon were stained with periodic acid–Schiff (PAS) according to a standard procedure. The colonic goblet cells/crypts were analyzed using ImageJ software.
Western Blot
Colon samples were collected and stored at −80°C. RIPA and PMSF buffer (Solarbio, Beijing, China) was added to extract the protein in the tissue. Protein concentrations were determined using a BCA kit (Solarbio, Beijing, China). Primary antibodies against NF-кB (Cell Signaling Technology, 8242S, 1:1000 dilution), GAPDH (Proteintech, 60004-1-lg, 1:20000 dilution) were incubated at 4°C overnight. The membranes were incubated with horseradish peroxidase (HRP)–conjugated secondary antibodies (Abcam, ab205718, 1:2000 dilution; Proteintech, SA00001-1, 1:2000 dilution) for 1.5 h. The protein bands were visualized by a chemiluminescent substrate (EpiZyme, shanghai, China) and quantitated using ImageJ software.
Statistical Analyses
Statistical analysis was performed using SPSS 26 software (IBM, United States), and the data were presented as mean ± standard error. Statistical significance between four groups was determined by one-way analysis of variance (ANOVA) with the LSD assay. Bacteria relative abundance differences were performed by Tukey’s honest significant difference (HSD) tests. A p < 0.05 was considered statistically significant.
RESULTS
Identification of Human Umbilical Cord Mesenchymal Stem Cells (UC-MSCs)
We were able to successfully isolate and culture UC-MSCs from the fresh umbilical cord (Zheng et al., 2020; Yang et al., 2021). The UC-MSCs displayed as spindle-shaped cells crawled out of the tissue pieces when the tissue blocks adhered to the bottom of the culture flask within the medium for 7–10 days (Figure 2A). After culture for 10–14 days, the UC-MSCs were harvested for subculturing. As shown in the third passage, the cell cluster resembled a shoal and small balls in the middle of the cells can be seen in the division phase (Figure 2B). The growth curve indicated that the UC-MSCs grew in an S-shaped curve (Figure 2C), and they continued to proliferate without being influenced by change medium, indicating that UC-MSCs had strong proliferation and self-renewal capabilities. UC-MSCs were identified by harvesting cells at the third passage and analyzed by flow cytometry. These MSCs were positive for CD73, CD105, and CD90 but negative for CD34, CD45, and HLA-DR (Figure 2D). Through induced differentiation of UC-MSCs, massive oil red O-positive lipid droplets and Alizarin Red-stained calcium nodules were formed. Alcian Blue staining shows acid mucopolysaccharides in cartilage tissue (Figure 2E).
[image: Figure 2]FIGURE 2 | Isolation and production of UC-MSCs. (A) Primary cultured UC-MSCs; (B) morphological feature and (C) growth curve of UC-MSCs at the third passage; (D) surface antigen labels of UC-MSCs; (E) induced differentiation of UC-MSCs was stained by oil red O, Alizarin Red, and Alcian Blue.
UC-MSCs Improve Motor Function, Restore Dopaminergic Neurons, and Mitigate Microglia-Mediated Neuroinflammation in PD Mice
To assess the effects of UC-MSCs on motor function in MPTP-induced PD mice, we used the pole test to determine bradykinesia by measuring the total descent time (Figure 3A) and the traction test to evaluate the muscle strength and equilibrium by measuring the traction scores (Figure 3B). Compared with saline-treated mice, MPTP-treated mice exhibited prolonged pole descent time (9.19 ± 0.32) and lower scores (2.08 ± 0.08) in the traction test. MPTP-treated mice that received UC-MSC treatment had shortened pole descent time (6.11 ± 0.16) in the pole test and increased traction test scores (3.08 ± 0.23). Intriguingly, there was no obvious difference in motor performance between UC-MSC-treated and PBS-treated mice. Therefore, UC-MSC treatment appears to selectively prevent motor dysfunction in PD mice.
[image: Figure 3]FIGURE 3 | UC-MSCs improved motor function, protected dopaminergic neurons in the substantia nigra and striatum, and alleviated microglia-mediated neuroinflammation in MPTP-induced PD mice. (A) Pole test; (B) traction test; (C) Immunohistostaining for tyrosine hydroxylase (TH) in the SN; (D) quantitative analysis of the number of TH-positive cells in the SN; (E) content of dopamine was measured by HPLC-MS in the ST. Data of (A,B) (n = 12 per group) are expressed as mean ± SE. Data of (C,D) (n = 3–4 per group) are expressed as mean ± SE. Scale bar: 100 μm (SN). (F) Double immunofluorescence staining for TH (green), GFAP (red), and Iba-1 (red) in the SN; (G) Quantitative analysis of the number of GFAP positive cells in each group; (H) Quantitative analysis of the number of microglia in each group; Data of (F–H) (n = 4 per group) are expressed as mean ± SE. Scale bar: 100 μm (SN). *p < 0.05, **p < 0.01, ***p < 0.001 compared with NS-PBS group, ##p < 0.01, ###p < 0.001 compared with MPTP-PBS group by one-way ANOVA.
To determine the effects of UC-MSCs on the survival of dopaminergic neurons in the SN and DA levels in the ST, we characterized TH expression by immunohistochemistry staining in the SN and HPLC-MS detection in the ST. Immunohistochemistry staining in the tyrosine hydroxylase revealed a significant loss of TH-positive cells in MPTP-PBS mice compared with NS-PBS mice (70.58 ± 2.56 vs 134.46 ± 4.28, p < 0.001). MPTP-treated mice received UC-MSCs displayed more TH-positive cells than MPTP-mice received PBS in the SN (70.58 ± 2.56 vs 93.08 ± 2.41, p < 0.001). TH-positive cells in the SN did not differ between PBS-treated mice and UC-MSC-treated mice (134.46 ± 4.28 vs 141.71 ± 4.02, p < 0.001, Figures 3C,D). HPLC-MS detection showed that the DA levels in the ST dramatically decreased in MPTP-PBS mice compared with NS-PBS mice (1.05 ± 0.02 vs 2.04 ± 0.12, p < 0.001). MPTP-treated mice received UC-MSC treatment displayed higher DA levels than MPTP-treated mice thhat received PBS (1.56 ± 0.14 vs 1.05 ± 0.02, Figure 3E). These data confirmed the loss of dopaminergic neurons in the SN and decreased DA levels in the ST induced by MPTP and rescued by UC-MSCs.
To explore the effects of UC-MSCs on microglial phenotype, we analyzed microglia marker Iba-1 and GFAP by immunofluorescence. Double immunofluorescence staining for TH (dopaminergic neuron marker) and GFAP (astrocyte marker) revealed the presence of a higher number of astrocytes in MPTP-PBS mice than NS-PBS mice in the SN (66.67 ± 1.33 vs 8.33 ± 0.80, p < 0.001). UC-MSCs significantly decreased the number of astrocytes around dopaminergic neurons compared with MPTP-PBS mice (50.44 ± 0.84 vs 66.67 ± 1.33, p < 0.001, Figures 3F,G). Similarly, co-expression of TH with Iba-1 (microglia marker) showed that the microglia number in the SN increased in MPTP-PBS mice compared with NS-PBS mice (61.56 ± 2.08 vs 17.11 ± 1.05, p < 0.001), and in MPTP-MSC mice, the microglia number decreased by compared with MPTP-PBS mice (45.67 ± 1.47 vs 61.56 ± 2.08, p < 0.001, Figures 3F,H).
UC-MSCs Modulate Gut Microbiota in PD Mice
To identify the intestinal microbe phenotypes in responding to UC-MSC treatment, we analyzed the species complexity and difference of bacterial community between groups based on the OTUs and species annotation results. A flat curve was observed as the sequencing quantity increased based on the rarefaction curve, indicating that the sequencing was sufficient for data analysis (Figure 4A). The Chao-1 index, which illustrates the alpha diversity, was closer to the normal level in the MPTP-MSC group compared with the MPTP-PBS group (Figure 4B). The PCoA revealed distinct microbiota composition clustering among NS-PBS, NS-MSC, MPTP-PBS, and MPTP-MSC groups (p < 0.001), indicating that MPTP altered the gut microbiota, and UC-MSC administration influences the microbiota composition significantly (Figure 4C). As shown in the histogram at the phylum level, proteobacteria in the MPTP-PBS group were more abundant than the other three groups (Figure 4D). Differential abundance analyses at the genus level revealed that the relative abundance of Escherichia-Shigella was significantly increased in the MPTP-PBS group, and the trend was significantly reversed by UC-MSCs treatment (Figure 4E). Furthermore, LEfSe analyses were performed to identify the bacterial taxa that significantly differed after UC-MSC treatment. A significant shift in the microbiota based on relative abundance is shown in the cladogram (Figure 4F). These LEfSe comparisons identified 20 taxa (three phyla, four class, four order, five families, four genera) that were differentially abundant among the three groups (Figure 4F). Significant enrichments in class Gammaproteobacteria, order Enterobacteriales, families Ruminococcaceae and Enterobacteriaceae, and genera Lachnoclostridium and Escherichia-Shigella were identified in MPTP-PBS mice, while the phylum Bacteroidetes, class Bacteroidia, order Bacteroidales, and families Muribaculaceae were significantly more abundant in fecal samples from NS-PBS mice. Phylum Firmicutes and Deferribacteres, class Clostridia and Deferribacteres, order Clostridiales and Deferribacterales, families Lachnospiraceae and Deferribacteraceae, and genera Mucispirillum and Lachnospiraceae_UCG_001 were significantly enriched following UC-MSC treatment (Figure 4G).
[image: Figure 4]FIGURE 4 | UC-MSCs modulated the composition of gut microbiota in MPTP-induced PD mice. (A) Rarefaction curves of samples; (B) alpha diversity presented by Chao-1 index; (C) PCoA analysis of samples; (D) histogram based on relative abundance at phylum level; (E) average relative abundance of the microbial community for each group at the genus level. (F,G) Comparison of gut microbiota using LES among the NS-PBS, NS-MSC, MPTP-PBS, and MPTP-MSC groups at the OUT level. Cladogram (F) and histogram (G) of bacterial taxa that significantly differed among the three groups (LDA >4.0 and p < 0.05). Blue, green, red, or shading in the cladogram depicts bacterial taxa that were significantly higher in the NS-PBS, MPTP-PBS, or MPTP-MSC groups, n = 12 per group. *p < 0.05, **p < 0.01 compared with the MPTP-PBS group.
UC-MSC Treatment Affects the Abundance of Certain Bacteria in MPTP-Induced PD Mice
Further analysis was performed to compare the relative abundance of certain bacteria in these four groups. At the phylum and class levels, MPTP-PBS significantly increased the relative abundance of Proteobacteria and Gammaproteobacteria compared with the NS-PBS group, and UC-MSC treatment decreased the relative abundance of Proteobacteria and Gammaproteobacteria in MPTP-PBS mice. At the order and family levels, the relative abundance of Enterobacteriales, Lactobacillales, Enterobacteriaceae, and Lactobacillaceae was significantly increased in the MPTP-PBS group compared with the NS-PBS group. UC-MSC treatment decreased the relative abundance of Enterobacteriales and Enterobacteriaceae while did not change significantly in the relative abundance of Lactobacillales and Lactobacillaceae in MPTP-PBS mice. At the genus level, the relative abundance of Escherichia-Shigella, Alistipes, Lachnoclostridium, and Prevotella 9 significantly increased in the MPTP-PBS group compared with the NS-PBS group. UC-MSC treatment decreased the relative abundance of Escherichia-Shigella and Prevotella 9, while did not alter the relative abundance of Alistipes and Lachnoclostridium in MPTP-PBS mice (Table 1).
TABLE 1 | Top 10 bacteria at differential levels in the four groups.
[image: Table 1]UC-MSCs Modulate the Function of Gut Microbiota in MPTP-Induced PD Mice
We analyzed the correlation between the neurobehavioral parameters and relative abundance of gut microbiota by Spearman’s correlation. Gammaproteobacteria, Enterobacteriaceae, Lactobacillaceae, Enterobacteriales, Lactobacillales, Escherichia-Shigella, Alistipes, Lachnoclostridium, and Prevotella 9 were negatively associated with the traction test scores. Proteobacteria, Gammaproteobacteria, Enterobacteriaceae, Lactobacillaceae, Enterobacterales, Lactobacillales, Escherichia-Shigella, and Prevotella_9 were positively associated with descent time (Figure 5A). PIRCUSt analysis indicated that the MPTP-PBS group had lower heatmap scores in colorectal cancer, influenza A, lysosome, small-cell lung cancer, toxoplasmosis, viral myocarditis, and p53 signaling pathway and higher scores in arachidonic acid metabolism, bacterial invasion of epithelial cells, basal transcription factors, biosynthesis of siderophore group non-ribosomal peptides, caprolactam degradation, carbohydrate digestion and absorption, circadian rhythm plant, drug metabolism-cytochrome P450, ether lipid metabolism, fluorobenzoate degradation, geraniol degradation, metabolism of xenobiotics by cytochrome P450, non-homologous end-joining, pathogenic Escherichia coli infection, Staphylococcus aureus infection, steroid biosynthesis, stilbenoid, diarylheptanoid, and gingerol biosynthesis compared with mice in the NS-PBS group. UC-MSC treatment altered the bacterial invasion of epithelial cells, fluorobenzoate degradation, and pathogenic Escherichia coli infection compared with the MPTP-PBS group (Figure 5B).
[image: Figure 5]FIGURE 5 | UC-MSCs regulated the effects of gut microbiota in MPTP-induced PD mice. (A) The motor function score and relative abundance of gut microbiota were analyzed by Spearman correlation analyses. The association coefficient was performed on the legend of the heatmap. *, **, *** represent the correlation significant (p < 0.05, p < 0.01, p < 0.001, respectively); (B) PICRUSt analyses between the four groups. n = 12.
Effects of UC-MSCs on Pro-Inflammatory Cytokines in Serum and Colon
The serum and colon levels of pro-inflammatory cytokines are shown in Figure 6. Serum TNF-α, IL-6, and LPS levels were similar between NS-PBS and NS-MSC groups, but PD model mice had higher serum levels of all pro-inflammatory cytokines. After treatment with UC-MSCs, the status of pro-inflammatory was lower than that of the MPTP-PBS group and similar to that of the NS-PBS group (Figures 6A–C). In addition, the effects of UC-MSCs on MPTP-induced pro-inflammatory cytokines in the colon were next explored. Compared with NS-PBS mice, the level of TNF-α and IL-6 in the colon was upregulated in MPTP-induced mice, while the mice treated with UC-MSCs showed lower levels of TNF-α and IL-6 (Figures 6D,E). Generally, UC-MSCs alleviated the levels of pro-inflammatory cytokines in serum and the colon in PD mice.
[image: Figure 6]FIGURE 6 | UC-MSCs alleviated serum and colonic inflammatory cytokines in PD mice. Serum levels (pg/ml) of TNF-α (A), IL-6 (B), and LPS (C) in mice; colonic levels (pg/mg) of TNF-α (D) and IL-6 (E) in mice. Data of (A–E) (n = 5–6 per group) are expressed as mean ± SE. *p < 0.05, **p < 0.01, ***p < 0.001 compared with NS-PBS group, #p < 0.05, ###p < 0.001 compared with MPTP-PBS group by one-way ANOVA.
Effects of UC-MSC Transplantation on the Level of Neurotransmitter, the Number of Goblet Cells, and the Expression of NF-кB in Colon
We used HPLC-MS to detect the DA, 5-HT, and 5-HIAA in the colon of each group of mice. The content of DA, 5-HT, and 5-HIAA in the MPTP-PBS group was reduced compared to that in the NS-PBS group, and the intervention of UC-MSCs increased the content of 5-HT and 5-HIAA in the colon of PD mice. There is also a growing trend toward the content of DA in the MPTP-MSC group, although it has not reached statistical significance (Figures 7A–D). The goblet cells of the colon are closely related to the function of the intestine. Next, the goblet cells of the colon in every group were detected. As shown in Figures 7E,F, compared with the NS-PBS group, the goblet cells in the MPTP-PBS group were decreased, while UC-MSC treatment significantly attenuated these reductions in MPTP-injury mice, as compared to the MPTP-PBS group. There was no significant difference in the number of colonic goblet cells between the NS-PBS group and the NS-MSC group. Therefore, UC-MSC transplantation can repair the goblet cells in the colon of PD mice. To explore the pathway between the intestinal flora of disbalance and inflammation in the colon, we performed NF-кB by Western blotting. Our results indicated that UC-MSC treatment partially inhibited the expression of NF-кB following MPTP injury (Figures 7G,H).
[image: Figure 7]FIGURE 7 | Effects of UC-MSC treatment on the neurotransmitters, goblet cells, and the expression of NF-кB in the colon of MPTP-treated PD mice. (A) Chemical structures of the neurotransmitters; (B–D) DA, 5-HT, and 5-HIAA were analyzed by HPLC; (E) PAS staining of the colon (scale bar, 50 μm); (F) goblet cells/crypt of colon; (G,H) Western blot and quantitation of NF-кB protein expression in the colon. Data of (A–H) (n = 3 per group) are expressed as mean ± SE. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the NS-PBS group, #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the MPTP-PBS group by one-way ANOVA.
DISCUSSION
To our knowledge, this is the first study to determine the effect of UC-MSCs on microbial composition in MPTP-induced PD mouse model. We found that administration of UC-MSCs through intranasal instillation ameliorated motor dysfunction in MPTP-induced PD mice. Furthermore, treatment with UC-MSCs attenuated degeneration of dopamine neurons by inhibiting glial cell activation and decreasing pro-inflammatory cytokine release. In addition, we found that nasal instillation of UC-MSCs changed gut microbiota components, maintained moral mucous barrier, and restrained NF-кB expression. These findings suggest that the brain–gut axis may mediate the beneficial effect of UC-MSCs on motor dysfunction and the protective effect on dopaminergic neurons in PD mice.
A previous study has shown that human umbilical cord blood plasma is beneficial to MPTP-treated rats by reducing pro‐inflammatory cytokines in both the SNpc and intestinal mucosa and dampening inflammation‐associated gut microbiota (Lee et al., 2019). In addition, altering the composition of the gut microbiota ameliorates the neurotoxicity in PD animal models (Dong et al., 2020; Koutzoumis et al., 2020). Our findings in this study provided proof-of-concept evidence that MPTP-treated mice displayed intestinal dysbiosis including impaired goblet cells and subsequently triggered SN neuroinflammation. UC-MSCs administration markedly inhibited the neuroinflammation in the SN and normalized gut microbial dysbiosis, indicating that UC-MSCs play an important role in regulating intestinal disorders in the PD.
In animal studies, intravenous injection of 5 × 105 UC-MSCs to a 6-OHDA–induced PD rat model for 3 days causes significant improvement in motor deficits, and substantia nigra TH+ cells significantly increased compared to the vehicle group (p < 0.05) (Chi et al., 2019). Another study has shown that in intranasal administration of BM-MSCs to rotenone-induced PD model mice, dopaminergic cellular density in striatum dramatically increased after 10-day transplantation (Salama et al., 2017). However, the therapeutic effect was observed approximately for 5–7 days in the MPTP-induced PD model (Feng et al., 2018; Xu et al., 2019a; Rinaldi et al., 2019). Therefore, the current study explored the effect of intranasal transplantation of UC-MSCs for 5 days on the motor function and dopamine neurons of MPTP-induced PD model mice. We found that intranasal administration of UC-MSCs improved behavioral performance and protected the damaged dopaminergic neurons in the substantia nigra and striatum of PD model mice.
Dysfunction of astrocytic and microglia is involved in the pathogenesis and progression of PD because activated microglia and astrocytes by pathologic α-synuclein (α-Syn) release pro-inflammatory mediators such as TNF-α and IL-1β to promote dopaminergic neuron degeneration (Kam et al., 2020). It has been indicated that MSCs may directly impact glial cells through paracrine (Gharbi et al., 2020), the release of neurotrophic factors (Ko et al., 2018), and macrophage polarization (Lu et al., 2020). Our data showed that intranasal administration of UC-MSCs retained a normal number of astrocyte and microglial cells in the substantia nigra and decreased the level of TNF-α and IL-6 in MPTP-PD mice.
The most salient finding of our study is that UC-MSC administration decreased the relative abundance of Proteobacteria in MPTP-induced PD mice. Our results also demonstrated that gut microbial dysbiosis in PD mice is characterized as increases in class Gammaproteobacteria, order Enterobacteriales and Lactobacillales, family Enterobacteriaceae and Lactobacillaceae, and genus Escherichia_shigella. It is well known that (Ling et al., 2020) the growth of Gammaproteobacteria, Enterobacteriales, and Enterobacteriaceae of Proteobacteria could trigger the secretion of pro-inflammatory cytokines, which are induced by LPS (Dinh et al., 2015; Shin et al., 2015), and subsequently contribute to the disruption of the intestinal barrier (Litvak et al., 2017). Previous studies have reported that compared with healthy subjects, bacteria in feces from PD patients were higher in Lactobacillaceae, Enterobacteriaceae, and Enterococcaceae, while a reduction in Lachnospiraceae and an increase in Enterobacteriaceae were correlated with motor impairment and disease severity (Pietrucci et al., 2019). Another clinical study has shown that (Xu et al., 2019b) the abundance of Enterobacteriales and Enterobacteriaceae in patients during the first week in the neurological intensive care unit increases the risk of 180-day mortality, whereas a low level of Lachnospiraceae and the enrichment of Lactobacillaceae were associated with postural instability and gait disturbances (Barichella et al., 2019). The facultative anaerobes belonging to the phylum Proteobacteria, such as Escherichia, have been reported to be related to colitis (Hu et al., 2020). In addition, we found that UC-MSC treatment decreased the relative abundance of Escherichia-Shigella. It has been shown that Escherichia-Shigella can secrete amyloid protein to activate microglia (Chen et al., 2020), induce oxidative stress, and release inflammatory factors such as TNF-α, IL-1β, and IL-6 (Harach et al., 2017; Van Gerven et al., 2018). These inflammatory factors may increase the permeability of the intestinal epithelial and blood–brain barrier and subsequently damage the cell in the brain (Lee and Tesh, 2019). Thus, UC-MSC treatment improved gut microbial dysbiosis in the PD mouse model.
The functional pathways involved in the effect of UC-MSCs on the MPTP-induced PD model were assessed by PICRUSt Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. UC-MSC treatment rescued epithelial cells by preventing bacterial invasion. Interestingly, the number of Escherichia coli is increased in inflammatory bowel disease (IBD) patients’ fecal samples as revealed by bacteriological analysis (Mirsepasi-Lauridsen et al., 2019), and MSC therapy enhances Escherichia coli clearance in a mice model of bacterial pneumonia (Gupta et al., 2012). Furthermore, a recent study suggested that colonization of Curli-producing Escherichia coli accelerates a-Syn pathology in the gut and brain. Escherichia coli needs Curli expression to exacerbate a-Syn–induced intestinal and motor disorders (Sampson et al., 2020). Our results showed that UC-MSCs reduced the expression of pathogenic Escherichia coli infection, indicating that UC-MSCs play a vital role in intestinal flora modulation. It has been shown that the fluorobenzoate degradation pathway is related to the severity of intestinal inflammation (Montassier et al., 2015). Furthermore, the disappearance of Proteobacteria and the subsequent decreased level of fluorobenzoate degradation improve intestinal C. difficile infection (Fujimoto et al., 2021). Strikingly, we found that UC-MSC administration decreased lower heatmap scores involved in fluorobenzoate degradation. This is a promising index to evaluate UC-MSC efficacy. Previous studies have verified the protective effect of geraniol on PD animal models by alleviating a-Syn aggregation, maintaining the mitochondrial function, enhancing antioxidant, and restoring the generation of BDNF and GDNF (Rekha et al., 2013a; Rekha et al., 2013b; Rekha and Inmozhi Sivakamasundari, 2018). Geraniol also targets systemic and local inflammation, dysbiosis, and mucosal damage to alleviate the dextran sulfate sodium (DSS)–induced colitis mouse model. These effects were speculated to be related to Lactobacillaceae (De Fazio et al., 2016). We observed that UC-MSC treatment slightly alleviated geraniol degradation without reaching statistical significance. Thus, future studies are warranted to assess the effect of UC-MSCs on geraniol degradation.
Dopamine and serotonin are major neurotransmitters in the gut in the regulation of nutrient absorption, blood flow, gut microbiome, local immune system, and overall gut motility (Mittal et al., 2017). A decrease in dopamine in mucus in colitis patients is a marker for impaired intestinal mucosal barrier (Magro et al., 2002; Dorofeyev et al., 2013). Furthermore, the level of 5-HT is a key player in regulating mood, sleep, and behavior disorders and is linked to imbalanced 5-HT in the gut (Delgado et al., 1990; Berger et al., 2009). We found that UC-MSC treatment significantly elevated the reduced colonic dopamine, 5-HT, and 5-HIAA levels in MPTP-treated mice. Furthermore, the observed effects of UC-MSCs on colonic neurotransmitters are consistent with the degree of colonic injury. Consistent with a recent study showing that MSCs increase goblets, where the mucus is mainly synthesized, stored, and released in experimental colitis (Alves et al., 2019), we found that UC-MSCs recovered the reduced number of goblets in the MPTP-treated mice. It has been shown that the intestinal microbiota can influence the properties of the colonic mucus layer, and mice with a penetrable mucus layer had higher levels of Proteobacteria in the distal colon mucus (Jakobsson et al., 2015). Thus, further investigation is needed to elucidate the precise mechanism through which other bacteria interact with mucus production.
It has been shown that the expression of α-Syn in the brain positively correlated with the degree of α-Syn in the intestinal wall since injection of Lewy bodies into the striatum induces enteric synucleinopathy in baboon monkeys (Stolzenberg et al., 2017). In addition, microbial dysbiosis can lead to increased gut mucosal permeability and inflammation, which in turn trigger α-synuclein aggregation [77]. Previous studies have shown that MSC intervention reduces the expression of α-Syn aggregates through the secretion of metal matrix protease (MMP2) (Oh et al., 2017) and induction of autophagy (Park et al., 2014). UC-MSCs may also reduce the increase in Lewy bodies in the brain and subsequently reduce the abnormal accumulation of α-Syn in the intestine, which further alleviates the inflammation of the gut. Microbial dysbiosis can lead to increased gut mucosal permeability and inflammation, which in turn trigger α-synuclein aggregation (Dalile et al., 2019). Consistently, we found that the level of TNF-α and IL-6 and the expression of NF-кB were decreased in the colon, indicating that UC-MSCs exert anti-inflammatory effects in the colon in MPTP-treated mice.
In summary, we found that UC-MSCs modulated microbial composition in an MPTP-induced PD mouse model. UC-MSCs ameliorate motor dysfunction and repair degeneration of dopamine neurons through inhibiting activated glial cells, decreasing the release of pro-inflammatory cytokines, maintaining the normal mucous barrier, and restraining the expression of NF-кB. Our findings suggest that the brain–gut axis may be a potential mechanism underlying the beneficial effect of UC-MSCs on PD mice.
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Human Amniotic Epithelial Cells and Their Derived Exosomes Protect Against Cisplatin-Induced Acute Kidney Injury Without Compromising Its Antitumor Activity in Mice
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Background: Cisplatin is a widely used chemotherapeutic drug, whereas the clinical application is greatly limited by its nephrotoxic side effect. Currently, there has been no effective treatment to prevent cisplatin-induced acute kidney injury (cisplatin-AKI). Human amniotic epithelial cells (hAECs) and their derived exosomes (EXOs) have been proven to effectively protect against ischemia reperfusion-induced AKI, yet their roles in cisplatin-AKI are still unknown.
Methods: C57BL/6J mice were given two doses of cisplatin at 20 or 15 mg/kg of body weight to induce AKI with or without mortality. hAECs or EXOs were injected via tail vein 1 day after cisplatin administration. Serum and kidney tissues were collected on the fourth day after 15 mg/kg cisplatin treatment to explore the nephro-protective effects of hAECs and EXOs on cisplatin-AKI. Lung cancer xenograft model was built by subcutaneous injection of A549 cells into BALB/c nude mice to evaluate the effect of hAECs or EXOs on cisplatin chemotherapy.
Results: Cisplatin nephrotoxicity was significantly attenuated by hAECs and EXOs as evidenced by reduced mortality rate and decreased serum creatinine (sCr) and reduced tubular injury score. hAECs or EXOs exerted the nephro-protective effects via suppression of TNF-α/MAPK and caspase signaling pathways. In the A549 lung cancer xenograft mouse model, administration of hAECs or EXOs did not promote tumor growth or compromise the therapeutic effects of cisplatin on tumors.
Conclusion: This study is the first to demonstrate that hAECs and their derived exosomes have nephro-protective effects in cisplatin-AKI in vivo. Importantly, neither hAECs nor EXOs compromise the antitumor activity of cisplatin. These results potentially support the use of hAECs and their derived EXOs as nephro-protectors against cisplatin-induced nephrotoxicity clinically.
Keywords: human amniotic epithelial cells (hAECs), exosomes, cisplatin, acute kidney injury, chemotherapy
INTRODUCTION
Acute kidney injury (AKI) is defined as an abrupt decrease in kidney function within hours, which encompasses structural damage of the kidney and loss of renal function (Makris and Spanou, 2016). It is a common clinical syndrome that complicates the course and worsens the outcome in a significant number of hospitalized patients including patients with tumors (Sanchez and Francoz, 2021). Cis-diamminedichloroplatinum (II) (cisplatin), is one of the most effective chemotherapeutic drugs for a variety of malignant tumors, such as non-small cell lung cancer (NSCLC), head and neck malignancies, bladder cancer, advanced gastric cancer, metastatic triple-negative breast cancer, etc., (Dasari and Tchounwou, 2014). However, the nephrotoxic side effects of cisplatin greatly restrict its clinical application (Volarevic et al., 2019). Cisplatin is mainly taken up and excreted through proximal tubule-localized transporters, such as OCT2 and MATE1 (Ciarimboli, 2014). Consequently, cisplatin accumulates in renal proximal tubular cells, resulting in inflammation, injury, and cell death (Holditch et al., 2019). It is reported that the incidence of AKI in cancer patients after receiving cisplatin chemotherapy reaches about 20%–40% (Arany and Safirstein, 2003; dos Santos et al., 2012), of which about 13% of patients develop AKI after the first course of cisplatin chemotherapy. Therefore, there is an urgent need for the clinical application of safe and efficacious nephro-protective therapy for cisplatin-treated patients (Motwani et al., 2018).
In recent years, stem cell therapy has shown great potential in the treatment of AKI (Barnes et al., 2016; Sávio-Silva et al., 2020). Allogeneic or xenotransplantation of mesenchymal stem cells (MSCs) from different sources (such as bone marrow, fat, cord blood, etc.,) has been reported to have beneficial therapeutic effects on cisplatin induced AKI (cisplatin-AKI) (Sávio-Silva et al., 2020). Despite the supportive results, the use of MSCs in cisplatin-AKI still encounters the risks of tumorigenicity and promotion of tumor cell proliferation. Human amniotic epithelial cells (hAECs) are epithelial cells isolated from the amniotic membrane tissue on the side of the placenta near the fetus. hAECs have the ability to differentiate into cells of all three germ layers, namely, ectoderm, mesoderm, and endoderm (Miki et al., 2005). Studies have shown that hAECs have the advantages of low mutation frequency, low immunogenicity, lack of telomerase leading to non-tumorigenicity, abundant cell sources, no ethical risks, etc., which have attracted widespread attention in regenerative medicine (Miki, 2018).
Recent studies have shown that the application of hAECs in animal models of many diseases has achieved good therapeutic effects, including lung injury and liver fibrosis (Cargnoni et al., 2018; Tan et al., 2018). It has been reported that in chemotherapy-induced premature ovarian failure, exosomes (EXOs) derived from hAECs can inhibit apoptosis by transferring miRNAs and restore ovarian function (Zhang et al., 2019). Combining the limitations of previous stem cell therapy on cisplatin-AKI and the advantages of hAECs, this study aims to explore the therapeutic effects of hAECs and EXOs on cisplatin induced acute nephrotoxicity, and to systematically evaluate the safety of hAECs or EXOs on tumor proliferation and on the effect of cisplatin chemotherapy in NSCLC xenograft mouse model.
METHODS
Experimental Animals
Male C57BL/6J mice (7 weeks old) and BALB/c nude mice (4 weeks old) were purchased from Vital River Laboratory Animal Technology (Beijing, China) [License No. SCXK (Jing) 2016–0011]. All mice were maintained in animal facilities under specific pathogen-free (SPF) conditions. All animal experiments were performed with the approval of the Institutional Animal Care and Use Committee of Peking University First Hospital (Approval Number: J202065).
Isolation and Culture of hAECs
hAECs were provided by Shanghai iCELL Biotechnology Co., Ltd. (Shanghai, China). The isolation and culture of hAECs had been described in our previous study (Ren et al., 2020). Briefly, hAECs were isolated from fresh amnion membranes collected from healthy mothers after cesarean deliveries with written and informed consent. The procedure was approved by the Institutional Ethics Committee of the International Peace Maternity and Child Health Hospital, School of Medicine, Shanghai Jiao Tong University (Approval Number: [2014]11). hAECs were cultured by complete culture medium (DMEM/F12 supplemented with 10% FBS, 2 mM glutamine, 1% streptomycin-penicillin, and 10 ng/ml recombinant human epidermal growth factor) in 5% CO2 incubated at 37°C. The P1 hAECs resuspended in PBS at 1 × 107/ml were used in the follow-up experiments.
Isolation and Identification of EXOs
The isolation and identification of hAECs derived EXOs have been described in our previous study (Ren et al., 2020). Briefly, when cultured hAECs were 80%–90% confluent, the complete culture medium was replaced with serum-free DMEM/F12 medium. After 24 h, the conditioned culture medium was collected and experienced serial centrifugation at 2,000 × g for 30 min at 4°C, and 20,000 × g (Beckman Coulter, USA) for 30 min at 4°C and 150,000 × g for 70 min at 4°C twice to obtain EXOs. The ultrastructure of the EXOs was analyzed under a transmission electron microscope (Zeiss, Oberkochen, Germany). The protein levels of exosome markers CD63, TSG101, Alix, and Flotllin were detected using Western blots. Nanoparticle tracking analysis (NTA) was performed to determine the size and concentration of the purified vesicles (Particle Metrix, Meerbusch, Germany).
Cisplatin-AKI in C57BL/6J Mice
After adaptive feeding for 1 week, 7-week-old male C57BL/6J mice were randomly divided into four groups: PBS group, cisplatin group, cisplatin + hAECs group, and cisplatin + EXOs group. Each group contained 9 or 10 mice. A single intraperitoneal injection of cisplatin (Cat# P4394, Sigma Aldrich, USA) was used to induce AKI. Cisplatin at 20 mg/kg of body weight was used to induce severe AKI with mortality after 3 days post cisplatin injection (Holditch et al., 2019). Cisplatin at 15 mg/kg of body weight was used to induce moderate AKI without mortality. The normal control mice were administered the same volume of PBS. At 24 h after cisplatin injection, 100 μl of PBS, hAECs (1 × 106), or EXOs (1 × 108) resuspended in PBS was injected into the mice intravenously. The dosages of hAECs and EXOs in the treatment groups were determined according to our previous study (Ren et al., 2020). Blood and kidney samples were collected from moderate cisplatin-AKI mice 4 days after cisplatin injection. Serum creatinine (sCr) levels were measured by the creatinine assay kit (Cat# DICT-500, BioAssay Systems, USA) according to the improved Jaffe method.
Renal Histology
Kidney tissue sections were fixed with 10% buffered formalin followed by paraffin embedding and stained with periodic acid-Schiff (PAS). The degree of tubulointerstitial damage was scored semi-quantitatively by two renal pathologists who were blinded to the experimental groups. The scores were based on a 0 to 4 + scale, according to the percentage of the cortex and outer medullar region affected by loss of brush border, tubular necrosis, and renal tubular cell cast (0 = no lesion, 1+ = < 25%, 2+ = >25%–50%, 3+ = >50%–75%, 4+ = >75% to <100%).
NSCLC Tumor Model in Nude Mice
A549, a cell line of non-small cell lung cancer (NSCLC), was purchased from the American Type Culture Collection. A549 was cultured in high-glucose DMEM with 10% FBS and 1% penicillin–streptomycin. To establish NSCLC xenografts, 1 × 106 A549 suspended in 50 μl of PBS added with 50 μl of Matrigel (Cat#356234, BD, USA) was subcutaneously injected at the right flank of male BALB/c nude mice to grow tumor for about 1 month. Measurements of tumor volume were calculated using the following formula: volume (mm3) = [the longer diameter × (the shorter diameter)2]/2. When the volume of the NSCLC xenografts reached to about 80 mm3, tumor-bearing nude mice were randomly assigned to six groups to receive PBS, hAECs, EXOs, cisplatin, cisplatin + hAECs, or cisplatin + EXOs. A single intraperitoneal injection of cisplatin was conducted on nude mice at a dose of 10 mg/kg; 24 h after cisplatin injection, hAECs (1 × 106/100 μl) or EXOs (1 × 108/100 μl) resuspended in PBS were injected into the mice intravenously. Tumor volumes were measured every 4 days in situ. Nude mice were sacrificed on day 12 after cisplatin injection to collect NSCLC tumors and mouse kidneys.
RNA Sequencing
On day 4 after cisplatin treatment, kidney samples of two randomly selected C57BL/6J mice in each group and tumor samples from two randomly selected nude mice with NSCLC in each group, including PBS group, cisplatin group, cisplatin + hAECs group, and cisplatin + EXOs group, were extracted for RNA sequencing. Briefly, total RNA of tissues was extracted, the integrity and purity of RNA were detected by an Agilent 2,100 Bioanalyzer system, and the cDNA libraries constructed by polymerase chain reaction amplification were sequenced by Novaseq, the Illumina High-Throughput Sequencing Platform. Cutadapt (v1.10) was used to filter low-quality reads. When the N content of any sequencing read was more than 10% of the number of bases of the read, these paired reads were removed. When the number of low quality (Qphred≤5) bases in any of the sequencing reads was more than 50% of the number of bases in the read, these paired reads were removed. The clean reads were aligned to the UCSC mm10 (the kidneys of C57BL/J mice) or hg19 genome (the tumors of mice with A549 NSCLC) by the HISAT2 program. The edgeRSeq algorithms were applied to recognize significantly differentially expressed genes with the following criteria: log2 fold-change > 2 or < −2.
Gene Ontology (GO) (http://www.geneontology.org) analysis was conducted to construct the main function of the differentially expressed mRNAs (p-value <0.05). The −log 10 (p-value) value with the enrichment score represents the significance of the GO term. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (http://www.genome.jp/kegg/) was performed to harvest pathway clusters covering differentially regulated mRNA profiles in the molecular interaction networks. The −log 10 (p-value) value with the enrichment score indicates the significance of correlation in the pathway.
Cell Counting kit-8 Assay
HK-2, the immortalized human proximal tubular cells, were cultured in DMEM with 10% FBS and 1% penicillin–streptomycin under a humidified atmosphere consisting of 5% CO2 and 95% air at 37°C. When the degree of cell fusion reached about 70%, cisplatin injury was induced by treating the cells with 10 mM cisplatin for 48 h, and as for the treatment of EXOs, a concentration of 1 × 108/ml EXOs was added to DMEM culture medium after cisplatin treatment.
For cell growth assays, 5 × 103 cells per well were seeded into 96-well plates, with six wells used for each assayed group. After 48 h treatment of cisplatin and/or EXOs, cell numbers were evaluated using the cell counting kit-8 (CCK-8) (Cat# CK04, Dojindo, Japan). Ten microliters of CCK-8 reagent were added to each well, after which the plate was incubated at 37°C for 2 h. Subsequently, the absorbance at 450 nm was measured in each well by using a spectrophotometer (Bio-rad, USA).
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End-Labeling Assay
Apoptosis in kidney tissues and HK2 cells was detected by the in situ terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) method following the standard protocol (Cat# C1088, Beyotime, China). Six to ten high-power fields were selected randomly from each slide and the number of TUNEL-positive cells was determined per field by Nikon 90i microscope.
Immunofluorescence Staining
Immunofluorescence staining of the kidneys was performed on paraffin sections. After fixation and antigen retrieval, nonspecific binding was blocked with 3% BSA. Tissue sections were incubated with the mixed primary antibodies of rabbit anti-Ki67 (1:400, Cat# 9129, CST, USA) and mouse anti-Ecadherin (1:300, Cat# 14472, Abcam, USA) overnight at 4°C. After washed three times with PBS, the tissue sections were incubated with mixed secondary antibodies of Cy3-labeled goat anti-rabbit (1:500, Cat# A0516, Beyotime, China) and FITC-labeled goat anti-mouse (1:500, Cat# A0568, Beyotime, China). After another washing with PBS, the sections were coverslipped with fluorescent mounting medium with DAPI (4,6-diamidino-2-phenylindole) (Cat# ZLI-9557, ZSGB-BIO, China). The staining was examined using fluorescence microscope (Leica, Germany). All images were acquired using the same microscope and camera set. Six to ten high-power fields from the outer medulla and cortex in each kidney examined were captured, then the number of Ki67-positive cells was counted, and the fluorescence intensity of Ecadherin was measured by Image Pro Plus (Media Cybernetics, USA).
Immunohistochemistry Staining
Immunohistochemistry staining of the kidney was performed on paraffin sections. The primary antibodies included rabbit anti-Ly6G (1:2000, Cat# 238132, Abcam, USA) and rabbit anti-F4/80 (1:200, Cat# 70076, CST, USA). The slides were then exposed to DAB-labeled secondary antibodies. Six to ten fields (×400) were selected randomly from each section, and the staining was examined using a microscope (Leica, Germany).
Western Blots
Total protein from kidney samples of C57BL/6J mice or HK2 cells was extracted on ice with RIPA buffer (Cat# P0013B, Beyotime, China) supplemented with protease and phosphatase inhibitor cocktail (Cat# P1046, Beyotime, China) following standard protocols. Protein concentration was measured using a Pierce BCA Protein Assay kit (Cat# 23227, Thermo Fisher Scientific, USA). Next, denatured proteins were separated in sodium dodecyl sulfate-polyacrylamide gels and then were electrically transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 5% BSA in Tris-buffer saline with 0.1% Tween 20 (TBST) for 1 h at room temperature and incubated with primary antibodies at 4°C overnight. The following primary antibodies and dilutions were used: anti-kidney injury molecule 1 (KIM-1) (1:1000, Cat# 233720, Abcam, USA), anti-TNF-α (1:1000, Cat# 11948, CST, USA), anti-p-ERK (1:1000, Cat# 4370, CST, USA), anti-ERK (1:1000, Cat# 4695, CST, USA), anti-p-p38 (1:1000, Cat# 4511, CST, USA), anti-p38 (1:1000, Cat# 8690, CST, USA), anti-p-JNK (1:1000, Cat# 4668, CST, USA), anti-JNK (1:1000, Cat# 9252, CST, USA), anti-cleaved caspase 3 (1:500, Cat# 9661, CST, USA), anti-caspase3 (1:1000, Cat# 9662, CST, USA), anti-β-actin (1:1000, Cat# 4970, CST, USA), and anti-GAPDH (1:10000, Cat# 181602, Abcam, USA). After washing three times with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature. After three washes with TBST, the membranes were incubated in Immobilon® ECL Ultra Western HRP Substrate (Cat# WBULS0500, Millipore, USA), and images were captured by an ImageQuant LAS 4000 mini system (GE, Healthcare). The relative intensity of the protein bands was quantified by digital densitometry using ImageJ software (Media Cybernetics, USA). The level of GAPDH or β-actin was used as an internal standard.
RT-PCR
Kidney tissues were collected in RNase-free tubes, and total RNA was isolated using TRIzol® reagent following the instructions of the manufacturer (Cat# 15596026, Thermo Fisher, USA). RNA concentrations were determined by photometric measurements. cDNA was synthesized from 2 μg of total RNA using Fast King RT Enzyme (Cat# KR118, TIANGEN, China) for real-time RT-PCR. The mRNA expression levels of Ccl2, Cxcl1, Cxcl2, IL-1β, IL-6, and Gapdh were determined using SYBR Green PCR Master Mix (Cat# FP209, TIANGEN, China) based on the instructions of the manufacturer with the following primers. All PCR analyses were performed on an ABI Vii7 system. The comparative gene expression was calculated by the 2−ΔΔCt method.
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Statistical analysis was performed using SPSS 25.0 statistical software (SPSS, USA). Normally distributed variables are expressed as mean ± SEM and compared using a t-test. Non-normally distributed nonparametric variables are expressed as median and interquartile range and are compared between groups using the Mann–Whitney U-test. All p-values were two-tailed, and p < 0.05 was considered statistically significant. GraphPad Prism 8.0 was used to form the vector diagrams (GraphPad, USA).
RESULTS
hAECs and Their Derived EXOs Ameliorated Cisplatin-AKI in C57BL/6J Mice
To establish the roles of hAECs and their derived EXOs in cisplatin acute nephrotoxicity, we examined the mortality, renal function, and renal tissue damage in cisplatin-AKI mice with hAECs or EXOs administration 1 day post cisplatin injection. The 6-day mortality rate in high-dose cisplatin (20 mg/kg)-treated group reached to 100%, while hAECs or EXOs administration significantly decreased the 6-day mortality rate to 50% (Figure 1A). In the 15 mg/kg cisplatin-treated mice, renal function was evaluated on day 4 post cisplatin injection, and a significant high level of sCr was detected (146.7 ± 22.8 μmol/L vs. 41.1 ± 4.0 μmol/L in normal mice, p = 0.006). Administration of hAECs or EXOs substantially improved the renal function (p < 0.05) with sCr levels of 65.7 ± 12.0 μmol/L and 55.5 ± 9.4 μmol/L, respectively, (p < 0.05 vs. cisplatin group) (Figure 1B).
[image: Figure 1]FIGURE 1 | Effects of hAECs or EXOs on C57BL/6J mice with cisplatin-AKI. (A) The 6-day mortality rate in mice treated with 20 mg/kg cisplatin (n = 9 or 10 mice in each group). (B) sCr levels of mice treated with 15 mg/kg cisplatin (n = 10). (C) Representative micrographs of PAS staining of kidneys from mice with 15 mg/kg cisplatin treatment. Triangle indicates renal tubular necrosis, pentagram indicates the shedding of the brush edge of renal tubules, and arrow indicates the formation of renal casts. Scale bar, 100 μm. (D) Semiquantitative renal pathological scores of mice treated with 15 mg/kg cisplatin (n = 3). (E) Representative Western blots showing protein expression of KIM-1 in kidneys from mice treated with 15 mg/kg cisplatin. (F) The relative protein expression of KIM-1 to GAPDH in different groups (n = 3). Data are shown as mean ± SEM. **p < 0.01 vs. PBS group, #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. cisplatin group. hAECs, human amniotic epithelial cells; EXOs, exosomes; cisplatin-AKI, cisplatin induced acute kidney injury; sCr, serum creatinine; PAS, periodic acid-Schiff; KIM-1, anti-kidney injury molecule 1.
We next examined the renal histology. As shown in Figure 1C, PAS staining revealed severe tubular injury reflected by dilation, necrosis, cast formation, and loss of the brush border in the renal cortical region of mice treated with 15 mg/kg of cisplatin. hAEC- or EXO-treated mice showed significantly improved renal histology with decreased renal pathological scores compared with the cisplatin-AKI mice (2.4 ± 0.1 vs. 2.4 ± 0.1 vs. 4.6 ± 0.2, p < 0.001) (Figure 1D). Western blots showed that the protein level of KIM-1 in kidneys of cisplatin-treated mice were markedly reduced when treated with hAECs and EXOs (Figures 1E, F). All these data suggested that hAECs and EXOs could attenuate cisplatin-induced renal dysfunction and pathological damage, exhibiting the renal protective effects on cisplatin-AKI.
Molecular Modifications by hAECs and Their Derived EXOs in Cisplatin-injured Kidneys
To explore the mechanisms of hAECs and EXOs in protecting against cisplatin-AKI, we conducted a genome-wide transcriptomic sequencing of normal kidneys, cisplatin-injured kidneys, and cisplatin-injured kidneys treated with hAECs or EXOs. The log10 counts per million (CPM) value was used to quantify the mRNA expression. We analyzed the profiles of differentially expressed genes (DEGs) among the four groups. As shown in Figure 2A, compared with normal kidneys (PBS), totally 9,735 DEGs were found in cisplatin-AKI kidneys (cisplatin). Compared with the cisplatin group, a total of 6,220 DEGs were found in cisplatin-injured kidneys treated with hAECs (cisplatin + hAECs) and 6,227 DEGs in cisplatin-injured kidneys treated with EXOs (cisplatin + EXOs). Four thousand seven hundred twenty genes were found to be significantly changed among the four groups, including 2,238 DEGs upregulated in cisplatin vs. PBS comparison while concomitantly downregulated in the comparison between cisplatin vs. cisplatin + hAECs or cisplatin + EXOs. These data indicated that the molecular regulation of hAECs and EXOs on cisplatin renal injury was very similar, and hAECs and EXOs could counteract on about half of the DEGs regulated by cisplatin injury.
[image: Figure 2]FIGURE 2 | RNA sequencing analysis of kidneys from C57BL/6J mice treated with 15 mg/kg cisplatin. (A) Venn diagram showing the numbers of significant DEGs across the four indicated groups. (B,C) The top 15 enriched GO terms and KEGG pathways of the 2,238 DEGs. (D) Heatmap showing the TNF pathway-related DEGs differentially expressed across the four groups. The colors indicate the value of log10 CPM. CPM, counts per million; cisplatin, Cis-diamminedichloroplatinum (II); DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
The NIH Database for Annotation, Visualization, and Integrated Discovery (DAVID) was used to perform gene functional annotation clustering on the 2,238 identified DEGs. We focus on the GO terms of biological process since it is the most widely used subontology of GO to evaluate the functions of genes. Accordingly, we obtained 83 significant GO terms in the 2,238 DEGs. The top 15 GO terms of upregulated genes with an adjusted p-value <0.05 are shown in Figure 2B. Apoptotic process and inflammatory response were the most enriched GO terms of biological processes in these DEGs. The 2,238 DEGs were also analyzed by KEGG pathway analysis, and the top 15 significant KEGG pathways are shown in Figure 2C, including TNF signaling pathway, apoptosis, p53 signaling pathway, MAPK signaling pathway, and NOD-like receptor signaling pathway. TNF signaling pathway was reported to play a central role in cisplatin-induced renal inflammation (Holditch et al., 2019). We next explored TNF pathway-related DEGs with different expression directions between the cisplatin group and the cisplatin + hAECs or cisplatin + EXOs groups. As shown in Figure 2D, the TNF-associated DEGs including MAPK cascade compartments Tnfaip3, Mapk3, Mapk13, Jun, and the downstream effectors such as Cxcl1, Cxcl2, Ccl2, Csf1, Socs3, Mmp9, Mmp14, Il1b were upregulated in the cisplatin group compared with PBS control, but those genes were all downregulated in cisplatin + hAEC and cisplatin + EXO groups compared with the cisplatin group.
hAECs and Their Derived EXOs Alleviated Cisplatin-Induced Kidney Inflammation by Inhibiting TNF-α/MAPK Signaling Pathway
Multiple studies have shown that TNF-α-triggered MAPK cascades mediate various cellular responses to cisplatin-induced kidney injury (Jo et al., 2005; Ramesh and Reeves, 2005; Francescato et al., 2007). To further validate the results of RNA sequencing, Western blot was performed to detect TNF-α expression in the homogenates of normal kidneys, cisplatin-treated kidneys, and cisplatin-injured kidneys treated with hAECs or EXOs (Figure 3A). Compared with the PBS control, cisplatin treatment significantly increased the level of kidney TNF-α expression, which was greatly suppressed by hAECs or EXOs administration (Figure 3B). As shown in Figure 3A, the levels of phosphorylated ERK1/2 (p < 0.001), JNK (p < 0.01), and p38 (p < 0.001) were significantly increased in the cisplatin group compared with the PBS control group. As expected, the expression of these proteins was significantly reduced in hAEC- or EXO-treated groups (Figures 3C–E). These data indicated that hAECs or EXOs significantly prevented the activation of MAPK signaling cascade induced by cisplatin. Downstream expression of cytokines/chemokines was also detected. RT-PCR results showed that the expression of inflammatory factors including Cxcl1, Cxcl2, Ccl2, Il-1β, and Il-6 was greatly induced by cisplatin, which was significantly decreased after hAECs or EXOs treatment (Figure 3F). Consequently, the infiltration of immune cells such as neutrophils (Ly6G) and macrophages (F4/80) were decreased in the cisplatin + hAECs and cisplatin + EXO-treated groups compared with the cisplatin group (Figures 3G–J).
[image: Figure 3]FIGURE 3 | Regulation of TNF-α/MAPK pathway by hAECs and EXOs in C57BL/6J mice treated with 15 mg/kg cisplatin. (A) Representative Western blots showing protein expression of TNF-α, p-ERK, ERK, p-JNK, JNK, p-p38, and p38 of kidneys in different groups as indicated. (B–E) The relative protein expression of TNF-α to GAPDH, p-ERK to ERK, p-JNK to JNK, and p-p38 to p38 in different groups (n = 3). (F) The relative mRNA expression of Il-1β, Il-6, Cxcl1, Cxcl2, and Ccl2 determined by RT-PCR. (G,I) Representative micrographs and quantification of Ly6G positive staining on kidney sections of different groups as indicated. (H,J) Representative micrographs and quantification of F4/80 positive staining on kidney sections of different groups as indicated. Scale bar, 100 μm n = 3 for each group. Data are shown as mean ± SEM. **p < 0.01 and ***p < 0.001 vs. PBS group, #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. cisplatin group.
hAECs and Their Derived EXOs Attenuated Cisplatin-Induced Apoptosis in Renal Tubular Epithelial Cells
We next evaluated the effects of hAECs and EXOs on the apoptosis and proliferation of kidney cells in cisplatin-AKI. TUNEL assay was performed in mouse kidney sections. As shown in Figure 4A, on the fourth day of cisplatin injection, a large number of TUNEL-positive cells was observed in the cisplatin group, and the number of TUNEL-positive cells were significantly reduced in hAEC- or EXO-treated groups (Figure 4B). Western blot analysis showed that the expression level of apoptosis-related marker cleaved caspase-3 in the cisplatin-treated group was significantly higher than that in the PBS control group, while hAEC and EXO treatment significantly suppressed cleaved caspase-3 expression in the kidneys (Figures 4C, D). We next examined the expression of Ecadherin, a marker for epithelial cell tight junctions, and Ki67 to evaluate the cell viability and proliferation states. As shown in Figure 4E, Ecadherin expression in renal tubular epithelial cells in the cisplatin group was significantly decreased compared with the PBS control group. However, the expression of Ecadherin and Ki67 in hAECs and EXOs treated groups increased significantly, and most of the Ki67 positive cells were located in the renal tubules, suggesting that hAECs and EXOs promoted the renal tubule repair and the proliferation of tubular epithelial cells post-cisplatin injury (Figures 4F, G).
[image: Figure 4]FIGURE 4 | Inhibition of cisplatin-induced apoptosis of renal tubular epithelial cells by hAECs and EXOs. (A) Representative micrographs of TUNEL (green) staining of kidneys from C57BL/6J mice treated with 15 mg/kg cisplatin. (B) Quantification of TUNEL-positive cells/400×. (C) Representative Western blots showing protein expressions of cleaved-caspase 3 and caspase 3 of kidneys from C57BL/6J mice treated with 15 mg/kg cisplatin. (D) The relative protein expression of cleaved-caspase 3 to caspase 3 in different groups. n = 3 for each group. (E) Representative micrographs of Ki67 (red) and Ecadherin (green) immunofluorescence staining of kidneys from C57BL/6J mice treated with 15 mg/kg cisplatin. (F) Semiquantitative analysis of intensity of Ecadherin immunofluorescence staining. IOD, integrated optical density. (G) Quantification of Ki67-positive tubular cells/400×. (H) CCK-8 assay showing the cell viability of HK2 cells with different treatments for 48 h. (I) Representative micrographs of TUNEL (green) staining of HK2 cells with different treatments for 24 h. (J) Percent of TUNEL-positive cells to all HK2 cells/200×. (K) Representative Western blots showing protein expressions of cleaved-caspase 3 and caspase 3 in HK2 cells with different treatments for 48 h. (L) The relative protein expression of cleaved-caspase 3 to caspase 3 in HK2 cells with different treatments for 48 h. Scale Bar, 100 μm n = 3 for each group. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. PBS group, #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. cisplatin group. TUNEL, terminal deoxynucleotidyl transferase mediated dUTP nick end-labeling; CCK-8, cell counting kit-8.
We further cultured HK2 cells in vitro to observe whether EXOs could reduce the damage of cisplatin to renal tubular cells. We first assessed cell viability by the CCK8 assay. As shown in Figure 4H, after cisplatin stimulation for 48 h, the survival rate of cells in the EXOs group was significantly higher than that in the cisplatin group. The number of TUNEL positive cells was increased and the cleaved caspase-3 expression was upregulated in HK2 cells for cisplatin treated group. However, the apoptotic cell number and the enhanced protein levels of cleaved caspase-3 in cisplatin-treated HK2 cells were markedly decreased by EXOs treatment (Figures 4I–L). These findings suggested that hAEC and EXO treatment could prevent cisplatin-induced apoptosis and promote proliferation of renal tubular epithelial cells.
Effects of hAECs and Their Derived EXOs on the Antitumor Efficacy of Cisplatin in a Mouse NSCLC Xenograft Model
To clarify the effects of hAECs and EXOs on tumor proliferation and anti-tumor effects of cisplatin, we constructed an A549 lung cancer xenograft mouse model. On the 12th day of cisplatin injection, the subcutaneous tumors of A549 in nude mice were collected, photographed, and weighed. As shown in Figures 5A, B, the tumor weight in the hAEC- and EXO-treated groups was similar to that in the PBS group, suggesting that hAECs and EXOs had no potential on promoting A549 lung tumor growth. Meanwhile, the tumor weight in the cisplatin group was significantly lower than that in the PBS group, indicating the treatment efficacy of cisplatin on tumor growth (0.090 ± 0.009 g vs. 0.282 ± 0.023 g, p < 0.001). Compared with the cisplatin group, the tumor weight in cisplatin + hAECs group (0.085 ± 0.010 g) was similar and in cisplatin + EXOs group was slightly lower (0.068 ± 0.004 g vs. cisplatin group: 0.090 ± 0.009 g, p < 0.05). These results suggested that hAECs and EXOs did not interfere with the tumor-suppressive effect of cisplatin.
[image: Figure 5]FIGURE 5 | Effects of hAECs and EXOs on the tumor growth in nude mice with A549 NSCLC. (A) The gross tumor images in different groups of nude mice with A549 NSCLC on day 12 after cisplatin injection. (B) Comparison of tumor weights in different groups of nude mice with A549 NSCLC on day 12 after cisplatin injection. Data are shown as mean ± SEM. ***p < 0.05 vs. PBS group, #p < 0.05 vs. cisplatin group. NSCLC, non-small cell lung cancer.
RNA Sequencing Identified Signaling Pathways Specifically Regulated by hAECs and Their Derived EXOs in Cisplatin-Treated Lung Tumors
The RNA of PBS, cisplatin, cisplatin + hAECs, cisplatin + EXO-treated tumors on the fourth day after cisplatin injection was extracted and subjected to RNA sequencing for identification of differentially expressed genes and remarkably changed pathways. When using PBS treatment as the control (Figure 6A), 5,375 DEGs were considered as significantly changed for cisplatin vs. PBS, cisplatin + hAECs vs. PBS, and cisplatin + EXOs vs. PBS. The cisplatin, cisplatin + hAECs, and cisplatin + EXOs groups shared 226 DEGs. The functional associations of the 226 DEGs were implemented by the KEGG analysis (Figure 6B). The ECM–receptor interaction, p53 signaling pathway, estrogen signaling pathway, PI3K–AKT signaling pathway, regulation of actin cytoskeleton, and drug metabolism–cytochrome P450 were the most enriched pathways in the upregulated genes in the 226 DEGs, indicating a common regulation of tumor microenvironment, cell proliferation, cell division, and drug metabolism by cisplatin and hAECs or EXOs. However, when using cisplatin treatment as the control (Figure 6C), 4,228 DEGs were found significantly changed for cisplatin + hAECs vs. cisplatin and cisplatin + EXOs vs. cisplatin. Five hundred fifty DEGs were shared in cisplatin + hAECs and cisplatin + EXOs groups. KEGG analysis showed that TNF signaling pathway, RIG-I-like receptor signaling pathway, NOD-like receptor signaling pathway, and Toll-like receptor signaling pathway were the most enriched pathways in the upregulated 153 genes in the 550 DEGs (Figure 6D). We checked the functions of the 153 upregulated genes and found a serial of genes involved in cell cycle checkpoint control and DNA damage repair, including Cbr1, Ccnb1, Cdc6, Cdk1, Ddias, Fignl, Mcm3, Nek6, Nupr1, and Psrc1 (Table 1).
[image: Figure 6]FIGURE 6 | RNA sequencing analysis on tumors from A549 NSCLC nude mice collected 4 days after cisplatin injection. (A) Venn diagram showing the numbers of significant DEGs across the four groups as indicated. (B) The top 15 enriched and upregulated KEGG pathways in the 226 DEGs across the four groups as indicated in (A). (C) Venn diagram showing the numbers of significant DEGs across the two groups as indicated. (D) The top 15 enriched and upregulated KEGG pathways in the 550 DEGs across the four groups as indicated in (C).
TABLE 1 | Representative DEGs identified by RNA sequencing in cisplatin + hAECs or cisplatin + EXOs compared with cisplatin-treated tumors.
[image: Table 1]DISCUSSION
In recent years, with the increase in the incidence of tumors, the progress of anti-tumor treatments, and the prolonged survival of cancer patients, chemotherapy-related AKI has become more and more common (Sahni et al., 2009; Troxell et al., 2016). Cisplatin, being an effective chemotherapeutic drug, is still widely used in a variety of solid tumors as the first-line chemotherapy. However, cisplatin induced nephrotoxicity greatly limits its clinical application and chemotherapeutic efficacy. According to European guidelines, the only recommended method of preventing cisplatin-AKI in clinic is to intravenously infuse isotonic saline for hydration and supply with magnesium if necessary (Launay-Vacher et al., 2008). It is thus required to explore new methods for the treatment of cisplatin-AKI without interfering with its anti-cancer effects. The reparative therapeutic potential of hAECs have been assessed in a multitude of experimental animal models including lung injury, brain injury, hepatic fibrosis, and multiple sclerosis (Kakishita et al., 2000; McDonald et al., 2015; Cargnoni et al., 2018; Tan et al., 2018). To date, only a few applications of hAECs in renal injury have been reported. Previously our lab has proved that hAECs protected against ischemia–reperfusion AKI in mouse model (Ren et al., 2020). In the current study, we showed that hAECs or their derived EXOs administration in cisplatin-AKI mouse model could reduce mortality, improve renal function, and reduce renal tissue damage. Decreased inflammation and renal cell apoptosis, and increased renal tubular cell proliferation were also observed after hAECs or EXOs administration. Importantly, hAECs treatment did not compromise the antitumor activity of cisplatin in A549 tumor bearing nude mouse model.
More and more evidences indicate that renal tubular epithelial cell apoptosis and renal inflammation mainly determine the progression and outcome of cisplatin-AKI (Volarevic et al., 2019). TNF-α is a pleiotropic pro-inflammatory cytokine inducing a broad range of cellular responses, ranging from inflammatory cytokine production, cell survival, cell proliferation, cell differentiation, and cell death (Chen and Goeddel, 2002). We performed RNA sequencing detection on the kidney tissue of C57BL/6J cisplatin-AKI mice, and found that after cisplatin injury and hAECs or EXOs treatment, the TNF pathway was enriched and upregulated in cisplatin-AKI group but downregulated in cisplatin-AKI mice treated with hAECs or EXOs. TNF-α expression was suppressed after hAECs or EXOs treatment in cisplatin-AKI as shown by Western blot analysis. Once TNF-α binds to the two cell surface receptors, TNFR1 and TNFR2, it can initiate multiple downstream signaling pathways, including NF-κB pathway, MAPK pathway, and exogenous apoptosis pathway (Chen and Goeddel, 2002). The MAPK family mainly includes three phosphorylated proteins, ERK, p38, and JNK (Yue and López, 2020). Our experimental results showed that the phosphorylation of ERK, p38, and JNK was decreased by hAECs or EXOs treatment in cisplatin-AKI, and the expression of apoptosis marker cleaved caspase-3 were also decreased in cisplatin injured HK2 cells treated with EXOs. Together, our data suggest that hAECs and EXOs may inhibit TNF-α production, downregulate the phosphorylation of MAPK signaling molecules, and ultimately inhibit TNF-α-induced inflammatory response and renal tubular cell apoptosis, thereby alleviating cisplatin-AKI.
Increasing studies have suggested that the protective effects of many stem cells, including hAECs, might not be achieved by homing to the injury site and differentiation (Wang et al., 2015; Grange et al., 2019; Lee et al., 2020). For example, in the previous IRI-AKI mouse model, we found that most of the hAECs were trapped in the lungs after tail vein injection, but not in the injured kidneys (Ren et al., 2020). Growing evidences have favored that the stem cell-secreted EXOs are potential carriers of DNA, microRNA, lipids, cell-surface proteins, cytosolic proteins, nucleic acids, amino acids, and metabolites to perform biological functions (He et al., 2018; Kalluri and LeBleu, 2020). In this study, we compared the therapeutic effects of hAECs derived EXOs and hAECs on cisplatin-AKI, and the results showed that EXOs have the same renal protective effects as hAECs. In addition, we found through cultured renal tubular epithelial cells in vitro that EXOs could significantly inhibit cisplatin-induced apoptosis and increase the survival rate of tubule cells after cisplatin injury. Our previous work has detected the abundance of extracellular matrix proteins and proteins involved in the IGF signaling, HIF signaling, integrin signaling, Wnt signaling, and TGFβ signaling in hAEC derived exosomes (Ren et al., 2020). EXOs are easy to extract, store, and transport, and have better biocompatibility (Gurunathan et al., 2019). Practically, the use of EXOs, that is, “cell-free” stem cell therapy, may have more advantages than direct infusion of its source stem cells for clinical transformation of cisplatin-AKI stem cell therapy.
The ideal cisplatin-AKI therapy is to protect the kidneys while not compromising the anti-tumor effect of cisplatin and the major concern of implementing MSCs therapy in cisplatin-AKI is their risks of tumorigenicity and the promotion of tumor cell proliferation (Belmar-Lopez et al., 2013; Večerić-Haler et al., 2017; Plava et al., 2020). In the current study, we used the A549 lung cancer cell xenograft mouse model to verify the safety of hAECs or EXOs on tumor growth. The data showed that the tumor weight after hAECs or EXOs administration alone were not significantly different from those in the PBS control group. The combined application of hAECs and cisplatin resulted in no significant change in tumor weight compared with tumors treated with cisplatin alone, while EXOs and cisplatin combination slightly decreased the tumor weight than cisplatin treatment alone. Previously, Kang et al. reported that in a breast cancer MDA-MB-231 cell xenograft mouse model, the application of hAECs resulted in a reduction in tumor volume (Kang et al., 2012). In another BALB/c nude mouse xenograft model, co-injection of hAECs and ovarian cancer cell SK-OV-3 has shown the inhibitory effect on tumor growth (Bu et al., 2017). There are also studies showing that hAECs are non-tumorigenic in immunodeficient mice and healthy volunteers (Akle et al., 1985; Yang et al., 2018). The results from the current study and the previous studies indicate that hAECs and EXOs themselves have no interference with tumor proliferation, and their combined use with cisplatin did not compromise the anti-tumor efficacy of cisplatin.
We then performed RNA sequencing analysis on the tumors to detect the transcriptome difference in the tumors treated with cisplatin combined with hAECs or EXOs with those treated with cisplatin alone. We found that TNF signaling pathway was enriched and upregulated. Further analysis of the RNA-seq data showed that genes closely related to the DNA damage repair (Bax, Bcl3, Brac1, Fignl1), DNA replication (Gins3, Mcm3), and cell cycle progression (Ccnb1, Cdk1, Cdc6, and Nek6) were significantly changed with additional hAECs or EXOs treatment (Table 1). TNF-α has been reported to regulate cell cycle progression in different types of cancer cells (Pusztai et al., 1993; Zhang et al., 2018; Jacobson et al., 2019). Recently, studies have shown that combination with low-dose TNF-α could enhance therapeutic effects of chemotherapeutic drugs through the TNF-α/NFκB signaling cascade, driving quiescent cancer cells out of G0/G1 phase to enter treatment sensitive proliferating phases to be killed by chemotherapeutic drugs (Moon et al., 2010; Jayasooriya et al., 2013; Wu et al., 2017). The differential regulation of TNF signaling pathway by hAECs and EXOs in cisplatin injured kidney and in cisplatin treated tumors indicate the complexity of stem cell therapy. The mechanisms of these fine tunings require further investigations.
In the current study, we only tested the therapeutic effects of hAECs or EXOs by single dose injection 1 day after cisplatin administration. Although the results are promising, many challenges remain when translation to clinical application. Based on the significant progress in different types of stem cell therapy (Bagno et al., 2018; Tompkins et al., 2018; Zhang and Lai, 2020), we may achieve improvements on two aspects: one is to identify the beneficial factors carried by hAEC-derived exosomes and to precondition the hAECs to boost their release of therapeutic exosomes; another is to optimize the route of administration, the proper dose and the timing for treatment in order to achieve the goal of complete renal recovery after cisplatin chemotherapy.
CONCLUSION
Cisplatin nephrotoxicity is one of the major causes of chemotherapy-related AKI and severe cisplatin-AKI significantly increases the risk of hospital death in patients. Here, we demonstrate that hAECs and their derived EXOs could reduce the mortality rate and attenuate renal dysfunction and pathological damage in the cisplatin-AKI mouse model. The renal protective effects were exerted via inhibition of the TNF-α/MAPK and the caspase signaling pathways without compromising the antitumor activity of cisplatin. Our study may provide new insights for clinical treatment of cisplatin-AKI by stem cell therapy.
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Contrasting evidence is present regarding the contribution of stem/progenitor cell populations to pancreatic regeneration in diabetes. Interestingly, a cell compartment with stem/progenitor cell features has been identified in the pancreatic duct glands (PDGs). The aims of the present study were to evaluate pancreatic islet injury and regeneration, and the participation of the PDG compartment in type 2 diabetic mellitus (T2DM) and in an experimental model of diabetes. Human pancreata were obtained from normal (N = 5) or T2DM (N = 10) cadaveric organ donors. Experimental diabetes was generated in mice by intraperitoneal injection of 150 mg/kg of streptozotocin (STZ, N = 10); N = 10 STZ mice also received daily intraperitoneal injections of 100 µg of human recombinant PDX1 peptide (STZ + PDX1). Samples were examined by immunohistochemistry/immunofluorescence or RT-qPCR. Serum glucose and c-peptide levels were measured in mice. Islets in T2DM patients showed β-cell loss, signs of injury and proliferation, and a higher proportion of central islets. PDGs in T2DM patients had a higher percentage of proliferating and insulin+ or glucagon+ cells compared to controls; pancreatic islets could be observed within pancreatic duct walls of T2DM patients. STZ mice were characterized by reduced islet area compared to controls. PDX1 treatment increased islet area and the percentage of central islets compared to untreated STZ mice but did not revert diabetes. In conclusion, T2DM patients show signs of pancreatic islet regeneration and involvement of the PDG niche. PDX1 administration could support increased endocrine pancreatic regeneration in STZ. These findings contribute to defining the role and participation of stem/progenitor cell compartments within the pancreas.
Keywords: stem/progenitor cells, endocrine pancreas, streptozotocin, Pdx1, insulin
INTRODUCTION
Diabetes mellitus comprises metabolic diseases characterized by hyperglycemia. Type 1 diabetes mellitus (T1DM) is caused by an autoimmune destruction of pancreatic β-cells, while type 2 diabetes mellitus (T2DM) develops due to insulin resistance and can progress towards β-cell dysfunction (Mathieu et al., 2021). In these patients, regenerative processes can occur, attempting to compensate for the loss of β-cells (Yoneda et al., 2013). Therefore, the identification and characterization of regenerative trajectories within the pancreas could provide insight for the development of novel therapeutic strategies in diabetes treatment.
In the past years, evidence has emerged challenging the hypothesis of the presence of progenitor cell populations within the pancreas participating in islet regeneration; in particular, lineage tracing-based studies have indicated β-cell renewal to be sustained by mature cell replication more than progenitor cell commitment (Domínguez-Bendala et al., 2019). Interestingly, remnants of hepato-bilio-pancreatic precursors have been identified in the biliary tree and in the pancreatic duct system (Cardinale et al., 2012). In particular, the biliary tree stem/progenitor cells (BTSCs) have been identified within the peribiliary glands (PBGs) of the larger intrahepatic and extrahepatic bile ducts, and represent a multipotent stem/progenitor cell compartment. Their capabilities to differentiate towards mature endocrine pancreatic cells have been evaluated both in vitro and in vivo (Lanzoni et al., 2016). In particular, it has been shown how pancreatic and duodenal homeobox 1 (PDX1) can modulate the balanced differentiation of progenitor/stem cells towards endocrine pancreas commitment rather than towards the biliary fate (Cardinale et al., 2015). We have previously expressed human PDX1 sequence in E. Coli and tested in vitro the effects of the recombinant PDX1 protein on inducing differentiation toward pancreatic islet cells in BTSCs. We observed how PDX1 can trigger the expression of both intermediate and mature stage β-cell differentiation markers in BTSCs (Cardinale et al., 2015).
In parallel to the PBGs, the pancreatic duct system harbors similar glandular compartments: the pancreatic duct glands (PDGs) are tubulo-acinar glands located within the lamina propria of main pancreatic ducts and, occasionally, large interlobular ducts (Carpino et al., 2016a). PDGs have been shown to harbor a niche of committed precursors towards pancreatic fates (Carpino et al., 2016a). However, the response of this cellular compartment in diabetes has not been investigated yet.
Therefore, the aims of the present study were: 1) to evaluate pancreatic islet injury and phenotype in T2DM patients and in an experimental model of diabetes; 2) to describe the modifications of the PDG compartment in type 2 diabetic patients and in an experimental model of diabetes; 3) to test the possible effects of recombinant PDX1 administration on pancreatic islets and PDG in an experimental model of diabetes.
MATERIALS AND METHODS
Human Samples
Human pancreata were obtained from cadaveric donors (N = 15) from the surgical department of Policlinico Umberto I, Sapienza University of Rome, Italy. Based on anamnestic and serological data, samples were divided into normal (N = 5) or T2DM (N = 10). Informed consent was obtained from next of kin for use of the tissues for research purposes. Study protocols received Institutional Review Board approval from Policlinico Umberto I. Pancreas and duodenum were obtained en bloc from organ transplantation procedures. For each case, samples were taken at the level of the main pancreatic duct prior to merging with the choledocus, and at the different levels of the pancreatic body and tail.
Histomorphology, Immunohistochemistry, and Immunofluorescence
Specimens were fixed in 10% buffered formalin and embedded in paraffin, and 3–5 μm sections were obtained and processed for hematoxylin and eosin (H&E). For immunohistochemistry, endogenous peroxidase activity was blocked by a 30-min incubation in 2.5% hydrogen peroxide. Sections were incubated overnight at 4°C with primary antibodies (listed in Supplementary Table S1). Then, samples incubated for 20 min at room temperature with secondary biotinylated antibody, and then with streptavidin-horseradish peroxidase (LSAB+, Dako, Glostrup, Denmark, code: K0690). Diaminobenzidine (Dako, Glostrup, Denmark, code: K3468) was used as substrate, and sections were counterstained with hematoxylin. Sections were examined in a coded fashion by Leica Microsystems DM4500B Light and Fluorescence Microscopy (Weltzlar, Germany), equipped with a Jenoptik Prog Res C10 Plus Videocam (Jena, Germany).
For immunofluorescence (IF), non-specific protein binding was blocked by 5% normal goat serum. Specimens were incubated with primary antibodies overnight; then, samples were washed and incubated for 1 h with labeled isotype-specific secondary antibodies (AlexaFluor®, Invitrogen, Life Technologies Ltd., Paisley, United Kingdom) and counterstained with 4,6-diamidino-2-phenylindole (DAPI) for visualization of cell nuclei. To perform double immunostaining with two primary antibodies from the same host species, we followed a 3-step protocol: sections were incubated with the first primary antibody; then, a secondary fluorescent antibody was applied; finally, the second primary antibody was pre-labeled with a fluorophore using the APEX-594 labeling Kit (Invitrogen) and applied to the section.
For all immunoreactions, negative controls (the primary antibody was replaced with pre-immune serum) were also included.
Sections were examined in a coded fashion by Leica Microsystems DM4500B Light and Fluorescence Microscopy (Weltzlar, Germany), equipped with a Jenoptik Prog Res C10 Plus Videocam (Jena, Germany). Immunofluorescence stains were also analyzed by Confocal Microscopy (Leica TCS-SP2). Slides were further scanned by a digital scanner (Aperio Scanscope CS and FL Systems, Aperio Digital Pathology, Leica Biosystems, Milan, Italy) and processed by ImageScope.
The area of pancreas occupied by the islets of Langerhans and islet’s size were evaluated on H&E slides by ImageScope. Islets were considered as “central” or “peripheral” based on their position with respect to the pancreatic lobule and duct system: central islet are typically located close to interlobular septa, connected to a clearly-defined pancreatic inter/intralobular duct and in continuity with duct’s surrounding stroma; peripheral islets are located in the middle of pancreatic lobule without connection with inter/intralobular duct stroma (Merkwitz et al., 2013). Islet composition was evaluated by counting positive cells within islets. Moreover, the expression of nuclear antigens was automatically calculated by a specific algorithm on selected areas and expressed as a percentage of positive cells.
Streptozotocin (STZ)-Induced Diabetic Mice and PDX1 Treatment
Male NOD/SCIDgamma (NSG) mice (N = 25) were purchased from Charles River (Calco, Milan, Italy). Mice were housed in a dedicated, pathogen-free barrier facility at the Sapienza University of Rome in compliance with Italian regulations. Mice were kept in a room with specific pathogen-free standards maintained at a temperature of 23 ± 1°C and 50 ± 10% relative humidity, with food and water available ad libitum. The animal room was on a 12:12 h light:dark cycle. Mice were individually identified by ear punching.
Type 1 diabetes mellitus was induced by a single intraperitoneal injection of a single dose of 150 mg/kg (N = 10) of STZ. Moreover, N = 10 additional STZ mice were treated with daily intraperitoneal injections of 100 µg of human recombinant PDX1 peptide (Cardinale et al., 2015). Mice in the STZ group were injected with saline solution. N = 5 mice were included as controls and did not receive STZ or PDX1. Animals that reached stable glucose levels >300 mg/dl were considered as diabetic (Leiter and Schile, 2013). The study was conducted on NSG mice in order to avoid a possible immune reaction of the host against the human PDX1.
Treatment with PDX1 was initiated 48 h after STZ injection and confirmation of stable serum glucose levels >300 mg/dl. To prevent mortality due to the hypoglycemia caused by massive insulin release after STZ-induced pancreatic islet damage, animals were treated with water supplemented with 10% sucrose for 48 h after STZ administration. Glucose levels were measured every 3 days by AlphaTRAK glucometer with strips (Abbott). Pancreatic tissue samples were obtained at sacrifice. Tissues were processed for histology, immunohistochemistry and immunofluorescence, or frozen for RT-qPCR analysis. All animal experiments were approved by the institutional animal care and use committee of Sapienza University of Rome and by the Italian Ministry of Health.
PDX1 Production and Purification
Recombinant PDX1 was obtained in the form of a fusion protein by linking 6His-tag to the N-terminus of the amino acid sequence. Full-length DNA coding sequence for human PDX1 (852 bp coding for 283 aa) adapted for heterologous expression in E. Coli was provided by GenScript United States Inc. (Piscataway, NJ). The sequence was amplified by PCR using primers 5′-TAT​CAT​ATG​AAC​GGT​GAA​GAA​CAG​TAC​TAC-3′ and 5′-ATA​CTC​GAG​CTA​ACG​TGG​TTC​TTG​CGG​ACG​GC-3’. After digestion with NdeI and BamHI, the amplicon was ligated into pET-28a expression vector (Novagen-Merck, Darmstadt, Germany), yielding pET-PDX1 plasmid. This construct was used to transform the BL21 (DE3) E. Coli strain (Invitrogen). BL 21 (DE3) cells were grown in Luria Bertani (LB) medium containing 34 μg/ml Kanamycin and at 37°C until the OD600 reached 0.6; then, protein expression was induced with 1 mM IPTG. After induction, cells were grown at 21°C overnight and then collected by centrifugation. For PDX1 purification, the cell pellet was resuspended in 20 mM Tris-HCl pH 8.0, 0.2 U/mL of Benzonase nuclease (Sigma-Aldrich), 5 mM MgCl2, protease inhibitor tablet (Complete EDTA-free, Roche), and glycerol 10%, sonicated and centrifuged. After addition of 500 mM NaCl and 25 mM imidazole, the soluble fraction was loaded on a 5 ml HisTrap FF (GE Healthcare) pre-equilibrated with resuspension buffer. The protein was eluted with an imidazole gradient (20 mM–1 M imidazole in buffered Tris-HCl (pH 8.0, NaCl 500 mM, glycerol 10%) and then fractions containing PDX1 protein were analyzed by SDS-PAGE. A Sephadex G-25 column (GE Heathcare) was employed to remove imidazole and to exchange buffer with PBS. Mass spectrometry analyses were performed after tryptic digestion of the band of 43 kDa isolated by Coomassie blue stained gel. Mass spectra were acquired by Ultraflex III MALDI-TOF-TOF instrument (Bruker-Daltonics, Bremen, Germany), and peptide sites were searched in the NCBI database by MASCOT search engine.
RT-qPCR Analysis and ELISA Assay
Total RNA was extracted by the procedures of Chomczynski and Sacchi (Chomczynski and Sacchi, 2006). RNA quality and quantity was evaluated with the Experion Automated Electrophoresis System. RNA equipped with the RNA StSens Analysis Chip (Bio-Rad Laboratories, Hercules, CA). RNA was extracted by TRIZOL reagent (Life Technologies, Rockville, MD; Cat# 15,596-026) according to manufacturer’s instructions. One µg of RNA was retrotranscribed using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life Technologies, Paisley, United Kingdom: code 4368814), and cDNA was amplified using SensiMix SYBR kit (Bioline, London, United Kingdom: code QT605-05) according to manufacturer’s instructions. The primers used are listed in Supplementary Table S2. The expression of the gene of interest was calculated by the ratio of the concentrations of the gene of interest and the reference gene 18 s.
Serum mouse C-peptide levels in response to glucose administration were measured by ELISA assay. Mice were fasted overnight, and 30% dextrose was injected intraperitoneally at 2 g/kg body weight. Sixty minutes after the glucose injection, 80 μl of blood were collected into heparinized micro-hematocrit capillary tubes (Fisherbrand) and prepared serum samples were subjected to assays for mouse C-peptide. The Ultrasensitive Mouse C-peptide ELISA kit (ALPCO, Catalog Number 80-CPTMS-E01) was used according to manufacturer’s instructions.
Statistical Analysis
Continuous data are presented as mean ± SD. Student’s t-test or Mann–Whitney U-test were used to determine differences between groups for normally- or not normally-distributed data, respectively. A One-way ANOVA or Kruskal–Wallis H test were used to calculate differences between three groups. A p-value <0.05 was considered statistically significant. Analyses were performed using IBM SPSS software (SPSS Inc., United States).
RESULTS
Islet of Langerhans Modifications in Human Diabetes
In pancreata obtained from patients affected by T2DM, the area occupied by islets was significantly higher (3.3 ± 1.7%) compared to normal ones (1.8 ± 0.5%; p < 0.05; Figure 1A) In parallel, pancreatic islets in T2DM samples were larger (86.0 ± 4.4 µm) compared to the islets in normal pancreata (69.8 ± 13.5µm; p < 0.05; Figure 1A). However, when pancreatic islet composition was investigated (Figure 1B), islets in T2DM were characterized by a lower percentage of β-cells (40.2 ± 4.7%) and by a higher percentage of α-cells (55.0 ± 9.6%) compared to normal pancreata (62.2 ± 4.4% and 31.5 ± 6.1%, respectively; p < 0.001 and p < 0.01); therefore, T2DM was characterized by a higher α-/β-cell ratio (1.35 ± 0.49) compared to islets in normal pancreata (0.5 ± 0.08; p < 0.01).
[image: Figure 1]FIGURE 1 | Pancreatic islet histology and phenotype in normal (NR) human pancreas and in type 2 diabetes mellitus (T2DM) pancreas samples. (A) Hematoxylin and eosin (H&E) stain. T2DM patients showed higher islet area and islet size compared to normal samples. Dotted lines individuate pancreatic islets. Histograms show means and standard deviation (SD) for islet area and diameter. Scale bar: 150 μm. (B) Double immunofluorescence for insulin (green) and glucagon (red). Pancreatic islets in T2DM patients were characterized by a lower β-cell percentage and by a higher α-/β-cell ratio compared to normal pancreata. Histograms show means and SD for β-cell percentages and for the α-/β-cell ratio. Scale bar: 100 μm. Nuclei are displayed in blue (DAPI staining). (C) Immunohistochemistry for proliferating cell nuclear antigen (PCNA). T2DM patients showed increased percentage of proliferating PCNA + cells within islets compared to normal pancreata. Original magnification: 40x. Areas in the circle are magnifications of the images above. The histogram shows means and SD for the percentage of proliferating cells. (D) Immunohistochemistry for γH2A.x (upper panels) and cleaved caspase 3 (cCasp3, lower panels). Pancreatic islets in diabetic patients were characterized by a higher expression of senescence marker γH2A.x and apoptosis marker cCasp3 compared to normal pancreata. Histograms show means and standard deviation for the percentage of positive cells. Original magnification: 40x. (E) H&E stain on pancreata from T2DM patients. Pancreata from T2DM patients were characterized by a higher percentage of central islets compared to normal ones. Arrowheads indicate pancreatic ducts. The area in the box is magnified on the right; dotted line individuates a pancreatic duct branch surrounding an islet. Scale bar: 75 μm. The histogram shows means and SD for the percentage of central islets and the average distance between islets and neighboring ducts. * = p< 0.05 versus T2DM.
We then performed immunohistochemical analysis to evaluate cell proliferation (by proliferating cell nuclear antigen—PCNA), senescence (by γH2A.x) and apoptosis (by cleaved caspase 3—cCasp3) in pancreatic islets. The percentage of PCNA + islet cells was higher in T2DM (52.9 ± 4.2%) compared to normal pancreata (43.2 ± 2.3%; p < 0.01; Figure 1C); however, cells within pancreatic islets in T2DM patients also showed an increase of γH2A.x (27.5 ± 3.5%) and cCasp3+ (52.6 ± 2.3%) expression compared to normal pancreatic islets (19.6 ± 4.9% and 34.4 ± 5.4%, respectively; p < 0.05 and p < 0.001; Figure 1D).
Interestingly, when we evaluated the localization of pancreatic islets, we observed a higher proportion of central islets in T2DM patient pancreata (66.7 ± 7.9%) compared to normal ones (16.4 ± 6.3%; p < 0.001; Figure 1E). Pancreatic islets were less distant from neighboring ducts in T2DM (172.0 ± 74.5 µm) compared to normal subject pancreata (285.4 ± 40.33 µm; p < 0.01).
Pancreatic Duct Glands (PDGs) in Human Type 2 Diabetes Mellitus
We investigated whether the PDG compartment could be modified in T2DM-affected pancreata. Interestingly, main pancreatic duct samples obtained from T2DM patients were characterized by a higher area occupied by PDGs in the duct wall (i.e. PDG mass; 3.6 ± 0.3%) compared to normal samples (1.6 ± 0.9%; p < 0.01; Figure 2A). Accordingly, an increased percentage of PCNA + cells was observed in PDGs of T2DM patients (80.7 ± 5.8%) compared to normal ones (53.4 ± 5.8%; p < 0.001; Figure 2A).
[image: Figure 2]FIGURE 2 | Pancreatic duct glands (PDGs) in normal (NR) human pancreas and in type 2 diabetes mellitus (T2DM) pancreas samples. (A) Hematoxylin and eosin (H&E) stain (upper panels) and immunohistochemistry for proliferating cell nuclear antigen (PCNA, lower panels). Pancreatic ducts in T2DM patients were characterized by a higher PDG mass and by a higher expression of PCNA within PDGs compared to normal ducts. Histograms show means and standard deviation (SD) for the percentage of duct wall area occupied by PDGs and for the percentage of PCNA + PDG cells. Scale bar for H&E: 100 μm. Original magnification for PCNA: 40x. (B) Immunohistochemistry for insulin (upper panels) and glucagon (lower panels). T2DM patients showed a higher percentage of insulin+ and glucagon + cells within PDGs compared to normal ones. Histograms show means and SD for the percentage of positive cells. Scale bar: 75 μm (insulin) and 50 μm (glucagon). (C) H&E stain on T2DM samples shows pancreatic ducts with dysplastic lesions of surface epithelium and PDGs and the presence of pancreatic islets among PDGs (circle). Seriated sections of the same area show that islets in pancreatic ducts express insulin, glucagon and are vascularized. Scale bar: 100 μm * = p< 0.05 versus T2DM.
As in our previous study (Carpino et al., 2016a), cells within PDGs expressing insulin or glucagon could be observed (Figure 2B). Interestingly, PDGs in diabetic pancreata were characterized by a higher percentage of insulin+ (23.9 ± 8.9%) and glucagon+ (3.1 ± 0.2%) cells as compared to normal organs (7.2 ± 1.1% and 1.1 ± 0.2%, respectively; p < 0.05).
Uniquely, large islet-like structures could be found within main pancreatic duct walls in T2DM samples; these islets showed positivity for insulin and glucagon and were characterized by the presence of blood vessels within the islet (Figure 2C). Of note, main pancreatic duct in T2DM but not in normal samples, were also characterized by the presence of dysplastic lesions of the surface epithelium and PDGs (chi-squared test p < 0.05; Figure 2C).
Pancreatic Islet Injury and PDG Activation in Murine Streptozotocin-Induced Diabetes
We further investigated pancreatic islet morphology after injury in a murine model of diabetes, the STZ mice. We first examined the pathological modification of islets in mice, and we observed that the area of pancreatic islets was lower in STZ mice (0.19 ± 0.07%) compared to controls (0.57 ± 0.27%; p < 0.05; Figure 3A). Moreover, pancreatic islets were smaller in STZ mice (diameter: 60.7 ± 15.6 µm) compared to control ones (88.6 ± 19.3µm; p < 0.05). Interestingly, the area of pancreatic islets was higher in STZ mice treated with PDX1 (0.45 ± 0.10%) than in untreated STZ mice (p < 0.01); no significant difference was observed between STZ + PDX1-treated and control mice.
[image: Figure 3]FIGURE 3 | Pancreatic islets and pancreatic duct glands (PDGs) in control mice, streptozotocin (STZ)-treated mice and STZ mice treated with PDX1. (A) Hematoxylin and eosin (H&E) stain on pancreas samples. STZ treated mice were characterized by a lower pancreatic islet area compared to controls; STZ + PDX1 mice showed a higher islet area compared to STZ, without significant differences compared to controls. Dotted lines individuate pancreatic islets. Histogram shows means and standard deviation (SD) for pancreatic area percentage. Scale bar: 150 μm. (B) H&E stain (upper panels) and double immunofluorescence for insulin (ins, in green) and cytokeratin 19 (CK19, in red) on pancreas samples. STZ-treated mice show a higher percentage of central islets compared to controls; moreover, STZ + PDX1 mice showed a significantly higher percentage of central islets compared to STZ and control mice. Scale bar in H&E: 75 μm. In immunofluorescence image, arrowheads indicate small CK19 + cells within islets. Nuclei are displayed in blue (DAPI staining). Original magnification: 40x. Histograms show means and SD for the percentage of central islets and islets containing CK19 + cells. (C) H&E stain and immunohistochemistry for proliferating cell nuclear antigen (PCNA) on pancreatic ducts. STZ- and STZ + PDX1-treated mice show a higher PDG mass and percentage of PCNA + cells within PDGs compared to controls. Histograms show means and SD for the percentage of duct wall area occupied by PDGs and for the percentage of PCNA + PDG cells. Scale bar: 100 μm (H&E) and 50 μm (PCNA). * = p< 0.05 versus other groups; ^ = p< 0.05 versus STZ group.
When the anatomical location of islets was studied (Figure 3B), the percentage of central islets was higher in mice treated with STZ (62.3 ± 7.1%) compared to control mice (34.5 ± 8.1%; p < 0.001). Furthermore, STZ + PDX1-treated mice were characterized by a higher percentage of central islets (76.5 ± 7.3%) compared to untreated STZ (p = 0.03) and control mice (p < 0.001). Islets in STZ + PDX1-treated mice showed a closer proximity to ducts (59.0 ± 13.5 μm) compared to STZ (79.3 ± 22.9 μm; p < 0.05) and control mice (154.8 ± 7.8 μm p < 0.05). Ductular CK19 + cells were found inside pancreatic islets (Figure 3B), and the percentage of islets with CK19 + cells was higher in STZ + PDX1 (63.7 ± 9.7) compared to STZ (49.0 ± 10.9; p < 0.05) and control mice (11.2 ± 5.5; p < 0.05).
We then investigated the modifications of the PDG cell compartment in STZ mice (Figure 3C). Interestingly, both STZ and STZ + PDX1 mice were characterized by a higher PDG mass (12.8 ± 5.8% and 11.7 ± 3.3%, respectively) compared to control ones (6.4 ± 3.1%; p < 0.05). Accordingly, PDG cells in STZ and STZ + PDX1 mice were characterized by a higher expression of PCNA (30.1 ± 10.5% and 31.2 ± 12.6%, respectively) compared to controls (14.1 ± 5.7%; p < 0.05). No significant differences were observed between STZ and STZ + PDX1 mice in term of PDG area and PCNA expression in PDG cells.
Islet Phenotype and Glycemic Profile in Murine Streptozotocin-Induced Diabetes
When glycemic profile was studied in mice (Figure 4A), serum glucose levels remained above the 300 mg/dl threshold in all animals, except for one mouse in the STZ + PDX1 group. At sacrifice, no STZ mice showed positivity for c-peptide at ELISA on serum. However, N = 2/10 STZ + PDX1 mice were positive for serum c-peptide (chi-squared test: p < 0.001).
[image: Figure 4]FIGURE 4 | Pancreatic islet phenotype and glycemic profile in control mice, streptozotocin (STZ)-treated mice and STZ mice treated with PDX1. (A) Graph shows individual values for serum glucose levels in STZ and STZ + PDX1 mice. Dotted line indicates the threshold for diabetes diagnosis (300 mg/dl). (B) Double immunofluorescence for insulin (ins, in green) and glucagon (glu, in red). (C) Immunohistochemistry for insulin (upper panels) and for glucagon (lower panels). STZ- and STZ + PDX1-treated mice showed a lower percentage of β-cells and a higher percentage of α-cells compared to controls. Histograms show means and standard deviation (SD) for the percentage of α-/β-cells. Original magnification: 40x. (D) Histograms show means and standard deviation for the RT-qPCR expression of NGN3, PDX1, MaFA and Insulin genes. Data are expressed as means and standard deviation (SD). GOI: gene of interest. ND: not detectable. (D) Immunofluorescence for NGN3 confirmed the higher expression of NGN3 in STZ + PDX1-treated mice compared to STZ group. NGN3 was mostly expressed by pancreatic duct cells (arrows). Separate channels were provided. Original Magnification: 40x. * = p< 0.05 versus other groups; ^ = p< 0.05 versus STZ group.
When the phenotype of murine pancreatic islet cells was studied (Figures 4B,C), we observed that the percentage of β-cells within pancreatic islets was lower in STZ mice (9.1 ± 5.5%) and STZ + PDX1-treated mice (8.4 ± 2.6%) compared to control ones (81.2 ± 4.2%; p < 0.001). In parallel, the percentage of α-cells was higher in STZ mice (65.3 ± 8.3%) and STZ + PDX1-treated mice (65.1 ± 15.3%) compared to controls (17.9 ± 3.8%; p = 0.004 and p < 0.001, respectively). No differences were observed in the percentage of β-cells and α-cells in STZ + PDX1 mice compared to STZ mice.
Finally, when RT-qPCR analysis was performed on pancreatic tissues (Figure 4D), no significant differences were observed in terms of Insulin, MaFA and PDX1 expression between STZ and STZ + PDX1 groups. However, we observed an increased gene expression of NGN3 in STZ-PDX1 mice compared to STZ ones (N = 5, p < 0.05). The increased expression in STZ-PDX1 (56.1 ± 8.2%) compared to PDX1 mice (45.9 ± 10.1%; p < 0.05) was confirmed by immunofluorescence, which also showed that NGN3 expression was mainly located in ductal cells (Figure 4E).
DISCUSSION
The results obtained in the present study demonstrate that: 1) T2DM-affected pancreata are characterized by islet mass expansion and cell proliferation, accompanied by β-cell disruption and signs of pancreatic islet cell apoptosis and senescence; 2) PDG compartment proliferates in diabetic patients and shows sign of endocrine pancreas commitment (insulin/glucagon expression and neo-islet formation); 3) in STZ-treated mice, islet mass was impaired and associated to PDG proliferation and prevalence of central islets; 4) PDX1 administration in STZ-treated mice determined an increase in islet mass and in the percentage of central islets, but was not effective in restoring insulin production within the islets and in reverting the diabetic state in mice.
The progression of T2DM is accompanied by pathological alterations in the islets of Langerhans, which are the consequences to the altered insulin signaling and β-cell failure (Dooley et al., 2016; Folli et al., 2018). In the present manuscript we describe that, despite the loss of β-cells occurring in T2DM patients, a significant regenerative process takes place, leading to the observation of larger islets and an increased islet mass, together with increased expression of the proliferation marker PCNA within the islet cells. In parallel, islet cells showed higher expression of apoptosis and cellular senescence markers. These observations indicate that islet damage during T2DM is accompanied by an activation of regenerative processes associated with proliferative senescence and apoptosis, limiting an appropriate and long-lasting renewal of β-cell pool.
The regenerative properties of endocrine pancreatic cells and the possible source of newly-formed pancreatic islets are the subject of investigations and lively discussions in the scientific community (Domínguez-Bendala et al., 2019). Lineage tracing studies produced contradictory results on the topic, both excluding and individuating a possible role for progenitor cells in endocrine pancreas renewal (Dor et al., 2004; Xiao et al., 2013; Song et al., 2015; Yuchi et al., 2015). Despite the possibility of mature endocrine cell replication (Meier et al., 2008; van der Meulen et al., 2017), several studies have identified cell populations with progenitor features in both the insulae and in the ductal compartment (Martin-Pagola et al., 2008; Huch et al., 2013; El-Gohary et al., 2016; Qadir et al., 2018; Wang et al., 2020). The results obtained in the present manuscript support that multiple regenerative pathways are occurring in T2DM pancreata: 1) the enlargement of islets and increased proliferation of islets cells support the concept of mature endocrine cell replication; 2) the individuation of an increased proportion of pancreatic islets in proximity with intra- and inter-lobular pancreatic duct branches suggests a role of pancreatic duct plasticity in islet generation; finally, 3) the appearance of signs of endocrine islet regeneration in PDGs, associated with larger pancreatic ducts, further delineates the involvement of this peculiar cell compartment.
It has been shown that remnants of the common hepato-bilio-pancreatic precursors are harbored within the biliary tree and pancreatic duct system postnatally (Carpino et al., 2012; Carpino et al., 2014; Carpino et al., 2016a). These cells display stem/progenitor cell features and, particularly, potency towards mature endocrine pancreatic fate in vitro and/or in specific conditions in vivo. Cells isolated from the biliary tree and PDGs have shown the capability to differentiate into functional pancreatic islet-like structures without cell reprogramming when cultured in a hormonally-defined medium (Cardinale et al., 2015); the functional capabilities of these cells have also been demonstrated by transplanting the differentiated neo-islets in a murine model of diabetes, which led to an improvement in glycemic profile of mice (Wang et al., 2013). Moreover, modifications in the PBG compartment within the biliary tree have been observed both in human and murine diabetes. In these settings, PBGs showed cells with extensive signs of proliferation, and were characterized by the upregulation of pancreatic fate-related markers (e.g. MafA) (Carpino et al., 2016b). Similar evidence is now emerging for the role of the PDG cell compartment as a niche of committed precursors destined for pancreatic fates. These cells can be identified by the co-expression of endoderm stem/progenitor markers (i.e. Sox9) and pancreatic stem/progenitor markers (i.e. Pdx1 or Ngn3) (Yamaguchi et al., 2015; Carpino et al., 2016a; Qadir et al., 2020). In the present manuscript, we described the presence of islet-like structures within the PDG compartment in pancreatic ducts of T2DM patients; these structures contained insulin- and glucagon-positive cells, and showed a well-arranged microvascular network, suggesting functional properties. Therefore, these data further support the role of PDGs as a possible regenerative compartment in the pancreas. However, no specific marker/promoter for PDGs has been still individuated to distinguish PDG cells from the surface epithelium of the pancreatic duct; therefore, it is impossible to judge the actual cell of origin of PDG-associated islets.
Interestingly, ducts characterized by the appearance of neoislets also presented with dysplastic lesions of the epithelium and PDGs. T2DM has been linked with the development of pancreatic duct adenocarcinoma (PDAC) (Qadir et al., 2020) through several possible mechanisms including both systemic risk factors and local processes (Duvillié et al., 2020). Regarding the latter, it has been hypothesized that intrapancreatic hyperinsulinemia could trigger a response in ductal cells via insulin receptors and, particularly on transformed cells, by the IGF-1 signaling pathway. This could lead to proliferation within the exocrine compartment as well, and predispose to PDAC development (Andersen et al., 2017). Moreover, injured islet cells can acquire a senescence-associated secretory phenotype which can further support cancer development (Cantor and David, 2014; Thompson et al., 2019). Interestingly, previous observations have shown a relationship between the activation of the PDG compartment after injury and the development of PDAC (Strobel et al., 2010; Yamaguchi et al., 2015; Yamaguchi et al., 2016). Our results are in accordance with this evidence, suggesting how PDG activation in T2DM patients could be related to the emergence of dysplastic lesions of the pancreatic ducts, possibly predisposing to cancer development.
Finally, we investigated the possibility to induce pancreatic β-cell regeneration in a mouse model of diabetes (i.e. the STZ mouse) by administration of PDX1. In our model, we observed an increase in the portion of central islets and islet proximity to pancreatic duct compared to controls in all STZ mice and, especially, in PDX1-treated ones, which also showed a recovery in islet mass compared to STZ mice. However, PDX1 treatment was not effective in restoring a functional β-cell population and in rescuing diabetes in mice, which could be due to several aspects. Reprogramming strategies have been proved effective in converting cells in functional insulin-secreting cells in vivo, by inducing key pancreatic genes NGN3, PDX1, and MAFA (Zhou et al., 2008; Banga et al., 2012). Our approach was based on the intraperitoneal administration of a single factor and did not require genetic manipulation. With further improvements of conditions and administration methods, this could represent a feasible approach to be translated in the clinical setting in order to achieve positive results on insulin production and diabetes reversal. Furthermore, the extensive damage deriving from STZ administration and the continued injury during STZ washout could hamper the effective regeneration of functional β-cells in this model. Interestingly, the increase in alpha-cells in STZ-treated mice could represent a temporary compensatory mechanism in stressed beta-cells where they are reverting to a de-differentiated state. In this light, the time course of the experimental setting could represent a limitation of the study; a longer time course could allow to monitor the recovery of beta-cells mass. Nevertheless, our approach has been successful in supporting evidence of regenerative processes especially within the central pancreatic islets, representing a proof of concept for a possible role of PDX1 in supporting ductal-derived pancreatic islet regeneration.
In conclusion, we provide additional evidence that pancreatic islet regeneration occurs in T2DM patients, and that regenerating islets can be associated with the pancreatic duct system and PDG cell niche. Moreover, the proliferation induced in the ductal system in T2DM patients could have a role in PDAC development. Finally, we provide a report on the efficacy of PDX1 administration to support increased endocrine pancreatic regeneration in STZ mouse model of diabetes. Future studies are needed in order to develop effective and feasible strategies to use the same approach to revert the diabetic state and restore β-cell population within the islets.
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Cell source

Foreskin fibroblast-derived
iPSCs

iPSCs

iPSCs

ESCs/iPSCs

Cell source

WJ-MSCs

UV-MSCs

AD-MSCs

Endoderm formation

100 ng/ml Activin A
50 ng/ml Wnt3a

10 ng/ml BMP4
10 ng/mi VEGF
10 ng/ml FGF2

100 ng/mi Activin A

100 ng/ml Activin A

100 ng/ml Activin A

Hepatic specification

10 ng/mil FGF4
20 ng/ml HGF
20 ng/ml IGF
100 nmolL DEX
500 nmol DEX
1x TS

50 ng/ml HGF
10 ng/ml EGF
20 ng/ml b-FGF
20 ng/ml HGF
DEX

20 ng/ml IGF-1
10 ng/ml OSM

Hepatic
specification

1% DMSO

50 ng/mi BMP4
10 ng/ml FGF2
10 ng/ml VEGF
10 ng/ml EGF
20 ng/mi TGF-a
100 ng/mi HGF
100 nmol/L DEX
20 ng/mi BMP4
10 ng/ml FGF-2

20 ng/mi BMP2
30 ng/ml FGF4

2 umolL RA

10 nmol nicotinamide
1 ng/mi b-FGF

100 pmollL Ve

20 ng/mi BMP4

10 ng/ml FGF2

20 ng/ml HGF

Maturation

20 ng/ml HGF
20 ng/ml IGF
100 nmol/L DEX
10 ng/ml OSM
10 ng/ml EGF
20 ng/ml b-FGF
1x1TS

50 ng/ml OSM

20 ng/ml HGF
DEX
20 ng/ml IGF-1

Maturation

30 ng/ml OSM
50 ng/ml HGF
10 pmol DEX
100 ng/mi HGF
20 ng/ml OSM
6 pmol Vk

100 nmol DEX

20 ng/ml HGF
20 ng/ml OSM
DEX

s

10 ng/mi OSM
DEX

20 ng/ml HGF

20 ng/ml OSM

Days

21

28

2

Days Ref.
19 Wang et al. (2016)
25 Kaserman and Wilson (2017)
15 Kehtar et al. (2018)
22 Kim et . (2015)
20 Si-Tayeb et al. (2010)
Ref.

Vojdani et al. (2015)

Reoufil et al. (2015)

Shabani Azandaryani et al. (2019)

Abbreviation: FGF, 4, fibroblast growth factor 4; HGF, hepatocyte growth factor; IGF, insuii like growth factor; DEX, dexamethasone; OSM, oncostatin M; ITS, insul/transferrin/selenium;
EGF, epidermal growth factor; b-FGF, basic-fibroblast growth factor; DMSO, dimethyl sufoxide; BMP4, bone morphogenetic protein 4; VEGF, vascular endothelial growth factor; TGF-a,
iransforming growth facior-a; Vk. vitamin K: RA, retizoic acid: Ve, ascorbic acid.
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DE-RNAs

Total No.

Up No.

Down No.

The most upregulated

(log2 Fold change)

The most downregulated

(log2 Fold change)

MSCBPD MNCBPD MSCBPD MNCBPD MSCBPD MNC BPD MSC/BPD MNC/BPD MSC/BPD MNC/BPD
mRNA 2256 2,997 1,077 1,595 1,179 1,407 Pcdhgb4 Nxt2 (10.87) ucp2 (—18.07) Mhknk2
(11.85) (—14.17)
IncRNA 1,065 1,408 630 804 435 604 NONMMUGO NONMMUG NONMMUG NONMMUG
41359.2 017423.2 091403.1 46386.2
(10.02) (10.20) (-9.18) (11.56)
miRNA 42 69 21 45 21 24 mmu-miR- mmu-miR- mmu-miR- mmu-miR-
5615-3p 6481 7650-5p 6947-5p
(4.28) (8.44) (—2.34) (—4.32)
circRNA 48 58 16 28 32 30 mmu_circ_00 mmu_circ_0 mmu_circ_0 mmu9_circ_0
00628 (4.02) 001098 (3.87) 000375 (—3.85) 001879 (—4.76)
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Change
(statistics)

MSC MNC MSC MNC MSC MNC MSC MNC
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Index Control group CB-MNCs group p

WBC 4.80 4+ 1.63 5.70+1.99 0.3709
HGB 146.75 + 8.88 130.88 + 6.88 0.0022*
PLT 827.75 £ 137.77 741.38 £ 149.69 0.2802
PCT 0.47 +0.08 0.44 +0.08 0.3994
NEU# 0:22 £0.12 1.21+£0.95 0.0167*
LYM# 4.30+1.48 3.30 £2.19 0.3358
MON# 0.256+0.24 0.70+ 0.64 0.1046
BAS# 0.01 £ 0.02 0.00 & 0.00 0.2117
MON% 4.78 £5.10 13.63 £ 14.57 0.1558

CB-MNC, cord blood-derived mononuclear cell; WBC, white blood cell (absolute
numbers); HGB, hemoglobin; PLT, platelet (absolute numbers); PCT, Procalcitonin;
NEU, neutrophils (absolute numbers); LYM, lymphocyte (absolute numbers); MON,
monocyte (absolute numbers); MON%, percentage of monocyte; BAS, basophil
(absolute numbers).

“#” means the absolute number of the index.

Values are mean +SD of a minimum of six animals in each group.

*P < 0.05.
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Reference Cell Culture Differentiation Cytokines Stromal cell Gene Large scale  Efficiency Invivo
source condition steps coculture editing function
evaluation
Choi et al., CD34+ 2D HSC-MK-PLT N/A N/A N/A No 2.1 MKs per N/A
1995 HSC HSC
Norol et al., 2D HSC-MkP-MK-  TPO, SCF, IL-3, N/A N/A No 4.6 MKs per N/A
1998 PLT IL-6 HSC
Proulx 2D HSC-MK-PLT TPO, SCF, IL-6, N/A N/A No 120 PLTs per N/A
etal., 2004 FL seeded cells
Matsunaga 2D HSC-MK-PLT  TPO, SCF, IL-3, hTERT N/A Yes 3.36 x 10 N/A
et al.,, 2006 FL, IL-6,IL-11, PLTs per HSC
IL-18, SDF-1a,
FGF-4, PDGF
Yang et al., Rotary HSC-MK-PLT TPO, SCF, IL-3, N/A N/A Yes ~1.9 x 108 N/A
2016 vessel IL-11 PLTs per HSC
Guan et al., 2D HSC-MK SCF, FL, TPO, N/A N/A No 1 % 104 MKs MKs
2017 IL-3, IL-6, IL-11, per HSC produced
GM-CSF, SR1 functional
PLTs in mice
and monkeys
Guan et al., Roller- HSC-MK TPO, SCF, IL-6, N/A N/A Yes 2 x 104 MKs MKs
2020 bottle SR1, C433, VPA per HSC produced
functional
PLTs in mice
Gaur et al., hESC 2D hESC-MK-PLT TPO, bFGF OP9, MEF N/A No 0.05-0.2 MK N/A
2006 per hESC
Takayama 2D hESC-HPC- TPO, IGF-II, OP9, N/A No 48 PLTs per N/A
etal, 2008 MK-PLT VEGF, bFGF, C3H10T1/2 hESC
heparin, SCF,
PIGF
Luetal, 2D hESC-MK-PLT  IL-6, IL-9, IL-11, OP9, N/A Yes 55x10°PLTs  PLTs
2011 bFGF, VEGF, C3H10T1/2 per hESC contributed
TPO, SCF to thrombi in
mice
Pick et al., 2D hESC-MkP- TPO, SCF, IL-3, MEF N/A No 0.25-16 MkPs  N/A
2013 MK-PLT FGF2, VEGF, per 10% hESCs
BMP-4
Takayarna hiPSC 2D hiPSC-HPC- SCF, TPO, FL C3H10T1/2 c-MYC No 20 PLTs per PLTs
etal., 2010 MK-PLT hiPSC contributed
to thrombi in
mice
Nakamura 2D hiPSC-HPC-  TPO, SCF C3H10T1/2 o-MYC, No 250 MKs per PLTs
etal., 2014 iMMKCL-MK- BMI1, imMKCL contributed
PLT BCL-XL to thrombi in
mice
lto et al., Bicreactor hiPSC- SCF, TA-316, C3H10T1/2 c-MYC, Yes 70-80 PLTs per PLTs
2018 iMMKCL-MK- Y27632/Y39983, BMI, hiPSC contributed
PLT SR1, KP-457, BCL-XL to
GNF-351 hemostasis in
mice and
rabbits
Feng et al., 2D hiPSC-MKkP- TPO, SCF, IL-3, N/A B2M KO No ~16 MkPs per PLTs
2014 MK-PLT IL-6, IL-9, ACF, iPSC contributed
FL, APEL, to thrombi in
BMP-4, VEGF, mice
bFGF
Moreau 2D hiPSC-hPSC- TPO, IL-1B, SCF, N/A GATAT, Yes 2 x 105 MKs N/A
etal, 2016 MK BMP4, Y-27632, FLI, TALA per hiPSC
FGF2, LY-294002
Eicke et al., Bioresctor hiPSC-MK-PLT  VEGF, BMP4, N/A N/A Yes 29.9 MKs per MKs
2018 TPO, SCF, IL-3, hiPSC produced
Y27632 PLTs in mice
Norbnop 2D hiPSC-HPC- VEGF, TPO, SCF OP9 B2M KO No N/A MKs
etal, 2020 MK-PLT heparin produced
PLTs in mice
Onoetal., Fibroblast 2D Fibroblast-iMK- N/A N/A P4ENF-E2, No 0.04-0.05 IMK MKs
2012 PLT Maf G, per fibroblast produced
MafK, PLTs in mice
CEBPa
Pulecio 2D Fibroblast- TPO, IL-3, IL-6, N/A GATAT, No N/A MkP
etal, 2016 iIMKP-MK-PLTs IL-9, SCF GATA2, produced
TALT, MKs and
LMO2, PLTs in mice
c-MYC,
RUNX1
Matsubara Adipocyte 2D Adipocyte-MK- LDL, TPO, dNTP, N/A N/A No 0.2 MK and N/A
et al., 2009 PLT Insulin, Transferrin 0.015 PLT per
adipocyte
precursor cell
Tozawa Bioreactor Adipose-ASCL-  Transferrin, LDL, N/A IN/A Yes 0.42 PLT per PLTs survived
etal., 2019 MK-PLT Insulin, dNTP, ASCL in mice
TPO

HSC, hematopoietic stem cell; hESC, human embryonic

megakaryocyte; PLT, platelet.

stem cells; hiPSC,

human induced pluripotent stem cell; MkF, megakaryocyte progenitor; MK,
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Name of IncRNA

Function and MSC sources

Working model

IncRNAs modulating MSC mesodermal lineage differentiation

Osteogenesis, adipogenesis and chondrogenesis

H19

MEG3

DANCR

MALATH

PGC1p-OT1

ROA
13728

Inhibit adipogenesis and BMSC
Promote osteogenesis and BMSC

Promote osteogenesis and BMSC
(MM patients)
Inhibit osteogenesis and DFSCs

Inhibit osteogenesis and BMSCs
(PMOP patients)

Inhibit adipogenesis, promote
osteogenesis, and ADSC

Promote chondrogenesis and
SMSC

Inhibit osteogenesis and BMSC
Promote osteogenic and BMSC

Inhibit adipogenesis, promote
osteogenesis, and BMSC

Inhibit adipogenesis and BMSC
Promote adipogenesis and ADSC

Endothelial and cardiac differentiation

MEG3

MIAT

HULC

Braveheart

Inhibit endothelial differentiation and

BMSC

Promote endothelial differentiation
and BMSC

Promote epithelial and smooth
muscle-like cell differentiation and
ADSC

Promote cardiogenic differentiation

Epigenetic modulation

Sponging

Decoy

Unclassified
Sponging

Sponging

Sponging

Unclassified
Sponging

Sponging

Decoy
Unclassified

Post-transcriptional modulation

Sponging

Unclassified

Unclassified

IncRNAs modulating MSC trans-differentiation into endoderm lineage

ANCR
MALATH

Inhibit DE commitment andADSC

Promote trans-differentiate into
hepatocyte and BMSC

Scaffold
Sponging

IncRNAs modulating MSC trans-differentiation into ectoderm lineage

H19

Inhibit trans-differentiate into
neural-like cells and BMSC

Sponging

Mechanism-effector and target

CTCF/H19/miR-675/HDAC
miR-141, miR-22/Wnt/g-catenin
pathway

miR-138/FAK pathway
SOX2/BMP4

EZH2/Wnt genes
miR-133a-3p

miR-140-5p.

miR-1305/Smad4 axis

p38 MAPK pathway
miR-34c/SATB2
miR-143/0SX
miR-148a-3p/KDM6B

hnRNP A1/PTX3/ERK
ZBEDS/Wnt/p-catenin pathway

FOXM1/VEGF

miR-200a/VEGF

BMP9/Wnt-g-catenin/Notch
pathway

Mesp1

ID2/PTK2B
B-catenin/miR-217/ZEB1

miR-675/IGFR
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Effect ‘Small molecules

Endoderm induction IDE1

CHIR99021

6-bromo-indirubin-3'-
oxime (BIO)
LY294002

Promotion of liver-specific SUAT10-6
induction and maturation
dimethyl sulfoxide (DMSO)

lle-(6) aminohexanoic
amide (Dihexa)
sodium butyrate (SB)

SB431542
5-Azacytidine (5-aza)
Trichostatin A
A83-01

FH1 and FPH1

Mechanism

similar to activin A, induces Smad2 phosphorylation and drives AD-
MSCs to endoderm formation

aspecific chemical inhibitor of GSK-3, can induce a rapid increase inthe
expression of the endoderm makers

a GSK- inhibitor, mimics activation of Wit signaling

inhibits maintenance of pluripotency and promotes differentiation to
endoderm

a novel small molecule, can improve the process of hepatic
differentiation by regulating the high expression of FOXH1 (FAST1/2)
drives endoderm toward a hepatic fate and promotes maturation

an HGF receptor agonist, can promote hepatic maturation

a histone deacetylase inhibitor, resuts in high levels of hepatic marker
expression and reduces cell death

a TGF-p inhibitor, is used for the differentiation of progenitors to HLCs

a DNA methyltransferase inhibitor, epigenetic changes support the
hepatic differentition
a histone deacetylase inhibitor, improves hepatocyte phenotype

a TGF-B inhibitor, is continuously used to promote hepatocyte
differentiation
are used to replace HGF and OSM to promote hepatocyte generation

Cell
application

AD-MSCs

AD-MSCs
ESCs

iPSCs
ESCs

ESCs

MSCs

ESCs
iPSCs
NMSCs

ESCs
iPSCs
ESCs

WJ-MSCs

ESCs
NMSCs

NMSCs
AD-MSC
ESCs
iPSCs.
ESCs
iPSCs.
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3D cell culture Xenogenicity Type Cell types in LOs Aim Limitation References
system
Matrigel Mouse-derived Natural Human iPSC-derived  Fibrosis model Clinically unacceptable Ouchi et al., 2019
hepatocyte-, stellate-,
and Kupffer-like cells
Matrigel Mouse-derived Natural Human iPSC-derived  Hepatobiliary Clinically unacceptable Wu et al., 2019
hepatocytes and biliary organogenesis
cells
Collagen hydrogel ~ Animal-derived Natural Human iPSC-derived  Hepatic maturation Gieseck et al., 2014
hepatocyte-like cells
Decellularized Porcine Natural Human liver duct cells ~ Clinical applications Batch-to-batch Giobbe et al., 2019
matrix intestine-derived or fetal hepatocytes variation
Alginate capsules  Plant-derived Natural PSC-derived Functional engraftment Song et al., 2015
hepatocytes and
stromal cells
Nanofibrillar Plant-derived Natural Human adult liver cells ~ Clinical applications Non-biodegradable Kruger et al., 2020
cellulose hydrogel
Colloidal crystal Partially animal-derived Synthetic/natural Human iPSC-derived  Fully defined matrix for Ng et al., 2018
scaffolds with hepatic progenitors clinical applications
collagen type |
Poly Not animal-derived Synthetic/natural Human adult liver cells ~ Clinical applications Ye et al., 2020
isocyanopeptides
and laminin-111
Poly (ethylene Not animal-derived Synthetic Human adult liver cells  Chemically defined for Sorrentino et al., 2020
glycol) (PEG) clinical applications
hydrogels
Matrix-free None None Human ESC-derived ~ Hepatic maturation Ogawa et al., 2013
suspension hepatocyte-like cells
Matrix-free None None Human ESC- derived  Large-scale expansion Sgodda et al., 2017

suspension

hepatocyte-like cells
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Strategies

Soluble factors

Co-induction

Co-culture

Cell types

iPSC-derived
hepatocytes

iPSC-derived
hepatocyte- and
cholangiocyte-like
cells

PSC-derived
hepatocytes and
cholangiocytes

Healthy and
Wolman diseased
PSC-derived
hepatocytes-,
stellate-, and
Kupffer-like cells

iPSC-derived
hepatocytes,
HUVECs, and
MSCs

iPSC-derived
hepatocyte-like
cells, HUVECs, and
MSCs

iPSC-derived
hepatocyte-,
endothelial-, and
MSC-like cells,
dental pulp-
derived-MSCs, and
human aortic
endothelial cells

Key methods

Acetate,
propionate, and
butyrate
combination in
hepatic medium
and differentiation
medium

25% mTeSR in
endoderm medium
and 10%
cholesterol+ MIX
(Chinese medicine)
to maturation
medium

Hepatic endoderm
spheroids were
differentiated into
hepatoblast
spheroids, which
were dissociated
and seeded in an
ultra-low
attachment plate to
form LOs.

PSC spheroids
embedded in
Matrigel were
stepwise
differentiated into
LOs.

iPSC-derived
hepatic endoderm,
HUVECs, and
MSCs
self-organized into
3D liver buds (LBs).
Hepatic-specified
endoderm
co-cultured with
HUVECs and
MSCs without
cell-cell contact.
Five different cell
types were mixed
to generate four
organoid groups.

Representative
maturation
measures

Increased CYP3A4
activity and ALB
secretion

Bile duct structure
and production and
transport of bile
acids

Functional bile
canaliculi system

LOs can be
induced by free
fatty acid to have
inflammatory and
fibrotic responses.
All cell types in LOs
are functional.

Vascularized and
functional human
liver

After no cell-cell
contact co-culture,
hepatocyte-like
cells had polarity
and bile acid
transport structure.

The greatest
difference between
four groups is the
expression of
phase | and phase
Il enzymes.

Model

Drug-induced liver

injury

Hepatobiliary
organogenesis

NASH model

NASH/Fibrosis
model; Wolman LO
model

Regenerative
medicine

Comparison

iPSC-LOs were
less sensitive than
PHHSs to
troglitazone-
induced toxicity,
but HepG2 was not
sensitive.

The maturity of
iPSC-LOs was
between fetal liver
and adult liver.

Free fatty
acid-treated
PSC-LOs showed
similar gene
expression
signatures to NASH
patients.

Wolman LOs
exhibited more
aggressive fibrosis
phenotypes than
Wolman disease
patients.

iPSC-LBs
produced higher
levels of albumin
than human adult
hepatocytes in vivo.

Some genes were
not upregulated
when compared
with primary
hepatocytes.

Both iPSC-derived
non-parenchymal
cells and adult
non-parenchymal
cells improved
hepatic functions
by mediating Wnt
and TGF-B
pathways. No
comparison with
primary
hepatocytes was
shown.

References

Mun et al., 2021

Wu et al., 2019

Ramli et al., 2020

Quchi et al., 2019

Takebe et al., 2013

Asai et al., 2017

Goulart et al., 2019





OPS/images/fcell-09-737242/fcell-09-737242-g002.jpg
A C 150 *
® 10 * Il hfRPE ° k Il hfRPE
2 100 = oM 100 2 DMSO
o ®
S 50 I MosmM 5 50 M NIC
2 Al M 3 - B TSA
s 2 B 2uM 5 I NIC TSA
g 15 . Eam 3
5 1 & g
i ai
05
0 e 0
MITF PMEL17 oTX2 MITF PMEL17 OTX2
TSA concentration Trestiant
B 60~ * D
I 1
*
1
X 40
[0)
©
N
g
a 20+
0
000“ e\@§\\> ey \&x& SSEESE
TSA NIC TSA
E 1 pM TSA
10 mM NIC
A
[ )
Day 0 Day 14






OPS/images/fcell-09-737242/fcell-09-737242-g003.jpg
Ha"¥
¢ &

‘Api

L

cal

N s S

LI 5

i






OPS/images/fcell-09-737242/fcell-09-737242-g004.jpg
ARPE-19 hUMSC

hAESC

@

hAESC-RPE
IFN-y(+)

IFN-y(+)

IFN-y(+)

IFN-y(+)

Count

Count

Count

Count

HLA-DQ

HLA-DR

- o )
3] [ 1gG1 R [ 1gG2a
2 i
] l HLA-DQ ) B HLA DR
- © 7
(=] o -
QA = N
N = 4
i 5 ]
i 0.42% o 44.52%
i e E— T e —
8] 8
o T T T T T T T TTT T T T Ty T T TIT
102 10° 104 10° 10¢ 102 108 104 10° 10¢
FITC-A FITC-A
|
o o
37 87
o ] £ o
o S5 O
N 53.17% g9 95.55%
o ] o
=iy =k
102 108 104 10° 10¢ 102 10° 104 109 106
FITC-A FITC-A
o o
8 8]
o | o |
&7 &7
i 2
0.07% 8 ] 0.08%
] P ] ———]
o o
O - ‘9—
O - TTTT L S I 1)) R | T LI N e L o L) R
102 10° 104 10° 102 108 104 10°
FITC-A FITC-A
(@]
™
o
o - 4
o o
i 8
N
£
pan |
i 0.54% 8 A 0.28%
IS P & ] f———
= 8 -
o
(=} LLRRRL| o Ty T rorrim T T oo T o ||||||'“‘| Ty T rrrrrg T T oo T
102 108 104 10° 102 108 104 10°
FITC-A FITC-A

HLA-G

©
%S [ 19G2a
B HLA-G
£
3 0.45%
s %_ 1 |
I 1
O ST
102 108 104 10°
APC-A
z o
S5 2
5 0 0.21%
© I |
I 1
O T T T T
102 10° 104 10%
APC-A
o
8 4
N
5sg 99.77%
82
o T TIT
0 1 102 103 104 105 10E
APC-A
o
S |
=]
E 95.06%
3
o -
o
=
N
o 1T TT
103
APC-A

B
80
o * HLA-DQ
L | | = HLA-DR
~ 60 . AHLA-G
O
S I
+ 40+
(O]
o
Sf 20
0_
5 IFN-y(-) IFN-y(+)

150- *HLA-DQ
~ & =" HLA-DR
D | AHLA-G
O 100
(®)]

8 *

C | |

O

8 50-

(O]

o

0_
IFN-y(-) IFN-y(+)

F

1207 * HLA-DQ
9 " HLA-DR
DY s HLA-G
071 00— A
8
C
Q
O 50+ I I
(O]

o
0_
H IFN-y(-) IFN-y(+)

1504 * HLA-DQ
9 " HLA-DR
Py s HLA-G
O)1 00-

8
e
3
sq—) 50-
o

IFN-y(-)

IFN-y(+)





OPS/images/fcell-09-737242/fcell-09-737242-g005.jpg
CRALBP

@

RPE-injection eye medium-injection eye
6.3000

2.0000 M —Fw”w
o_zooo_F/\A_M,_/ _|—_-/\——\/W

stimulus intensity(cd.s/m”2)

52501 oo 2004 —*** 8000
%200- ~*-RPE-injection —~ B non-injection
:g -=-medium-injection \g; 1504 B RPE-injection = 6000
£ 1501 2 5
g £ 4000

© 100+ % 100+ 5 4
4 = g
g 50 4 = 504 kK 2000
o

4 0,(')002 0.606302(300 2.0600 6.3600 0- 0-

light intensity(cd*s/m"Z) All retinal |ayers ONL total retina  RPE-injection

RPE-injection non-injection






OPS/images/fcell-09-737242/cross.jpg
3,

i





OPS/images/fcell-09-737242/fcell-09-737242-g001.jpg
€ytakeratin

= ~

4N 4 -
4656 4601 4615 4619 4623 4624 ABTS 4676 ?678 4681

S\ -y

4609 4617 4620 4658 4666 4671 4673 4684 4688 4691

L
g R e

S saD>0aad

4656 4601 4615 4619 4623 4624 4675 4676 4678 4681

CD105

|
[ | cotos

| 403

4 5. .6
10 10 10 10 10 10° 10

Telomerase

*

100 T

ng/ml

50

0

hAESCs hUMSCs





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fcell-09-722365/fcell-09-722365-g006.jpg





OPS/images/fcell-09-722365/fcell-09-722365-g007.jpg
A B
8- =5 -- NC == ADMSCs
S 20- -= T2DM == MLT-ADMSCs
5 . £
= E
=
o o3 @ >
=]
= 67 ) a *
- % 3 104 3
8 ilx
[y *| * 3
* o
om
4 I 1 I 1 1 I 0 1 1 1 1 1 1 1
7 14 21 28 35 42 0 7 14 21 28 35 42
TIME(Days) TIME(Days)
NC T2DM ADMSCs MLT-ADMSCs
'--\\ 2 (\‘~\ g
Lu ‘\\\ ‘\‘ s ”,4\,\
xI 304 el "

m

HE

PAS






OPS/images/fcell-09-722365/fcell-09-722365-g008.jpg





OPS/images/fcell-09-722365/fcell-09-722365-g002.jpg
Body weight (g)

Blood glucose(mmol/L)

C
6_
c x
= *
= * x| X
: = 57 *| %
¥ * g
* -
Q
L a4
15— T T T i . ! 3= T T T T T T
0 7 14 21 28 3B 4z 0 7 14 21 28 35 42 _o \C
TIME (Days) TIME (Days)
=8= T2DM
D
10 ADMSCs
i . MLT-ADMSCs
x o
o~ *
it *| %
* = *
[ *
10 T 6]
4_
0 1 1 T 1 1 1 T 1 1 1 1 1 1 1
0 7 14 21 28 35 42 0 7 14 21 28 35 42
TIME (Days) TIME (Days)
T2DM ADMSCs MLT-ADMSCs
it 7 | B T

mg/Kg/Day, 2Days)

HFD

HFD

HFD

g/Day, 2Days)

|

=

2x10°0.2mL/per)

107710 mL/per)

'W+0.9% NaCl |

1 L 1 1 1 1 »
SW  9W 10W 11W 12W 13W 14

OTGGS/IPITTS/IRTs

ALT/A!

1 4 4 1 4 4

blood glucose levels

OTGGS/IPITTS/IRTs

ST/TC/TG ALT/AST/TC/TG





OPS/images/fcell-09-722365/fcell-09-722365-g003.jpg
A B
25—
J 7 a
g 207 :I * * 3
£ * E
~ * =
2 157 :| * * 3
E; 3 £
=)
210 £
° S
2 [
= »n
5 /\i\‘__-. i
| | | ]
0 30 60 90 120
c TIME (Min) D

b
8100-
S *
S * ¥ &
3 * %
<] * o
S 80- :| F] 3
S P
. x
(=]
©
=
8 60~
Q
o

T T T T T

0 30 60 90 120

TIME (Min)

N
3]
1

N
o
1

-
3]
1

-
o
1

=
-
-
—

NC

T2DM
ADMSCs
MLT-ADMSCs

10

T T T T
30 60 90 120

TIME (Min)
% %k %k

150 180

' 3% %k %k

*kk [ 1
| I |

EX 33





OPS/images/fcell-09-722365/fcell-09-722365-g004.jpg
A *kk B *okk C

 e—| o
*okk ok *kk **
*okok ) — —
1 130
100 Iill
100 120 ns
jy 5 o —
n ns 5‘ % ?110-
S —
F 5o 5 I s
< < 50 5 100
<
90
0- 0- 80
(¢] N o < o o
3 Q O 9] > ) O O <] NS o o
PO R U R A &,Lo @0 &
S ® S
& *okok Nl kot At
| o ra— |
» D e A E P »
*kk —) *xk
{p— 409
10+
3.5 * Kk
g ns g I 1
E 8- ES.O—
£
F—E; §2.5-
6
2.0
4- 1.5-
< o 2 < N o )
S ,19\* & o & & & &
P VY N
L AP b
A7 &
W W

F NC T2DM ADMSCs _MLT-ADMSCs

10X

20X

H

<
-
=2
-
o






OPS/images/fcell-09-722365/fcell-09-722365-g005.jpg
S i N\G »
[ e =
B e
Soa s






OPS/images/fcell-09-748576/fcell-09-748576-t002b.jpg
Biomaterials and
bioengineering

PSC-derived
hepatocyte-like
cells, HUVECs, and
UC-MSCs

iPSC-derived
hepatocytes and
iPSC-derived
endothelial cells

PSC-derived
hepatoblasts

PSC-derived
hepatic endoderm,
HUVECs, and
MSCs were mixed
with liver
decellularized
matrix-derived
microparticles to
form LOs

Hepatocytes and
endothelial cells
were encapsulated
in separate
domains of fibers
containing chitin,
alginate, galactose,
and collagen.
Hepatoblasts
seeded in 500-pm
diameter microwells
to form uniformly
sized
hepatocyte-like cell
(HLC) spheroids

Microparticles
improved the
maturation and
metabolic capacity
of PSC-derived
hepatocytes.

Transplantation

Liver tissue
engineering

Integration with
host vasculature
in vivo

HLC spheroids had
sensitivity to various
hepatotoxicants

Drug hepatotoxicity

No comparison Zahmatkesh et al.,
with primary 2021

hepatocytes was

shown.

No comparison Du et al., 2014
with primary

hepatocytes was

shown.

Eight of the fifteen Lee et al., 2021

compounds
showed higher
cytotoxic activity to
HLC spheroids
when compared
with primary
hepatocytes
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Gene
Cel2
Crelt
Crel2
1B
6
Gapdh

Forward primers (§'-3')
TTAAAAACCTGGATCGGAACCAA
CTGGGATTCACCTCAAGAACATC
CCAACCACCAGGCTACAGG
GOAACTGTTCCTGAACTCAACT
TAGTCCTTCCTACCCCAATTTCC
AGGTCGGTGTGAACGGATTTG

Reverse primers (5-3')
GCATTAGCTTCAGATTTACGGGT
CAGGGTCAAGGCAAGCCTC
GCGTCACACTCAAGCTCTG
ATCTTTTGGGGTCCGTCAACT
TIGGTCCTTAGCCAGTCCTTC
TGTAGACCATGTAGTTGAGGTCA
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Relative abundance (%)

p_proteobacteria
c_Gammaproteobacteria
o_Enterobacteriales
o_Lactobacillales
f_Enterobacteriaceae
f_Lactobacilaceae
g_Escherichia-Shigella
g_Alistipes
g_Lachnodostridum
g_Prevotella_9

Group

p-value

NP

1.91+£0.20
0.69 + 0.14
0.19 + 0.05
0.46 + 0.49
0.19 + 0.05
0.37 + 0.03
0.10 + 0.08
4.85 + 0.68
1.15+0.12
0.64 + 0.08

208 + 0.24
0.69 + 0.22
0.27 + 0.19
0.38 + 0.35
0.27 + 0.19
0.35 + 0.03
0.12 + 0.07
7.06 + 0.86
3.36 + 0.42
0.41 + 0.06

MP

4.51 +1.20
329+ 1.15
287 +1.14
0.76 + 0.57
287 +1.14
0.66 + 0.04
242 £1.07
8.56 +0.81
373 +0.61
1.64 +0.11

MM

240 +0.43
0.95 + 0.39
0.64 +0.35
0.71 £+ 0.12
0.64 +0.35
0.63 + 0.10
0.39 +0.17
6.48 + 0.89
283 +0.42
1.06 + 0.06

NP vs MP

0.007
0.005
0.003
0.005
0.003
0.001
0.004
0.002
0.000
0.000

MP vs MM

0.027
0.011
0.013
0.654
0.013
0.689
0.012
0.080
0.146
0.000

Significant changes of bacteria relative abundance in the four groups. “NP" represents the NS-PBS group, “NM" represents the NS-MSC group, “MP" represents the MPTP-PBS group,
and “MM" represents the MPTP-MSC group. Statistical comparison by one-way ANOVA with post hoc comparisons of LSD. Data represent the mean + SE, n = 12.
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