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Editorial on the Research Topic 
Editorials: Adult stem cells for regenerative medicine: From cell fate to clinical applications

Adult stem cells have emerged as a key player in cell-based therapy in regenerative medicine. With the multilineage differentiation capability and ability to secrete various potent bioactive molecules, hematopoietic stem/progenitor cells (HSPCs) and mesenchymal stem cells (MSCs; also known as multipotent or mesenchymal stromal cells), in particular, have been considered a potential treatment for many debilitating diseases caused by injuries, inflammation, and age-related degeneration. The transplantation of these cells has been consistently shown to be safe; however, their therapeutic potential for many diseases and conditions varies between studies, attributable mainly to the differences in stem cell sources, donor selection, the isolation and expansion procedure, characterization criteria, number of transplanted cells, and disease severity. A major challenge when using adult stem cells for therapeutic applications includes the heterogeneous population of cells at the time of derivation and upon expansion in culture. The same type of adult stem cells derived from different tissues or even the same tissue from different donors exhibits distinct characteristics and biological properties, making the outcome of stem cell therapy difficult to be predicted. To improve the efficacy and reproducibility of stem cell therapy in regenerative medicine, a reliable characterization and a more thorough understanding of the mechanisms underlying the therapeutic effects of adult stem cells from various sources are critical. One of the well-established therapeutic mechanisms of HSPCs and MSCs involves the release of bioactive molecules, which have been shown to reduce inflammation, increase cell viability, and enhance tissue regeneration in injured tissues. In this issue, Norte-Muñoz et al. demonstrated the prosurvival effect of cytokines released from bone marrow-derived MSCs (BM-MSCs) on mouse retinal ganglion cells that enhanced axonal regeneration of the mouse optic nerve. The therapeutic effects of BM-MSCs largely depend on the immunocompatibility between donors and recipients, and hence, the type of transplant in which the higher compatibility is generated is the better outcome. A report by Li et al. also demonstrated a novel therapeutic mechanism of rapamycin, a drug used to treat immune-mediated bone marrow failure, by showing that the drug induces BM-MSCs to release granulocyte–macrophage colony-stimulating factor (GM-CSF), which promotes the expansion of myeloid-lineage cells while suppressing the subsequent differentiation of those myeloid cells to granulocytes in a mouse model.
Since the early days of stem cell therapy, HSPCs, MSCs, and endothelial progenitor cells (EPCs) have been used to treat various chronic diseases, especially diabetes and vascular complications associated with diabetes, such as myocardial infarction, ischemic stroke, and peripheral vascular disease. Two review articles by Yu et al. and Khodayari et al. provide an overview of the use of various adult stem cells to treat diabetic foot ulcers and limb ischemia, which are the leading causes of morbidity in diabetic patients. However, the significant hurdle to stem cell therapy for diabetes and its related diseases is the low survival rate of the transplanted cells, especially in the ischemic and inflammatory microenvironments of the target tissues. In this regard, Zhang et al. summarized the various types of programmed cell death that compromise the survivability of MSCs after transplantation and the potential strategies to prevent them. This insight is essential for developing an intervention that increases the overall survival of transplanted MSCs, especially in patients whose tissues experience chronic ischemic and inflammatory conditions, such as diabetes and atherosclerosis. Reconstruction of the bone and muscle is one of the most promising clinical applications of adult stem cells. To make the reconstruction processes more efficient, the optimization of biocompatibility scaffolds and a better understanding of the molecular events accompanying the differentiation of MSCs toward the desirable lineages are critical. A report by Xin et al. showed the potential of CHNQD-00603, a modified natural product derived from an anamorphic fungus Scopulariopsis sp., in inducing osteogenic differentiation of BM-MSCs by enhancing their autophagy. A review article by Shen and Shi also highlights recent advances in identifying the molecular mechanisms underlying the interaction between MSCs and their microenvironment during osteogenic differentiation that could be used to improve the culture conditions to induce bone formation. In addition to the bone marrow and their BM-MSCs, the periosteum has been shown to play essential roles in bone formation in physiological and pathological conditions. A review article by Zhang et al. summarized current knowledge on lesser-known periosteum-derived periosteal skeletal stem cells (P-SSCs) and their role in bone formation after injury. These cells might be used as an alternative source of MSCs for bone reconstruction in addition to BM-MSCs, which are very limited in supply. Another source of MSCs that shows great potential in tissue engineering is dental pulp stem cells (DPSCs), which can be used to regenerate a typically irreplaceable dental pulp in endodontic treatment. In their review article, Kwack and Lee summarized the recent updates and limitations in using DPSCs to regenerate dental pulp in the clinics.
Although the use of stem cells to generate skin and corneal tissue pieces for transplantation has been established for quite some time, the reconstruction of these tissues requires a large number of cells, which remains a significant hurdle. Therefore, an effective strategy for expanding epidermal and corneal cells while preserving their differentiation potential is critical. A report by Sun et al. uncovered the signaling pathways and several target genes involved in the long-term expansion of human epidermal cells by single-cell RNA sequencing and predicted the possibility of cell–cell communication using CellChat, while a commentary article by Ji et al. provided helpful information about the optimized culture conditions, e.g., by adding small molecular compounds, for expanding mouse limbal stem cells, a corneal precursor. This information could be beneficial in discovering candidate targets to induce the regeneration of the injured skin and corneal tissues in patients. A research article by Shi et al. also reported the establishment of human urine-derived stem cells (USCs), which have extensive expansion capacity while maintaining their multilineage differentiation. This alternative source of MSCs that could be harvested from every patient using a non-invasive procedure could potentially be used for autologous stem cell transplantation.
Terminally differentiated skeletal muscle contains a population of stem cells called satellite cells, but its ability to regenerate a new muscle fiber after an injury is limited. A report by Kim et al. showed that a specific population in the pharyngeal muscle called fibroadipogenic progenitors (FAPs) induced the proliferation of satellite cells by releasing hepatocyte growth factor (HGF). Such a finding provides valuable information regarding the interaction between various cell populations in the muscle that might be used to enhance skeletal muscle regeneration by inducing the proliferation of its satellite cells.
We hope the novel discovery and insight provided by these research and review articles will enhance our knowledge about the great potential of various adult stem cells in regenerative medicine and bring us closer to real therapeutic interventions in the near future.
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Mesenchymal stromal cell (MSC) therapy to treat neurodegenerative diseases has not been as successful as expected in some preclinical studies. Because preclinical research is so diverse, it is difficult to know whether the therapeutic outcome is due to the cell type, the type of transplant or the model of disease. Our aim here was to analyze the effect of the type of transplant on neuroprotection and axonal regeneration, so we tested MSCs from the same niche in the same model of neurodegeneration in the three transplantation settings: xenogeneic, syngeneic and allogeneic. For this, bone marrow mesenchymal stromal cells (BM-MSCs) isolated from healthy human volunteers or C57/BL6 mice were injected into the vitreous body of C57/BL6 mice (xenograft and syngraft) or BALB/c mice (allograft) right after optic nerve axotomy. As controls, vehicle matched groups were done. Retinal anatomy and function were analyzed in vivo by optical coherence tomography and electroretinogram, respectively. Survival of vision forming (Brn3a+) and non-vision forming (melanopsin+) retinal ganglion cells (RGCs) was assessed at 3, 5 and 90 days after the lesion. Regenerative axons were visualized by cholera toxin β anterograde transport. Our data show that grafted BM-MSCs did not integrate in the retina but formed a mesh on top of the ganglion cell layer. The xenotransplant caused retinal edema, detachment and folding, and a significant decrease of functionality compared to the murine transplants. RGC survival and axonal regeneration were significantly higher in the syngrafted retinas than in the other two groups or vehicle controls. Melanopsin+RGCs, but not Brn3a+RGCs, were also neuroprotected by the xenograft. In conclusion, the type of transplant has an impact on the therapeutic effect of BM-MSCs affecting not only neuronal survival but also the host tissue response. Our data indicate that syngrafts may be more beneficial than allografts and, interestingly, that the type of neuron that is rescued also plays a significant role in the successfulness of the cell therapy.
Keywords: retinal ganglion cell, optic nerve crush, bone marrow mesenchymal stromal cells, syngraft, allograft, xenograft, neuroprotection, axonal regeneration
INTRODUCTION
The attractiveness of mesenchymal stromal cells (MSCs) as an advanced therapy medicinal product (ATMP) lays in their limited antigenicity, anti-inflammatory effects, immunomodulatory properties, and secretion of trophic factors (Le Blanc et al., 2003; Meirelles et al., 2009; Chaudhary et al., 2018; Mishra et al., 2020; Song et al., 2020; Wu et al., 2020; García-Bernal et al., 2021). Of similar importance, they are isolated quite easily from many niches of adult individuals (Kern et al., 2006; Hoogduijn et al., 2014; Valencia et al., 2016; Urrutia et al., 2019), avoiding the ethical problems of embryonic stem cells.
Stem cell therapy for neurodegenerative disorders has two main objectives, neuronal replacement (Coco-Martin et al., 2021) and neuroprotection (Millán-Rivero et al., 2018). In both cases, target reconnection is essential to restore function. Neuronal replacement is a very challenging task still unattainable for patients: circuitry is very complex, neurons are extremely specialized and highly diverse even within the same functional population (Rheaume et al., 2018; Tran et al., 2019). Ameliorating the course of neuronal death and the progression of the disease is a more attainable objective. Thus, although MSCs can differentiate into neurons and glia (Hernández et al., 2020), they are being trialled as neuroprotective ATMPs (Wright et al., 2011; Ng et al., 2014; Uccelli et al., 2019). Ongoing clinical trials involve a wide variety of conditions with different etiologies, such as spinal cord injuries, cerebral stroke, multiple sclerosis, Parkinson’s, Alzheimer’s, autism spectrum, glaucoma, or cerebellar ataxia. In these trials, majority of transplants are allogeneic (www.clinicaltrials.gov).
MSCs from different tissues are being assayed in many preclinical models of neurodegeneration (Zaverucha-do-Valle et al., 2011; Millán-Rivero et al., 2018; Mesentier-Louro et al., 2019; Ahani-Nahayati et al., 2021; da Silva-Junior et al., 2021; Figiel-Dabrowska et al., 2021; Li et al., 2021; Serrenho et al., 2021; Shabanizadeh et al., 2021). The origin of MSCs is crucial because their origin affects their plasticity, immunogenicity and stemness, which in turn will affect their response to in vitro amplification and to the host environment. The host species and tissue are also important, because the immune response is species (Zschaler et al., 2014; Webb et al., 2015) and tissue specific (Brown and Esterházy, 2021). Although MSCs have long been thought to be immunologically privileged (Aggarwal and Pittenger, 2005; English et al., 2010; Escacena et al., 2015; Gu et al., 2015), an increasing number of in vitro and in vivo studies have recently been described that MSCs induce both innate and adaptative host immune responses (Ankrum et al., 2014; Berglund et al., 2017), not only in xenotransplants (Jungwirth et al., 2018) but also in an allogeneic context (Dhingra et al., 2013; Oliveira et al., 2017). Thus, the balance between MSC secretome and MSC immunogenicity could be key for the MSC persistence in the host and in its mediated therapeutic response (Khan and Newsome, 2019).
Since most preclinical studies test human cells in rodents (xenograft) or cells from the same rodent species and strain (syngraft), and majority of clinical treatments are allogeneic, how can we reach translational conclusions based on preclinical experiments? To this, we must add that MSCs from different tissues are tested in different models of neurodegeneration, which are other variables that make it difficult to reach clear conclusions.
Here we purpose to study the effect of the transplant on neuroprotection and regeneration. For this we have grafted human and murine bone marrow-derived MSCs (BM-MSCs) into the vitreous body directly after optic nerve axotomy, a very well characterized model of neuronal degeneration (Sánchez-Migallón et al., 2018b; 2018a). BM-MSCs were chosen because in syngeneic transplants they have neuroprotective and neuroregenerative properties in models of CNS injury (Ankeny et al., 2004; Wright et al., 2011) including optic nerve lesions (Zaverucha-do-Valle et al., 2011; Mesentier-Louro et al., 2019).
MATERIALS AND METHODS
Animal Handling
All animal procedures were approved by the Institutional Animal Care and Use Committee at University of Murcia (Murcia, Spain) and performed according to the guidelines of our Institution (approved protocols A13150201, A1320140704).
Two months old male mice (C57BL/6, BALB/c and C57BL/6-Tg (CAG-EGFP strains) were obtained from the breeding colony of the University of Murcia or purchased from Envigo (Barcelona, Spain) and The Jackson Laboratory (Bar Harbor, ME, United States), respectively. Animals were kept at the University of Murcia animal housing facilities in temperature and light controlled rooms (12 h light/dark cycles) with food and water administered ad libitum.
Optic nerve crush, intravitreal injections, OCT and ERG analyses were carried out under general anaesthesia administered intraperitoneally with a mixture of ketamine (60 mg/kg, Ketolar, Parke-Davies, S.L., Barcelona, Spain) and xylazine (10 mg/kg, Rompun, Bayer S.A., Barcelona, Spain). Analgesia was provided by subcutaneous administration of buprenorphine (0.1 mg/kg; Buprex, Buprenorphine 0.3 mg/ml; Schering-Plough, Madrid, Spain). During and after anaesthesia, eyes were covered with an ointment (Tobrex; Alcon S.A., Barcelona, Spain) to prevent corneal desiccation. Animals were sacrificed with an intraperitoneal injection of an overdose of sodium pentobarbital (Dolethal, Vetoquinol; Especialidades Veterinarias, S.A., Alcobendas, Madrid, Spain).
Experimental Design and Animal Groups
See Figure 1. Intact animals were used to assess the total number of RGCs because the undamaged contralateral retinas are not a suitable control (Lucas-Ruiz et al., 2019b). However, because the contralateral effect does not have a significant impact on the long term retinal thickness or functionality after axotomy (unpublished results), the right retinas of the experimental animals were used as control in the electroretinography (ERG) and spectral-domain optical coherence tomography (SD-OCT) analyses. This strategy allows reducing the number of animals because retinal thickness and functionality do decrease with age (Nadal-Nicolás et al., 2018).
[image: Figure 1]FIGURE 1 | Experimental design. *Controls: intact animals for anatomy and the right eyes for SD-OCT and ERG. Human and dark green mouse silhouettes: donors, Black and off-white mouse silhouettes: recipients and controls. Human and mouse drawings are modified from Vecteezy.com.
Isolation and Culture of Human and Mouse Bone Marrow Mesenchymal Stem Cells
Human bone marrow samples (hBM) were collected by iliac crest aspiration from 6 healthy volunteers without previous comorbidities (three men and three women, age 21–45 years old) after written informed consent and after the approval of the local Ethics Committee of the University Hospital Virgen de la Arrixaca (HUSA19/1531.February 17, 2020). Bone marrow was collected in syringes containing 20 U/ml sodium heparin followed by a Ficoll-Paque density gradient separation by centrifugation at 470 g for 30 min at R/T. Thereafter, mononuclear cell fraction was collected, rinsed twice with phosphate buffered saline (PBS) (Merck Life Science S.L.U. Madrid, Spain) and seeded into 75-cm2 culture flasks (Merck Life Science) at 1.6 × 105 cells/cm2 in Minimum Essential Medium Eagle (Thermo Fisher Scientific, Madrid, Spain) supplemented with 10% fetal bovine serum (FBS) (BioWhittaker, Walkersville, MA, United States), 1% penicillin/streptomycin (P/S) (Thermo Fisher Scientific) and 1% L-glutamine (Merck Life Science). After 3 days of culture at 37°C and 5% CO2, unattached cells were removed and fresh culture medium was added and replaced twice a week.
Mouse bone marrow mesenchymal stem cells (mBM-MSCs) were isolated from β-actin-GFP transgenic C57BL/6-Tg (CAG-EGFP) (The Jackson Laboratory). Briefly, mice aged 6–8 weeks were euthanized by cervical dislocation and tibias and femurs were collected and washed with PBS containing 1% P/S. Then, bone epiphyses were excised and bone marrow was flushed out using a 25-gauge needle and syringe containing low glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific). After two washing steps with PBS, BM cells were seeded into 75-cm2 culture flasks at 1.6 × 105 cells/cm2 and cultured in low glucose DMEM medium containing 15% FBS, 1% P/S and 1% L-glutamine following the same protocol as for human cells. When cultures were 70–80% confluent, human and mouse BM-MSCs were subcultured at 5 × 103 cells/cm2 and used in passages 3–4 for subsequent experiments. Human and mouse BM-MSCs were immunophenotypically characterized by flow cytometry (FACS Canto II, BD Biosciences, San Jose, CA, United States) as previously described (Millán-Rivero et al., 2019; García-Bernal et al., 2020).
Optic Nerve Crush
The left optic nerve was crushed at 0.5 mm from the optic disc following previously described methods (Galindo-Romero et al., 2013b; Sánchez-Migallón et al., 2018b). In brief, to access the optic nerve at the back of the eye, an incision was made in the skin overlying the superior orbital rim, the supero-external orbital contents were dissected, and the superior and external rectus muscles were sectioned. Then, the optic nerve was crushed for 10 s using watchmaker’s forceps. Before and after the procedure, the eye fundus was observed through the operating microscope to assess the integrity of the retinal blood flow.
Intravitreal Injections
All intravitreal injections were done in a final volume of 2.5 μl following previously published methods (Galindo-Romero et al., 2013b; Sánchez-Migallón et al., 2018b; Lucas-Ruiz et al., 2019c). BM-MSCs were resuspended and administered in DMEM medium at a concentration of 8 × 103 cells/µL, and other groups injected with DMEM alone were used as vehicle controls. Intravitreal administration of the β subunit of the cholera toxin (CTB) coupled to Alexa Fluor 555 (Invitrogen, Thermofisher, Madrid Spain) was used to anterogradely trace RGC axons.
Electroretinography
Full-field ERG was performed as described elsewhere (Alarcón-Martínez et al., 2010; Valiente-Soriano et al., 2019). Briefly, initially scotopic ERG waves were recorded binocularly from anaesthetised dark-adapted mice in response to a stimulus intensity of -4.3 (Scotopic Threshold Response), -2.5 (Rod Responseand 0.5 log cd·s/m2 from a Ganzfeld dome that provided illumination of the whole retina. For the photopic study of electroretinographic waves, the animals were adapted to the light for 5 min and a background light of 30 cd/m2 was used throughout the recording. Scotopic and photopic responses were recorded using Burian-Allen corneal bipolar electrodes simultaneously in both eyes. A drop of methylcellulose (Methocel 2%®; Novartis Laboratories CIBA Vision, Annonay, France) was used between the cornea and the electrodes to improve signal conductivity. The reference electrode was placed in the mouth and a needle at the base of the tail was used as a ground electrode. The electrical signals were digitized at 20 KHz using a Power Lab data acquisition board (AD Instruments, Chalgrove, United Kingdom). Standard ERG waves were analysed according to the International Society for Clinical Electrophysiology of Vision (ISCEV). For each wave, the implicit time was measured at the peak of the maximum response.
Spectral Domain-Optical Coherence Tomography
Both retinas were analyzed under SD-OCT (Spectralis; Heidelberg Engineering, Heidelberg, Germany) adapted with a commercially available 78-D double aspheric fundus lens (Volk Optical, Inc., Mentor, OH, United States) mounted in front of the camera unit as described previously (Rovere et al., 2015; Valiente-Soriano et al., 2019). After anaesthesia, a drop of 1% tropicamide (Alcon-Cusí, S.A. Barcelona, Spain) was instilled in both eyes to induce mydriasis. Eyes were carefully kept hydrated with artificial tears and a custom-made contact permeable lens was placed on the cornea to maintain corneal hydration and clarity. Imaging was performed with a proprietary software package (Eye Explorer, version 3.2.1.0; Heidelberg Engineering). Retinas were imaged using a raster scan of 31 equally spaced horizontal B-scan. Thickness of the total, inner and outer retina was measured manually close to the optic nerve head and at 1 mm from it always in central sections spanning the optic disc. Volume of the central retina was calculated by the software after manually aligning the inner and outer retinal limits. Finally, mBM-MSC-GFP cells were visualized in vitreous with the blue light autofluorescence (BAF) mode of the OCT.
Tissue Processing
Animals were perfused transcardially with 0.9% saline solution followed by 4% paraformaldehyde in 0.1 M phosphate buffer. Retinas were prepared as flat mounts (Galindo-Romero et al., 2011). Brains were cryoprotected in increasing solutions of sucrose, embedded in Tissue-Tek (Sakura, Sakura-Finetek, Barcelona, Spain) and cryostated at 25 µm. Optic nerves were cleared using the CUBIC protocol (Susaki et al., 2014). Briefly, after washing the nerves in PBS, they were kept in scale 1 solution (Susaki et al., 2015; Liang et al., 2016) at 37°C for 4 days. Nerves were mounted in the same solution for imaging.
Immunodetection
Immunodetection in flat mounts and brain coronal sections was carried out as reported (Galindo-Romero et al., 2011; Nadal-Nicolás et al., 2015). Primary antibodies were: mouse anti-Brn3a (1:500; MAB1585, Merck Millipore; Madrid, Spain), mouse anti-human mitochondria (1:800, ab3298 Abcam, Cambridge, United Kingdom), and rabbit anti-melanopsin (1:1,000; AB-N39 Advanced Targeting Systems ATS, Joure, Netherlands). Secondary detection was carried out with Alexa Fluor-coupled secondary antibodies (1:500; Molecular Probes; Thermo Fisher Scientific, Madrid, Spain). Retinal whole-mounts and brain coronal sections were mounted with anti-fading mounting media.
Image Acquisition and Analyses
Images were acquired using a Leica DM6B epifluorescence microscope (Leica Microsystems, Wetzlar, Germany). Retinal photomontages were reconstructed from individual squared images of 500 μm. Brn3a+RGCs were quantified automatically and m+RGCs manually dotted on the photomontages and then quantified. RGC distribution was assessed by isodensity or neighbour maps using previously reported methods (Galindo-Romero et al., 2011; Lucas-Ruiz et al., 2019b). In brief, isodensity maps show the density of RGCs with a colour scale that goes from 0–500 RGCs/mm2 (purple) to ≥3,200 RGCs/mm2 (red). Those maps are useful to visualize the distribution of abundant cell populations. However, to assess the topography of low number populations (i.e., m+RGCs or the number of surviving RGCs long-term after axotomy) neighbour maps are better suited because they depict the number of neighbours around a given cell in a radius of 0.2 mm with a colour scale that goes from 0–2 neighbours (purple) to >21 neighbours (dark red).
Statistical Analyses
Data were analyzed and plotted with GraphPad Prism v.7 (GraphPad, San Diego, CA, United States). Data are presented as mean ± standard deviation (SD). Differences were considered significant when p < 0.05. Statistical tests and number of analyzed samples are detailed in results.
RESULTS
Immunophenotypic Characterization of Human and Mouse Bone Marrow-Mesenchymal Stromal Cells
After isolation, both human and mouse BM-MSCs displayed a spindle-shaped fibroblastic morphology in culture. Flow cytometry immunophenotyping analyses showed that human and mouse BM-MSCs express high levels of the mesenchymal markers CD73, CD90 and CD105, and negligible expression of typical hematopoietic markers such as CD14, CD20, CD34 and CD45 (Figure 2).
[image: Figure 2]FIGURE 2 | Immunophenotypical analysis of human and mouse BM-MSCs. MSCs isolated from human (A) and mouse (B) bone marrow express typical MSC markers such as CD73, CD90 and CD105, whereas expression of the hematopoietic markers CD14, CD20, CD34, and CD45 are low or negative. Control isotype antibodies staining are shown as dotted light grey histograms. Histograms show representative flow cytometry results obtained from n = 3 separate human and mouse BM-MSC samples.
Human and Mouse Bone Marrow-Mesenchymal Stromal Cells Survive in the Vitreous up to 5 days After Transplantation
mBM-MSCs-GFP+ were observed in vivo in the vitreous using the BAF mode of the SD-OCT (Figure 3A). Analyses in flat mounts showed that the cells did not integrate in the retina. Instead, BM-MSCs were attached to the lens (Figure 3B) and forming a mesh on top of the ganglion cell layer that was visible at 3 and 5 but not at 90 days (Figure 3C). After transplantation, human and mouse BM-MSCs displayed different morphologies: mBM-MSCs showed a branched structure, while hBM-MSCs retained the spindle-shaped morphology observed in culture. Finally, hMSCs formed tighter and more compact meshes than mBM-MSCs (Figure 3C, magnifications).
[image: Figure 3]FIGURE 3 | Visualization of BM-MSCs. (A): In vivo OCT images showing mBM-MSCs in the vitreous body at 3 and 5 days after syngeneic (left) and allogeneic (right) transplants. (B,C): Ex vivo, mBM-MSCs were observed attached to the lens [(B), allogeneic transplant] and on the retinal surface forming a mesh (C). In (C), the retinal petals where cells were injected are outlined. At the bottom right of each image is shown a magnification of the BM-MSC meshes. At the bottom left of 5 days syngraft and xenograft panels are shown high power magnifications of individual mouse and human BM-MSCs, respectively. Grafts were observed at 3 and 5, but not at 90 days. α-h-mit: anti-human mitochondrial immunostaining.
Bone Marrow-Mesenchymal Stromal Cells Xenogeneic Transplant Alters the Retinal Structure
In the OCT sections of syngeneic and xenografted animals analyzed at 3 and 5 days there were hyper-reflective areas below the retina that disappeared in the syngeneic group, but progressed in the xenogeneic one, causing retinal detachment, edema and folding (Figure 4A, arrows). These anomalies were found mainly around or near the optic nerve head.
[image: Figure 4]FIGURE 4 | Xenotransplant causes retinal edema, detachment, and thinning. (A): In vivo OCT sections spanning the optic nerve in control (RE, 5 months old mouse), vehicle, and transplanted retinas analyzed at 3 or 90 days post-ONC. Intact and vehicle images are from C57/Bl6 mice because there was no difference between the recipient strains. In syngrafted and xenotransplanted retinas there were hyper-reflective areas below the retina (arrows) observed at 3 days that disappeared at 90 days in the syngeneic transplant but remained and grew in the xenotransplant causing edemas, subretinal fluid, retinal folding, and detachment (arrows). (B): Top, stacked column graphs showing the total, inner and outer retinal thickness ± SD (µm) measured at 1 mm from the optic disc in central sections. Bottom, column graphs showing the central retinal volume ± SD (mm3) in control and experimental animals. Xenografted retinas were significantly thinner than their right contralateral and vehicle-treated ones (*p < 0.05, compared to right eyes; θp < 0.05, compared to vehicle. Kruskal-Wallis test, Dunn’s multiple comparisons test) however their retinal volume did not diminish. (C): In vivo SD-OCT sections from the central retina of 90 days xenografted animals showing different abnormalities (arrow points to retinal edemas). Framed areas in the top left image show non-degenerating (apparently normal/healthy) and degenerating regions. Because the normal areas were thinner and the degenerating areas were thicker (quantification in graph), the retinal volume did not change (θ p < 0.05, compared to its vehicle; δδ p < 0.01, comparing normal and degenerating areas. Non-parametric Mann-Whitney test). n = 5 animals/group/time point at 3 and 5 days, and n = 4/group at 90 days.
Retinal thickness and volume were similar between strains and did not change at 3 and 5 days in any of the experimental groups or at 90 days in the allografted and syngrafted groups. As for the xenografted retinas, they significantly thinned at 90 days, but nevertheless their volume remained within normal values (Figure 4B). Retinal thickness was measured at 1 mm from the optic disc, where the retinal structure was, normally, well preserved. Would volume maintenance be related to significant swelling in areas of degeneration that compensates for thinning? We measured the retinal thickness in the degenerating areas, which were usually located near the optic disc and found that indeed the xenografted retinas were significantly thicker than the rest of the groups (Figure 4C).
Syngeneic Transplant of Bone Marrow-Mesenchymal Stromal Cells Neuroprotects Both Functional Subtypes of Retinal ganglion cells
In vehicle-treated retinas both functional subtypes of RGCs, vision-forming (Brn3a+) and non-vision forming (M1-M3 melanopsin+), underwent the course of axotomy-induced degeneration already reported (Valiente-Soriano et al., 2014; Sánchez-Migallón et al., 2018a) (Figure 5, Figure 6, and Supplementary Figure S1). Thus, Brn3a+RGC loss was significant at 3 days and progressed steadily up to 90 days when <1% of the original population remained (Figure 5), while 40% of m+RGCs that are more resilient to this injury (Sánchez-Migallón et al., 2018a), survived at 90 days (Figure 6).
[image: Figure 5]FIGURE 5 | Syngeneic transplant neuroprotects vision-forming RGCs. (A): Representative isodensity maps (intact and 3 and 5 days after ONC) or neighbour maps (90 days after ONC) showing the distribution of RGCs in intact, ONC + vehicle, ONC + mBM-MSCs and ONC + hBM-MSC retinas from the C57/BL6 strain. (B): Bar graphs showing the total number of Brn3a+RGCs ± SD in syngeneic (top) and xenogeneic (bottom) transplanted retinas and their controls (*p < 0.05, non-parametric Mann-Whitney test). (C): Representative isodensity maps (intact, and 3 and 5 days after ONC) or neighbour maps (90 days after ONC) showing the distribution of RGCs in intact, ONC + vehicle and ONC + mBM-MSCs retinas from the Balb/c strain. (D): Bar graphs showing the total number of Brn3a+RGCs ± SD in allogeneic transplanted retinas and their controls. At the bottom of each map is shown the number of RGCs counted in the original retina. Colour codes for isodensity and neighbour maps appear in the first row. For more details see methods. n = 5 animals/group/time point at 3 and 5 days, and n = 4/group at 90 days.
[image: Figure 6]FIGURE 6 | Syngeneic and xenogeneic transplants neuroprotect non-vision forming RGCs. (A): Representative neighbour maps showing the distribution of m+RGCs in intact, ONC + vehicle, ONC + mBM-MSCs and ONC + hBM-MSC retinas from the C57/Bl6 strain. (B): Bar graphs showing the total number of m+RGCs ± SD in syngeneic (top) and xenogeneic (bottom) transplanted retinas and their controls (*p < 0.05, non-parametric Mann-Whitney test) (C): Representative neighbour maps showing the distribution of m+RGCs in intact, ONC + vehicle and ONC + mBM-MSCs retinas from the Balb/c strain. (D): Bar graphs showing the total number of m+RGCs ± SD in allogeneic transplanted retinas and their controls. At the bottom of each map is shown the number of m+RGCs counted in the original retina. Colour codes neighbour maps appear in the first row. For more details see methods. n = 5 animals/group/time point at 3 and 5 days, and n = 4/group at 90 days.
The syngrafts had a small but significant neuroprotective effect on Brn3a+RGCs at 5 and 90 days (Figure 5B), a rescue that was not observed in the xenografted (Figure 5B) or allografted (Figure 5C) retinas. For m+RGCs, both the syngeneic and the xenogeneic transplants were beneficial, surviving 70% of their original population at 90 days (Figures 6A–D).
Regenerating Axons Distant From the Lesion Site Are Observed Only in Syngrafted Retinas
CTB-labelled axons were counted at increasing distances from the lesion site on cleared nerves (Figures 7A–E). Axonal regeneration was modest, but significantly higher in terms on number and distance in the syngeneic group. CTB-labelled axons were observed in the optic tract of one of the syngrafted animals (Figure 7F).
[image: Figure 7]FIGURE 7 | Syngeneic transplant supports axonal regeneration. (A–D) Photomontages of cleared optic nerves showing CTB-anterogradely traced RGC axons 90 days after ONC in vehicle-treated retinas, and BM-MSC-transplanted retinas. magnifications on the bottom right are from the framed areas. Lesion site is marked with an asterisk. Rostral left, caudal, right. n = 3 nerves/group. (E): Mean number±SD of CTB+axons quantified at increasing distances from the lesion site (***p < 0.001 Kruskal-Wallis test, Dunn’s multiple comparisons test). (F): CTB+axons in the optic tract were observed in one animal from the syngeneic group (n = 3 brains/group).
Retinal Function Decreases After Axotomy and Is Further Impaired by the Xenograft
We recorded retinal function at the end of the experiment (Figure 8A). The positive scotopic threshold response (pSTR), that measures RGC function, significantly decreased in all experimental retinas as expected, with no differences among groups (Figure 8B).
[image: Figure 8]FIGURE 8 | Retinal functionality decreases by axotomy and is further impaired by the xenograft. Electroretinographic analysis 90 days after ONC and vehicle or BM-MSCs intravitreal administration. Right eyes were used as controls. (A): ERG traces in scotopic and photopic conditions. (B): Graphs showing the quantification of the positive scotopic threshold response (pSTR, RGCs), scotopic rod response (rod bipolar cells), scotopic mixed response (b-wave: cone and rod bipolar cells; a-wave: cones and rods), photopic b-wave (cone bipolar cells), and implicit time at the different light pulses. Implicit time: lines colour-coded as graphs (dashed black line: Balb/c, solid black line, C57/Bl6). RE: right eyes. Veh: ONC + vehicle. Syn: ONC + syngraft. Xeno: ONC + xenograft. Allo: ONC + allograft. Mouse silhouettes represent the recipient strain. *Experimental vs. right eyes (*p < 0.05, **p < 0.01 Kruskal-Wallis test, Dunn’s multiple comparisons test). θXenografted vs. ONC + vehicle (θθp < 0.01, non-parametric Mann-Whitney test), φalbino vs pigmented right eyes (φp < 0.05, non-parametric Mann-Whitney test), δAlbino vs. pigmented ONC + vehicle eyes (δp < 0.05; δδδ p < 0.001, non-parametric Mann-Whitney test). 4 animals/group were recorded.
Regarding the rest of the ERG waves, which are related to photoreceptors and their bipolar cells, the most drastic effect was observed in the xenografted group. While in syngrafted and allografted retinas the decrease of functionality was similar to their vehicle controls, the xenograft caused a higher loss of function than its vehicle (Figure 8B), reaching significance for the a-wave (cones and rods), b-wave (cone and rod bipolar cells) and photopic b-wave (cone bipolar cells). No significant changes were observed in the implicit time (b-wave) of any group, although the response in xenografted animals was delayed in some pulses.
Finally, the functional impairment observed in axotomized albino retinas (vehicle group) was always higher than in the pigmented strain, reaching significance for the mixed response and the photopic b-wave (Figure 8B) (Alarcón-Martínez et al., 2010).
DISCUSSION
Treatment of neurodegenerative diseases is one of the major challenges of regenerative medicine. These are pleiotropic pathologies, from their cause to their physiological, cellular, and molecular signatures. Therefore, it seems unlikely to find a common denominator to target pharmacologically or genetically, even when narrowing by disease, because in most conditions there are a multitude of cell types affected.
Stem cells are a living medicine and produce bioactive molecules that vary according to the context in which they are grafted (Millán-Rivero et al., 2018). That is why stem cells are an exciting therapeutic avenue in neuroscience. What is needed to make stem cell therapy successful? i) cells should not induce a host response that makes them susceptible to being immunologically rejected; ii) grafted cells should remain alive long enough to rescue the compromised neurons; iii) target neurons should respond to the grafted cells, or, in other words, grafted cells must be the appropriate ones for each pathology and target cell type to obtain a beneficial therapeutic response. For cells to reach the clinic, they should be easily obtained, free of ethical concerns, and expandable in vitro without losing their properties. MSCs comply with these requirements.
Even then, treating patients with MSCs is difficult and clinical trials, mainly in phase III, are not being as successful as expected. There are many variables that need to be thoroughly investigated: i) are MSCs from different species the same? No. Even thought there are some similarities between human and mouse BM-MSCs (Jones and Schäfer, 2015), there are also differences in their secretomes (Harris, 1991); ii) do MSCs from the same species have the same properties? No, MSCs isolated from different tissues (Heo et al., 2016; Valencia et al., 2016; Grégoire et al., 2019), or from the same tissue but from different developmental stages (Gaetani et al., 2018), or healthy or diseased donors (Collins et al., 2014), or transplanted into different environments (Millán-Rivero et al., 2018) behave differently; iii) are preclinical studies comparable in terms of model, MSC type, and cell manufacture? are the ongoing clinical trials for CNS diseases homogeneous? again, the answer to both questions is no (Galipeau and Sensébé, 2018; Cui et al., 2019; Staff et al., 2019); iv) do the donor and host have an input in the therapeutic outcome? yes, as we have shown here, but again, to this we could add that different tissues from the same host may elicit a different response to the same MSC type.
MSCs are known for their immunomodulating properties, and secretion of paracrine factors (Khan and Newsome, 2019) both properties may be part of the therapeutic effect observed here and in other works using as model the injured retina (Zaverucha-do-Valle et al., 2011; Lucas-Ruiz et al., 2019a; Mesentier-Louro et al., 2019; Wen et al., 2021) or spinal cord (Ankeny et al., 2004; Wright et al., 2011. Reviewed in; Staff et al., 2019).
Our work agrees with previous reports showing in rats that the syngeneic transplant of BM-MSCs, enhances RGC survival and regeneration after optic nerve axotomy (Zaverucha-do-Valle et al., 2011; Mesentier-Louro et al., 2019). Our data in mouse extend further and we show that syngrafted BM-MSCs are able to rescue the two functional subtypes of RGCs, which are identified by their selective expression of Brn3a or melanopsin (Galindo-Romero et al., 2013a; Valiente-Soriano et al., 2014). Brn3a+RGCs are those sending visual-forming information to the brain, and it has been known for a while that they are more vulnerable to injury that melanopsin+RGCs, responsible for sending non-visual information (DeParis et al., 2012; González Fleitas et al., 2015; Nadal-Nicolás et al., 2015; Valiente-Soriano et al., 2015; Rovere et al., 2016; Vidal-Sanz et al., 2017; Sánchez-Migallón et al., 2018a). Thus, in this model the syngeneic transplant of BM-MSCs works in two different species, mouse and rat. It is therefore, tempting to hypothesise that the autologous transplant of BM-MSCs will have a positive effect on human patients with optic neuropathies.
Xenotransplants are used in preclinical models to test therapeutic effects of human cells in animals prior translation into clinic. Works from our lab (Millán-Rivero et al., 2018) and others (Wen et al., 2021) show that even when human cells neuroprotect, they also trigger an immune response that alters the host anatomically and functionally, as we show here as well. Neuroprotection using human cells seems to be dependent on the type of MSCs and neurons: hWJ-MSCs (perinatal MSCs isolated from the umbilical cord Wharton’s jelly) rescue Brn3a+RGCs (Millán-Rivero et al., 2018; Wen et al., 2021) while here we show that hBM-MSCs do not rescue them but do rescue the other functional subtype, m+RGCs.
In clinic, autologous transplants are preferable to allotransplants to avoid rejection and to increase the survival of the graft (Eliopoulos et al., 2005; Swanger et al., 2005). Here, we detected human and murine BM-MSCs in retinas at 3 and 5 days but not at 90 days. Therefore, BM-MSCs do not survive long-term irrespectively of the type of transplant. This may not be much of a problem because it has been proposed that the therapeutic effect of MSCs goes through a “hit and run” mechanism (Ankrum et al., 2014). Our data agree with this mechanism, because neuroprotection and axonal regeneration was observed at 90 days, even though the grafts had already disappeared.
In our model, BM-MSC syngrafts are better than allografts, the latter having no impact on the variables evaluated here. However, the scenario in the clinic is not so straightforward because it has been shown that MSCs from patients with some pathologies have an altered gene expression profile and an impaired immunomodulatory/immunosuppressive activity and stemness compared to those obtained from healthy individuals (de Oliveira et al., 2015; Alicka et al., 2019). Therefore, for patients allotransplants with cells from healthy subjects may be a better option than autografts.
Finally, there is still much research to be done to successfully translate MSC therapy to the clinic. Research should focus on isolating specific variables, as we have done here comparing the effect of the three transplantation modalities on the same injury model. There are plenty of variables to study, as abovementioned, for example the impact of the donor or the recipient. In our previous work (Millán-Rivero et al., 2018), we tested human Wharton’s jelly MSCs isolated from n = 3 different umbilical cords, and the elicited neuroprotective effect was similar between them. In this case, the recipients were albino Sprague Dawley rats, and the human donors were different. In the clinic, patients are genetically different, except in syngeneic transplant between identical twins. Therefore, it would be very valuable to know whether the genetic background of different individuals (i.e., mice or rats of different strains) impacts the therapeutic potential of a given MSC type on a given disease model.
CONCLUSION
This is the first study comparing the effect of the transplant type on the damaged central nervous system, using as model the axotomy of the optic nerve. Our results show that the syngeneic transplant of BM-MSCs rescues injured RGCs and promotes their regenerative capacity. Allogeneic transplantation has neither a positive nor a negative effect on the parameters measured here. The xenograft has a beneficial effect on non-vision forming RGCs but not on vision forming-RGCs, indicating that the future of MSC treatments may have to be tailored not only to the disease but also to the neuronal type. Finally, the xenotransplant induces pathological changes in the host retina, and a decrease in functionality compared to the untreated groups. Therefore, because the host response probably has an important effect on the therapeutic outcome, results of human cells in animals should be interpreted with caution.
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Stem cell therapies have shown promising therapeutic effects in restoring damaged tissue and promoting functional repair in a wide range of human diseases. Generations of insulin-producing cells and pancreatic progenitors from stem cells are potential therapeutic methods for treating diabetes and diabetes-related diseases. However, accumulated evidence has demonstrated that multiple types of programmed cell death (PCD) existed in stem cells post-transplantation and compromise their therapeutic efficiency, including apoptosis, autophagy, necroptosis, pyroptosis, and ferroptosis. Understanding the molecular mechanisms in PCD during stem cell transplantation and targeting cell death signaling pathways are vital to successful stem cell therapies. In this review, we highlight the research advances in PCD mechanisms that guide the development of multiple strategies to prevent the loss of stem cells and discuss promising implications for improving stem cell therapy in diabetes and diabetes-related diseases.
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INTRODUCTION
Stem cells (SCs) are unique cell populations distinguished by the capacity of self-renewal and differentiation (Biswas and Hutchins, 2007; McElhinney et al., 2020). These unique features of SCs make them the preferred candidate for tissue repairing (Yang et al., 2019; Yang et al., 2020; Qin et al., 2021). According to different developmental stages, SCs can be categorized into distinct types, such as embryonic SCs (ESCs), induced pluripotent SCs (IPSCs), and adult SCs (ASCs) (Bogliotti et al., 2018; Hu et al., 2021). These SCs are widely utilized for regenerative medicine therapies (Gurusamy et al., 2018; Fatima et al., 2019).
The worldwide shortage of pancreas donors remains a major hurdle to islet transplantation, and SC therapy represents a highly promising alternative approach for treatments of advanced diabetes (Saleem et al., 2019; Chen et al., 2020). In SC therapy for type 1 diabetes mellitus (T1DM), insulin-producing cells can be generated from SCs (Manzar et al., 2017; Chen et al., 2020). Neural SCs (NSCs), bone marrow-derived mesenchymal SCs (BM-MSCs), and umbilical cord MSCs (UC-MSCs) are a promising treatment for diabetic retinopathy and foot ulcers (Zhang et al., 2017; Zhao et al., 2020a; Huang Q. et al., 2021).
However, the cell death of SC post-transplantation creates significant challenges to transplantation therapy (Mastri et al., 2014). According to different death processes, cell death are categorized as: programmed cell death (PCD), a precise and genetically controlled cellular death, and non-PCD, also called necrosis (Cheng et al., 2018; Guo LM. et al., 2020; Bedoui et al., 2020). Extensive pharmacological and genetic strategies have been developed to inhibit PCD to prevent cell loss and thus improve physiological function of organs (Wang Z. et al., 2018; Yuan et al., 2019; Wu X. et al., 2020; Yan W.-T. et al., 2021). Increasing evidence indicates a close link between PCDs and cell death of transplanted SCs (Ho et al., 2017; Wang R. et al., 2020; Pierozan et al., 2020). More importantly, targeting these PCDs shows promising therapeutic effects for diabetes and diabetes-related diseases (Zhang K. et al., 2019; Hu et al., 2019).
Distinct Forms of PCD IN SC for Transplantation
Apoptosis
Apoptosis is characterized by the breaking up of cell in apoptotic bodies (Nikoletopoulou et al., 2013). In intrinsic pathway of apoptosis, DNA damage can activate p53, and subsequently induce genes involved in apoptosis signaling and execution (Figure 1A) (Hafner et al., 2019). In human ESCs, the stabilization of p53 can suppress the pluripotency of SCs after DNA damage responses (Zhang et al., 2014). In addition, silencing of the proapoptotic gene Puma, which is responsible for p53-dependent apoptosis, can increase pluripotency of iPSCs (Lake et al., 2012; Fu et al., 2020). Moreover, proapoptotic BCL-2 signals and ASPP1, an apoptosis-stimulating protein of p53, contributed to the induction of apoptosis in HSCs (Yamashita et al., 2015; 2016).
[image: Figure 1]FIGURE 1 | A brief overview of the main molecular mechanisms in PCDs (A) Apoptosis is initiated by the intrinsic and extrinsic pathways. In the intrinsic pathway, DNA damage activates p53, and subsequently activates Puma/Noxa to induces signaling genes including proapoptotic proteins (Bax, Bak, tBid), apoptosome (Cyt c, Apaf-1, pro-Caspase-9), antiapoptotic protein (Bcl-2), and apoptosis execution factors (caspase-3/7). The extrinsic pathway of apoptosis is initiated by the binding of TNF to its receptors, leading to the recruitment of FADD and caspase-8. In addition, caspase-8 can cleave Bid to t-Bid, which participates in the intrinsic pathway of apoptosis (B) Autophagy is initiated by nutrient sensoring, including AMPK, PI3K-1, mTORC1. Autophagosome formation and maturation are mediated PI3K-III complex, ATG3, and LC3. Finally, the autophagosome contents undergo is degraded by lysosomes (C) Necroptosis is initiated by the binding of TNF-α and the receptor TNFR. Under conditions of caspase-8 (initiator caspase of extrinsic apoptosis) is not active, the formation of necroptosome (integration of phosphorylated RIPK1 and RIPK3) induces the MLKL phosphorylation and oligomerization. Finally, the MLKL oligomers translocation to membranes and disrupt it to kill cells (D) Pyroptosis is triggered by various pathogens and danger signals. These signals activate NLRP3 inflammasome, which consists of NLRP3, ASC and procaspase-1, and subsequently leads to cleavage of GSDMD and pro-IL-1β and pro-IL-18. Finally, the N-terminal fragment of GSDMD targets to membrane to form membrane pores and induces inflammatory cell death (E) Ferroptosis is triggered by severe lipid peroxidation with ROS and iron overload, leading to membrane damage. The uptake of Fe2+ is regulated by DMT1. The lipid peroxidation is mainly caused by loss of activity of GSH and GPX4. The xCT also functions in regulating ferroptosis via Cys. In addition, p53, an initiator of intrinsic apoptosis, controls ferroptosis by regulation of the production of GSH. Abbreviations: Cyt c, cytochrome c; Apaf-1, apoptotic peptidase activating factor 1; Bcl-2, B cell chronic lymphocytic leukaemia/lymphoma-2; FADD, Fas-associated death domain; AMPK, AMP activated protein kinase; mTORC1, mammalian target of rapamycin complex 1; PI3K-1, phosphatidylinositol 3 kinase-1; ATG3, autophagy-related gene 3; LC3, light chain 3; TNF, tumor necrosis factor; TNFR, TNF receptor; TRAF2, TNF receptor associated factor 2; TRADD, TNFR1-associated death domain protein; cIAP1/2, cell inhibitor of apoptosis protein-1/2; RIPK1/3, receptor interacting protein kinase 1/3; MLKL, mixed lineage kinase domain-like protein; NLRP3, nod-like receptor protein-3; ASC, apoptosis-associated speck-like protein; GSDMD, gasdermin D; IL, interleukin; ROS, reactive oxygen species; DMT1, divalent metal ion transporter 1; xCT, cystine/glutamate antiporter SLC7A11; Cys, cystine; GSH, glutathione; GPX4, glutathione peroxidase 4.
The extrinsic pathway of apoptosis is initiated by docking of death ligands of tumor necrosis factor (TNF) to TNF receptors 1 (TNFR1) (Carneiro and El-Deiry, 2020). TNF-α can induce apoptosis in NSCs by upregulating the phosphatidylinositol p38 mitogen-activated protein kinase (p38 MAPK) pathway (Chen et al., 2016). In HSC transplantation for treating malignancies, activation of TNF-α-TNFR1 signaling pathway caused accumulation of reactive oxygen species (ROS) in HSCs and subsequent cell damage (Ishida et al., 2017). In contrast, TNF-α-TNFR2 signaling is important for survival and function of MSCs and endothelial stem/progenitor cells (EPCs), and its deficiency resulted in reduced proliferation rate and diminished immunomodulatory effect of these cells (Beldi et al., 2020a; Beldi et al., 2020b; Naserian et al., 2020; Nouri Barkestani et al., 2021; Razazian et al., 2021).
Autophagy
Autophagy is a self-degradative process that contributes to removing excessive or misfolded proteins and clearing damaged organelles at critical times (Figure 1B) (Glick et al., 2010; Andrade-Tomaz et al., 2020). The autophagy is triggered by upregulation of AMP activated protein kinase (AMPK) and downregulation of mammalian target of rapamycin complex 1 (mTORC1) (Kim et al., 2011). In ESCs and HSCs, the regulation of AMPK and mTOR kinase is essential to their homeostasis, self-renewal and pluripotency (Huang et al., 2009; Gong et al., 2018; Suvorova et al., 2019). Additionally, the precise regulation of mTOR by Sox2 is vital to reprogramming of somatic cells to form iPSCs (Wang S. et al., 2013). The viability and stemness of NSCs and ESCs were also associated with LC3 lipidation, autophagic flux, and formation of autophagosomes (Bialik and Kimchi, 2010; Vázquez et al., 2012; Gu et al., 2019; Wang et al., 2019). Additionally, the autophagy-related gene ATG3 was shown to be a pivotal regulator of mitochondrial homeostasis regulation in ESCs (Liu et al., 2016).
Notably, Dou et al. demonstrated that an amyloid binding peptide with three chaperone-mediated autophagy motifs significantly reduced Aβ oligomers in iPSC cortical neurons (Dou et al., 2020). Autophagy driven by FOXO3A and FOXO1 also protected HSCs from metabolic stress and guarded ESC identity (Warr et al., 2013; Liu et al., 2017). More importantly, the coordination of autophagy and apoptosis is vital to maintaining homeostasis in BM-MSCs (Zhang et al., 2016).
Necroptosis
Necroptosis is a programmed form of necrosis mediated by receptor interacting protein kinase 1/3 (RIPK1/3) and mixed lineage kinase domain-like (MLKL) proteins (Figure 1C) (Wang M. et al., 2020; Font-Belmonte, 2020; Yan WT. et al., 2021; Liao et al., 2021). Necroptosis of intestinal SCs triggered bowel inflammation in the pathogenesis of inflammatory bowel disease (Wang R. et al., 2020). In addition, compression triggered necroptosis of nucleus pulposus-derived SCs and inhibiting necroptosis rescued regeneration of degenerated intervertebral discs (Hu B. et al., 2020). Furthermore, inhibition of necroptosis is a novel strategy for allogeneic HSCs transplantation and spermatogonial SC-based therapy for male fertility preservation (Matsuzawa-Ishimoto et al., 2017; Xie et al., 2020). Moreover, cellular transplant therapy based on human olfactory SCs ameliorated motor function in Huntington’s disease by preventing necroptosis (Bayat et al., 2021). Intriguingly, TNF-α also could function as a pro-regeneration factor in HSCs that primarily prevented necroptosis rather than apoptosis by activating a p65-nuclear factor κB-dependent gene program (Yamashita and Passegué, 2019).
Pyroptosis
Pyroptosis is specific PCD mediated by cleavage of gasdermin D (GSDMD) to form membrane pores and activation of cytokines (Figure 1D) (Chu et al., 2020; Chen Y. et al., 2021; Huang Y. et al., 2021). Pyroptosis contributed to the cell death of human cardiac SCs (hCSCs) in an acute hyperglycemic microenvironment, which impaired cardiac regeneration in diabetic hearts (Yadav et al., 2020). The culture media collected from pyroptotic bone marrow-derived macrophages also induced pyroptosis in MSCs (Zhang C. et al., 2020). Additionally, the pyroptosis of neural progenitor cells represented a therapeutic target in Zika virus-induced brain atrophy (He Z. et al., 2020). Moreover, chitosan thermosensitive hydrogel enhanced the therapeutic efficacy of BM-MSCs for myocardial infarction by alleviating pyroptosis of vascular endothelial cells (Liu Y. et al., 2020). Finally, emerging evidence showed that SCs and SC-derived exosomes inhibited pyroptosis and could be used to treat different diseases (Zhang J. et al., 2020; Yan et al., 2020; Chen M.-T. et al., 2021).
Ferroptosis
Ferroptosis is an iron-dependent form of cell death (Figure 1E) (Stockwell et al., 2017). The iPSC-derived cell modeling of neuroferritinopathy revealed that iron-dependent ferroptosis has a primary role in neuronal aging and degeneration (Cozzi et al., 2019). Also, iron overload (IOL) may induce cellular toxicity in hematopoietic SCs therapy for hematologic malignancies, and IOL reduction may improve outcomes (Leitch et al., 2017). In addition, catecholic flavonol quercetin inhibited erastin-induced ferroptosis in BM-MSCs (Li et al., 2020). Moreover, in Pelizaeus-Merzbacher disease, the mutant oligodendrocytes of patients exhibited the hallmarks of ferroptosis, and gene correction in patient-derived iPSCs rescued the iron-induced cell death (Nobuta et al., 2019).
The characteristics of distinct kinds of PCD in transplanted SCs provide an in-depth understanding of cell death in SC therapy. Based on the key mediators and crosstalk identified in PCD, the development of highly precise strategies to improve SC survival is possible.
Which Types of PCD Reported IN SC can be Used to Treat Diabetes and Diabetes-Related Diseases?
Whereas SC therapy represents a highly promising therapeutic strategy for treating diabetes, PCD existed in SCs hinders the therapeutic effects (Saleem et al., 2019). For example, hyperglycemia increased apoptosis of Adipose-derived SCs (ADSCs) and decreased their paracrine function in diabetic retinopathy (Hajmousa et al., 2016; Xu et al., 2020). Furthermore, BM-MSCs from streptozotocin-induced diabetic rats showed impaired antiapoptosis, proliferation and paracrine abilities (Jin et al., 2010).
More importantly, overexpression of hypoxia-inducible factor 1α (HIF1α), a regulator of oxygen homeostasis, significantly alleviated the ADSC apoptosis rate and enhanced diabetic wound closure (Xu et al., 2020). Norepinephrine can also reverse high glucose-induced apoptosis in MSCs through the AKT/BCL-2 pathway (Kong et al., 2019). The peroxisome proliferator-activated receptor- γ agonist pioglitazone (PGZ) is used for management of diabetes (Cho et al., 2019). It was reported that PGZ had a protective effect on compression-mediated apoptosis in MSCs by suppressing mitochondrial apoptosis pathway (Hu et al., 2019).
In addition, autophagy played a protective role in ADSC under high glucose stress (Li et al., 2018). More importantly, the overexpression of Aurora kinase A (AURKA), a cell cycle-regulated kinase, enhanced autophagy of ADSCs, decreased apoptosis, and promoted wound healing in diabetic mice (Yin et al., 2020). Also, the inhibition of autophagy significantly promoted high glucose/ROS-mediated apoptosis in ADSCs (Li et al., 2018). Furthermore, upregulating autophagy in periodontal ligament SCs partially recovered periodontium tissues in a diabetic rat periodontal trauma model, suggesting the protective role of autophagy for SC transplantation (Zhang K. et al., 2019). Additionally, exosomes derived from MSCs ameliorated type 2 diabetes by activating autophagy via AMPK pathway (He Q. et al., 2020). Moreover, pyroptosis contributed to the cell death of hCSCs in an acute hyperglycemic microenvironment, which impaired cardiac regeneration in diabetic hearts (Yadav et al., 2020).
Although emerging evidence indicates that many forms of PCD play vital roles in the cell death of SCs for treating diabetes and diabetes-related diseases, the identification of necroptosis and ferroptosis remains to be explored further.
Current Strategies to Prevent PCD OF SC for Transplantation
Preconditioning
The benefit of preconditioning of SC was first described in ischemic myocardium, and to date, a variety of preconditioning strategies have been shown to improve SC survival (Table 1) (Sart et al., 2014; Hu and Li, 2018). Hypoxic preconditioning could decrease apoptosis and increased autophagy in MSCs and BM-MSCs (Liu et al., 2013; Liu et al., 2015a; Lan et al., 2015). Exposure to oxidative stress decreased apoptosis of BM-MSCs upon serum withdrawal and oxidative stress (Pendergrass et al., 2013; Guo L. et al., 2020). Furthermore, heat shock pretreatment enhanced repair effects of MSCs for acute lung injury and premature ovarian failure via reducing apoptosis and macrophages (Chen et al., 2018; Lv et al., 2021).
TABLE 1 | Current strategies to prevent PCD of SC for transplantation.
[image: Table 1]Preconditioning of SCs with pharmacological or chemical agents also improved SCs survival via preventing PCD. For example, lipopolysaccharide (LPS) preconditioning protected MSCs against apoptosis induced by hypoxia and serum deprivation via suppressing the extracellular signal-regulated kinase signaling pathway (Wang J. et al., 2013; Hu and Li, 2018). Preconditioning with melatonin, oxytocin, and sevoflurane also increased the resistance of MSCs to apoptosis and their paracrine activity (Mias et al., 2008; Noiseux et al., 2012; Sun et al., 2014). In addition, pretreatment with resveratrol induced autophagy in ESCs via activation of AMPK/ULK1 pathway (Suvorova et al., 2019). Moreover, TNF-α and other inflammatory mediators preconditioning could increase the survival, proliferation and immunomodulatory effects of MSCs and EPCs (Song et al., 2019; Beldi et al., 2020a; Ferreira et al., 2021; Nouri Barkestani et al., 2021).
Genetic Modification
Accumulated studies have identified promising therapeutic molecular targets for genetic modification to prevent PCD of SCs. Regarding cardiovascular disease, ESCs transfected with inducible VEGF inhibited apoptosis of transplanted cell and significantly improved the cardiac function (Xie et al., 2007). In addition, overexpressing hepatocyte growth factor (HGF) modulated apoptosis of UC-MSCs and protected animals from acute liver failure (Tang et al., 2016). Also, HGF overexpression enhanced the therapeutic effect of BM-MSC for hepatocirrhosis (Zhang et al., 2018). The transduction of ERBB4 into MSCs also increased apoptotic resistance via activating PI3K/AKT signaling pathway (Liang et al., 2015). Moreover, HIF1α transfection improved the cardiac repair efficiency of MSCs by decreasing cardiomyocytes apoptosis (Huang et al., 2014). Importantly, the genetic upregulation of several pro-survival factors, including Bcl-2, Bcl-xl and Akt1, could increase the long-term survival of transplanted human NSCs (Korshunova et al., 2020).
3D Cell Culturing
Cell culture is conventionally conducted by a two-dimensional (2D) system that often does not adequately replicate the three-dimensional (3D) environment, and it is deficient in cell-to-cell interactions (Madl et al., 2018; Seo et al., 2019). The 3D culturing of bone marrow MSCs using a 3D-dynamic system exhibited decreased apoptosis and improved therapeutic effect for cardiac function (Wang Y. et al., 2018). A recently developed 3D culture clump of MSCs/extracellular matrix complexes also showed resistance against apoptosis (Komatsu et al., 2020). Furthermore, the presence of d-serine and retinoic acid in the 3D organ culture of spermatogonial SCs enhanced its therapeutic effect on spermatogenesis via suppressing apoptotic signaling (Modirshanechi et al., 2020). Moreover, exosomes derived from UC-MSCs under 3D culturing exerted improved osteochondral regeneration activity (Yan and Wu, 2020).
Co-Transplantation
Co-transplantation of SC with other SCs or adult cells can also restore SCs via suppressing PCD. Co-transplantation of NSCs with olfactory ensheathing cells (OECs) attenuated neuronal apoptosis in traumatic brain injury (Liu et al., 2014). Also, the co-transplantation of OECs with epidermal neural crest SCs exerted a beneficial effect upon peripheral nerve injury (Zhang L. et al., 2019). Regarding repairing facial nerve axotomy, the co-transplantation of BM-MSCs and monocytes reduced apoptosis of facial nerve nucleus (Wu L. et al., 2020). Moreover, co-transplantation of ADSCs and stromal vascular fractions improved parathyroid transplantation survival in vitro and in vivo for treating hypoparathyroidism (Cui et al., 2020).
Studies on Promoting SC Survival for Diabetes and Diabetes-Related Diseases
Regarding treating diabetes and diabetes-related diseases, multiple strategies have also been applied to improve cell survival after SC transplantation. It was reported that the hypoxic preconditioning of BM-MSCs upregulated the anti-apoptotic protein Bcl-2, thus promoting endothelial cell proliferation and decreasing the apoptosis of endothelial cells in diabetic rats (Liu et al., 2015b). Also, exposure to short-term hypoxia enhanced islet protective potential of adipose-derived MSCs (AD-MSCs) (Schive et al., 2017). In addition, hypoxia pretreatment promoted the AD-MSCs based repair of diabetic erectile dysfunction by increasing the survival of transplanted SCs in host tissues and their expression of regenerative factors (Wang et al., 2015).
Preconditioning with pharmacological or chemical agents has promoted SCs survival for treating diabetes. Preconditioning with resveratrol significantly enhanced the viability and therapeutic effect of ADSC and increased expression of the survival marker p-Akt for the treatment of damaged pancreas and liver dysfunction in diabetic rats (Chen et al., 2019a; Chen et al., 2019b). In addition, pretreatment with mitoTEMPO, a mitochondrial ROS scavenger, improved the survival of ADSC in diabetic mice and decreased the limb injury (Lian et al., 2019). Moreover, treatment of MSCs in combination with melatonin decreased the rate of islet cell apoptosis via suppressing apoptotic signaling (Kadry et al., 2018). Also, melatonin preconditioning enhanced the effect of MSCs-derived exosomes on diabetic wound healing by regulating macrophages and targeting the PTEN/AKT pathway (Liu W. et al., 2020). Notably, although metformin, the most commonly used antidiabetic drug, and BM-MSCs treatment individually improve cardiac function in diabetic cardiomyopathy, metformin can reduce the efficacy of MSCs therapy for cardiac repair during diabetic cardiomyopathy by decreasing the survival of transplanted SCs (Ammar et al., 2021).
Genetic modification improved the survival of SCs for treating diabetes and diabetes-related diseases. The overexpression of HIF1α reduced ADSC apoptosis upon high glucose conditions and enhanced the therapeutic effects on diabetic wound healing (Xu et al., 2020). The preconditioning of MSCs with deferoxamine, an iron chelator, increased the stability of HIF1α protein and homing of MSCs in streptozotocin-diabetic rats (Najafi and Sharifi, 2013). Moreover, the overexpression of AURKA promoted the effect of ADSCs on wound healing in diabetic mice via enhancing autophagy of ADSCs and decreasing apoptosis (Yin et al., 2020).
It was also demonstrated that co-culturing and co-transplanting of BM-MSCs and islet reduced islet destruction in vitro and increased anti-inflammatory effects in vivo (Yoshimatsu et al., 2015). Another study reported that islets co-cultured with ADSC reduced apoptosis and improved glucose-stimulated insulin secretion compared with the control group (Gamble et al., 2018). Moreover, the co-transplantation of MSCs and fetal HSCs enhanced engraftment of HSCs and promoted the therapeutic effect in T1DM (Arjmand et al., 2019).
Implications for Future Strategies to Improve SC Therapy for Diabetes and Diabetes-Related Diseases
Although the necroptosis and ferroptosis in SCs for treating diabetic diseases are rarely reported, recent studies indicated these two types of PCD are primary mechanisms of cell death in islet transplantation, suggesting the potential value of targeting necroptosis and ferroptosis for SC therapy (Zhao et al., 2015; Yao et al., 2020). As mentioned in this review, interactions between different types of PCD also need further study and novel regulators, such as AMPK/mTOR, which coordinate multiple cell death are promising therapeutic targets to improve SC therapy for diabetes and diabetes-related diseases (Zhang et al., 2016).
Although genetic modification is an efficient method to target PCD, the use of genetic techniques raises some safety concerns (Hu C. et al., 2020). Preconditioning strategies of SCs for transplantation are an attractive alternative to overcome this potential limitation. Increased oxidative stress is considered a major factor to compromise MSCs in diabets models (Fijany et al., 2019). Evidence supporting the benefit of acute preconditioning of SCs with oxidative stress suggests that the application of preconditioning may reduce oxidative stress-induced PCD in diabetic diseases (Pendergrass et al., 2013). Moreover, preconditioning with melatonin showed a significant protective effect on SCs via targeting multiple types of PCD, and melatonin suppressed osteoblasts ferroptosis induced by high glucose in type 2 diabetic osteoporosis (Liu W. et al., 2020; Zhao et al., 2020b; Ma et al., 2020). Thus, melatonin is a promising agent to improve SC survival in transplantation for treating diabetes and diabetes-related diseases.
As 3D culture systems become more relevant to innate structure and physiology, the ability to adequately replicate the 3D environment experienced by transplanted SCs becomes possible. Studies of 3D cell culturing developed to reduce PCD of SCs and improve their therapeutic effects have rapidly advanced (Shimony et al., 2008; Modirshanechi et al., 2020). In addition, a 3D capacitance cell sensor has been developed to monitor cell apoptosis in real-time for 3D cell cultures (Lee et al., 2016). Although methods of 3D cell culturing of SCs that can be used for treating diabetic diseases have been established, the application of these methods and their benefit requires further exploration.
CONCLUSION
Extensive and increasing evidence demonstrates that distinct types of PCD contribute to the cell death of SCs, and the inhibition of PCDs can promote the survival of SCs and their therapeutic effects in diabetes and diabetes-related diseases. These findings provide deep insights into the cell death of SCs-based therapy for diabetes and diabetes-related diseases and shed light on the future development of therapeutic strategies.
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Background: Periodontitis is a chronic and progressive disease accompanied by bone loss. It is still a challenge to restore the bone structure. The osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) plays a decisive role in bone restoration and regeneration. Marine natural products (MNPs) have multiple biological activities, including anti-tumor and anti-inflammatory properties. However, the exploration of MNPs in osteogenesis is far from sufficient.
Methods: We obtained a series of derivatives through structural optimization from 4-phenyl-3,4-dihydroquinolin-2(1H)-one alkaloid isolated from Scopulariopsis sp. Some preliminary cytological experiments showed that CHNQD-00603, obtained by adding a methoxy group to the position C3 and a hydroxyl group to the position C4 of 4-phenyl-3,4-dihydroquinolin-2(1H)-one, might promote the osteogenic differentiation of BMSCs. To further investigate the effects of CHNQD-00603 on BMSCs, we performed a CCK-8 assay and qRT-PCR, alkaline phosphatase staining (ALP), and alizarin red S staining to assess the cytotoxicity and the ability of osteogenic differentiation of CHNQD-00603. The autophagy level was assessed and validated by WB, qRT-PCR, and transmission electron microscopy. Then, 3-methyladenine (3-MA) was added to further examine the role of autophagy. Based on the expression of autophagy-related genes, we predicted and examined the potential miRNAs by bioinformatics.
Results: CCK-8 assay showed that CHNQD-00603 at 1 µg/ml did not influence BMSCs activity. However, the proliferation rate decreased from the seventh day. qRT-PCR, ALP staining, ALP activity assay, and Alizarin red S staining showed that the best concentration of CHNQD-00603 to promote osteogenic differentiation was 1 µg/ml. Further investigations indicated that CHNQD-00603 activated autophagy, and the inhibition of autophagy by 3-MA attenuated CHNQD-00603-enhanced osteogenic differentiation. Subsequently, the findings from bioinformatics and qRT-PCR indicated that miR-452-3p might be a regulator of autophagy and osteogenesis. Furthermore, we transfected BMSCs with miR-452-3p NC and mimics separately to further determine the function of miR-452-3p. The data showed that the overexpression of miR-452-3p moderated the level of autophagy and osteogenic differentiation of CHNQD-00603-treated BMSCs.
Conclusion: Our data suggested that CHNQD-00603 promoted the osteogenic differentiation of BMSCs by enhancing autophagy. Meanwhile, miR-452-3p played a regulatory role in this process.
Keywords: osteogenesis, marine natural products, periodontitis, miRNAs, autophagy
INTRODUCTION
Periodontitis and peri-implantitis are frequent oral diseases and a significant cause of tooth loss and implant failure (Smeets et al., 2014; Cardoso et al., 2018). In addition, they severely affect the quality of patients’ lives. At present, the treatment of periodontitis and peri-implantitis mainly focuses on prevention, basic treatment, and guided tissue regeneration (Jepsen et al., 2015; Graziani et al., 2017). BMSCs with low immune response are a key element of bone regeneration that can differentiate into osteoblasts, chondrocytes, and adipocytes in different microenvironments (Kokabu et al., 2016). Transplantation of stem cells by injecting cell suspensions or seeding cells onto scaffolds has been demonstrated to promote bone regeneration in vivo in animals (Sinder et al., 2020; Jiang et al., 2021). More importantly, studies have investigated BMSCs in periodontal tissue regeneration (Ledesma-Martínez et al., 2019). However, the challenge is that the limited ability of osteogenic differentiation and rapid aging limits their clinical application (de Witte et al., 2017). Recently, scholars have focused on the discovery of bioactive compounds that can induce osteogenic differentiation of BMSCs (Ringe et al., 2002). Marine natural products (MNPs) are an excellent resource due to their diversity and abundance.
Marine natural products (MNPs) from marine organisms provide abundant and promising resources for bone research and, have been reported to be closely associated with bone growth and healing (Carson and Clarke, 2018). In the early stage, our cooperative team isolated a series of 4-phenyl-3,4-dihydroquinolin-2(1H)-one alkaloids from a gorgonian-derived fungus, i.e., Scopulariopsis sp. (TA01-33) (Shao et al., 2015). In this study, we obtained various new derivatives by adding different functional groups to 4-phenyl-3,4-dihydroquinolin-2(1H)-one core. The structure of some derivatives is presented in Figures 1A–H. Some preliminary cytological experimental results from osteogenesis-related gene expression, alkaline phosphatase activity (ALP), and western blotting both showed that CHNQD-00603, one of the derivatives, could promote osteogenic differentiation of BMSCs (Figures 1I–K). Therefore, CHNQD-00603 might be an effective molecule in osteogenesis. However, its mechanism of action is still unclear. Therefore, the present study aimed to further determine the effect of CHNQD-00603 on osteogenic differentiation and the relevant mechanisms.
[image: Figure 1]FIGURE 1 | The structure of 4-phenyl-3,4-dihydroquinolin-2(1H)-one and its derivatives. (A) The structure of 4-phenyl-3,4-dihydroquinolin-2(1H)-one. (B–H) Structures of a class of 4-phenyl-3,4-dihydroquinolin-2(1H)-one alkaloid derivatives. (I) qRT-PCR was used to observe the expression of the osteogenesis-related genes Runx2. (J) ALP activity assay was applied to access the early osteogenic differentiation of BMSCs. (K) WB was adopted to investigate the osteogenesis-related protein Runx2. Quantitative data were presented as the mean ± SD (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.0001).
Autophagy plays an essential role in maintaining the energy and nutrient balance by recycling unnecessary or damaged organelles and proteins (Wong et al., 2020). In the past few years, significant progress has been made in understanding the mechanisms by which autophagy participates in life activities (Glick et al., 2010; Parzych and Klionsky, 2014). mTOR signaling pathway is believed to be associated with autophagy (Al-Bari and Xu, 2020). Interestingly, in the present study, the mTOR signaling pathway and PI3K-AKT signaling, which participate in autophagy regulation, were predicted to be associated with CHNQD-00603 (Figure 3F).
In this study, we evaluated the cytotoxicity of CHNQD-00603 and its ability to promote osteogenic differentiation of BMSCs. First, we predicted the possible target genes of CHNQD-00603 by SwissTargetPrediction according to the structure. The results are presented in Table 1. DAVID analysis indicated that the predicted gene of this derivative was connected to the signaling pathways of bone metabolism and autophagy, including signaling pathways regulating pluripotency of stem cells, osteoclast differentiation, VEGF signaling pathways, and mTOR signaling pathway (Figure 3F). Our data confirmed that CHNQD-00603 promoted the osteogenic differentiation of BMSCs. Next, we further found that the effect was regulated by the miR-452-3p-mediated autophagy pathway.
TABLE 1 | Probable predictive target genes.
[image: Table 1]MATERIALS AND METHODS
Isolation and Culture of Bone Marrow Mesenchymal Stem Cells (BMSCs)
Two-month-old female Sprague-Dawley rats were used to isolate the BMSCs. The rats were anesthetized with 10% chloral hydrate and sacrificed. The femur and tibia were collected after disinfection with alcohol. Bone marrows from the femur and tibia of the rats were flushed out by α-minimum essential medium (α-MEM) under aseptic conditions. After centrifuging, BMSCs were transferred to culture flasks. The medium was changed every 3 days until the adherent cells grew to 80% of the culture flask. BMSCs at passage three were used to estimate the surface markers, including CD45, CD90, CD29, and CD11b/c (Elabscience, China) by flow cytometry. All the experimental protocols were approved by the Intramural Animal Use and Care Committee of the affiliated hospital of Qingdao University.
Cell Counting Kit-8 (CCK-8) Analysis
The third-generation cells were seeded into a 96-well plate (7,000 cells/well) and cultured for 24 h. Then the medium was replaced with 100 µL of new medium added with different concentrations of CHNQD-00603 (0 µg/ml, 0.5 µg/ml, 1 µg/ml, 2 µg/ml, and 4 µg/ml). The medium was changed every 3 days. After culturing for 3, 5, and 7 days, the cell proliferation and cell viability of BMSCs were examined by a CCK-8 detection kit following the manufacturer’s instructions.
Osteogenic Differentiation of BMSCs
The third-generation cells were placed in a six-well plate (2×105 cells/well). The medium was replaced with osteogenic induction medium, consisting of α-MEM supplemented with 10% fetal bovine serum (HyClone, United States), 1% penicillin and streptomycin (Solarbio, China), dexamethasone (10 nM, Solarbio), beta-Glycerol phosphate (10 mM, Solarbio) and ascorbic acid 2-phosphate (200 μM, Solarbio) when the cell density reached 80% of the plate. The medium was changed every 3 days. ALP staining (Meilunbio, China) was performed 7 days later to observe the early osteogenic differentiation. Moreover, after 14 days, ARS (Solarbio, China) was used to assess late osteogenic differentiation according to the manufacturer’s instructions. The staining was observed under a microscope at low magnification.
Adipogenic and Chondrogenic Differentiation of BMSCs
The third-generation cells were placed in a six-well plate (2×105 cells/well). The adipogenic differentiation medium (Procell, China) and chondrogenic differentiation medium (Procell, China) were added, respectively, according to the manufacturer’s instructions after the cell density reached 80% of the plate. The medium was changed every 3 days. After 14 days, Oil Red O staining assay (VivaCell Bioscience) and Chondro-dye (VisaCell Biosciences) were used to observe the adipogenic differentiation and adipogenic differentiation under a microscope at low and high magnification.
RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) Analysis
Total RNA was obtained from the BMSCs using Trizol reagents. A PrimeScript RT (TaKaRa) reagent kit was applied to synthesize the cDNA. qRT-PCR was conducted by a CFX96 Real-Time System (BIO-RAD) using SYBR Premix Ex Taq (TaKaRa). The expression of mRNA was normalized to GAPDH or U6 using the 2−ΔΔCt method. The primers are listed in Table 2.
TABLE 2 | The sequence of primers.
[image: Table 2]Western Blot
The specific methods have been introduced in detail in previous articles (Zhang et al., 2021). In brief, the cells were lysed with cell lysis buffer for Western and IP (Beyotime Biotechnology) supplemented with PMSF and cocktail on ice for 30 min. After centrifugation, the cell lysates were collected and analyzed with BCA Protein Assay Kit (Solarbio). Equal amounts of protein were added to SDS-containing polyacrylamide gels and then transferred to polyvinylidene difluoride (PVDF) membranes (Sigma-Aldrich, China). 5% skimmed milk was utilized to block the membrane at room temperature for 2 h. Then the primary monoclonal antibodies were incubated with the membranes overnight at 4°C. Excessive antibodies were removed with TBST. Then, species-specific secondary antibodies were used to bind to the corresponding primary antibodies for 1 h at room temperature. The ChemiDoc Touch Imaging System (BioRad) was applied to collect images, and the ImageJ was used to quantify proteins.
Alizarin Red S Staining, ALP Activity Assay, and ALP Staining
Alizarin Red solution (Solarbio, China) was applied to detect the effect of CHNQD-00603 on the osteogenic differentiation ability of BMSCs. The third-generation BMSCs were placed in a six-well plate (2×105 cells/well). The different concentrations of CHNQD-00603 solutions were respectively added to cells after the cell density reached 80%. The medium was changed every 3 days. In addition, 3-MA (an inhibitor of autophagy), Rapa (an inhibitor of the mTOR pathway), and miR-452-3p were added in different experiments. After osteogenesis induction for 14 days, the cells were fixed by 4% paraformaldehyde and stained with Alizarin Red solution following the manufacturer’s instructions. In addition, ALP activity assay and ALP staining were used to detect the early osteogenic differentiation. After culturing in the osteogenesis-inducing media for 7 days, the cells were detected and stained by ALP activity (Beyotime, China) and an alkaline phosphatase kit (Meilunbio, China).
Prediction of Probable Target Genes and Signaling Pathway Analysis
Swiss TargetPrediction database (http://www.swisstargetprediction.ch/) was used to predict the possible target genes according to CHNQD-00603 structure. DAVID database (https://david.ncifcrf.gov/summary.jsp) was used to evaluate the probable signaling pathway by the predicted target genes.
Prediction of miRNA
miRDB database ((http://mirdb.org/) was applied to find the potential miRNA that could bind to the changed autophagy-related genes (Atg5 and Atg14). Cytoscape 3.6.1 was applied to draw the final visualization.
Transmission Electron Microscopy
BMSCs (2×105 cells/well) were treated with or without 1 µg/ml CHNQd-00603 for 7 days, or BMSCs (2×105 cells/well) were transfected with miR-452-3p NC and mimics for 7 days. Then, the treated cells were fixed in 2.5% glutaraldehyde (Solarbio). The next steps were performed by Servicebio Company, and a transmission electron microscope was used to observe the results.
Immunofluorescence Analysis
The pretreated cells were spread into small confocal dishes. After 48 h, the cells were fixed by 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 for 10 min. Then, 5% bovine serum albumin (FBS) was used to block the cells, and then LC3 (1:200, Proteintech) antibody was used to incubate the cells at 4°C overnight. The next day, the cells were incubated with the second antibody for 1 h, and the nucleus was stained with DAPI (Sigma-Aldrich) for 5 min. A laser scanning confocal microscope was used to observe the images.
Cell Transfection
Third-passage BMSCs were transfected with negative control (NC) and miR-452-3p (mimics) by Lipofectamine 3,000 (Invitrogen, United States) according to the manufacturer’s instructions. After transfecting for 48 h, transfection efficiency was determined by qRT-PCR.
Statistical Analysis
All the corresponding experiments were independently repeated three times. The data were expressed in mean ± SD and analyzed by t-test and one-way ANOVA with Graphpad Prism 8.0. Bonferroni test was used as a post hoc test when the results analyzed by one-way ANOVA were significant. p < 0.05 was considered statistically significant.
RESULTS
The structures of 4-phenyl-3,4-dihydroquinolin-2(1H)-one alkaloid derivatives
Figure 1 represents the structures of 4-phenyl-3,4-dihydroquinolin-2(1H)-one alkaloid and some of its derivatives. Figure 1A presents the structure of 4-phenyl-3,4-dihydroquinolin-2(1H)-one core. CHNQD-00601 was obtained by adding a hydroxyl group to the position C3 and position C4 of 4-phenyl-3,4-dihydroquinolin-2(1H)-one core (Figure 1B). CHNQD-00602 was obtained by adding a methoxy group to the position C3 of 4-phenyl-3,4-dihydroquinolin-2(1H)-one core (Figure 1C). CHNQD-00603 was gained by adding a methoxy group to the position C3 and a hydroxyl group to the position C4 of 4-phenyl-3,4-dihydroquinolin-2(1H)-one (Figure 1D). CHNQD-00604 was obtained by substituting hydrogen at positions C3 and C5 with hydroxyl groups (Figure 1E). The derivative CHNQD-00608 was formed by replacing the hydrogen of position N1, position C3, and position C4 with 1-(3-methoxy benzyl), methoxy, and hydroxyl groups, respectively (Figure 1F). The derivatives CHNQD-00616 and CHNQD-00617 both replaced hydrogen with a methoxy group at position C3, but the position N1 of CHNQD-00616 was 1-(3-methyl benzyl) while CHNQD-00617 was 1-(4-methyl benzyl) (Figures 1G, H). The results of some preliminary cytological experiments indicated that the expression of osteogenesis-related gene Runx2, ALP activity, and osteogenesis-related protein Runx2 had the same trend (Figures 1I–K). Therefore, we believe that CHNQD-00603 could promote osteogenic differentiation, and we chose CHNQD-00603 for further investigation.
The Effects of CHNQD-00603 on Cell Viability and Osteogenic Differentiation of BMSCs
BMSCs isolated from the bone marrow were positive for CD29 and CD90 and negative for CD45 and CD11b/c (Figure 2A). The adipogenic differentiation and chondrogenic differentiation were observed at low and high magnification, respectively. The results showed that fat cells were stained orange, and chondrocytes were stained blue (Figures 2B, C). ALP staining and ARS at low magnification indicated the formation of osteoblasts (Figure 2D). To estimate the response of BMSCs to CHNQD-00603, we treated the cells with different concentrations of CHNQD-00603 (0 µg/ml, 0.5 µg/ml, 1 µg/ml, 2 µg/ml, and 4 µg/ml) and then detected the cell viability and cell proliferation with a CCK-8 reagent. After incubating for 5 and 7 days, CHNQD-00603 was shown to promote cell proliferation at a dose of 0.5 µg/ml compared with the untreated group. CHNQD-00603 did not affect cell proliferation at 1 µg/ml and 2 µg/ml after 3 and 5 days, but the cell proliferation rate began to decrease on day 7. However, CHNQD-00603 exhibited a noticeable inhibitory effect at a concentration of 4 µg/ml (Figures 3A, B). Subsequently, we examined the osteogenic differentiation of BMSCs treated with different doses of CHNQD-00603 after 7 days. Osteogenesis-related gene was determined by qRT-PCR. The results showed that the mRNA expression of alkaline phosphatase (ALP), osteocalcin (OCN), and Runt-related transcription factor 2 (RUNX2) increased at concentrations 0.5 µg/ml and 1 µg/ml, with 1 µg/ml showing the strongest effect on mRNA expression, which was two to three folds compared with the untreated group. Besides, there was no effect or inhibitory effect on mRNA expression at 2 and 4 µg/ml, respectively (Figure 3C). To further determine the effect of CHNQD-00603 on osteogenic differentiation, Alizarin red S staining (ARS) was analyzed. The results showed more calcium salt deposits at a concentration of 1 µg/ml than other concentrations on day 14 (Figure 3D). In addition, ALP activity, which indicated the early osteogenic differentiation of BMSCs, was assessed by staining and quantitative analysis after 7 days. Consistent with mRNA expression and ARS staining, there was a more significant ALP staining and a higher ALP quantitation at the concentration of 1 µg/ml (Figure 3E) and a lower increase at 0.5 µg/ml. Taken together, CHNQD-00603 exhibited no cytotoxicity to BMSCs but promoted osteogenic differentiation of BMSCs at a dose of 1 µg/ml. Therefore, we selected 1 µg/mL as a proper concentration for further experiments.
[image: Figure 2]FIGURE 2 | Validation of BMSCs. (A) flow cytometry was used to confirm the characterization of BMSCs. BMSCs expressed CD90 and CD29, but they did not express CD45 and CD11b/c. (B) Adipogenic differentiation was identified by Oil Red O staining at low and high magnification. (C) Chondrogenic differentiation was assessed by chondroblast staining at low and high magnification. (D) Osteogenic differentiation was evaluated by ALP staining and ARS staining at low magnification (scale bar = 200 µm).
[image: Figure 3]FIGURE 3 | The effect of different concentrations of CHNQD-00603 on cell viability and osteogenic differentiation of BMSCs. (A, B) CCK-8 assay was performed to detect cell viability and cell proliferation of BMSCs cultured with different concentrations of CHNQD-00603 (0 µg/ml, 0.5 µg/ml, 1 µg/ml, 2 µg/ml, and 4 µg/ml) for 3, 5, and 7 days (C) qRT-PCR tested the expression of osteogenesis-related genes in CHNQD-00603-induced BMSCs on day 7. (D) Alizarin red S staining indicated calcium salt deposits on day 14. (E) ALP staining and ALP activity were evaluated on day 7 (scale bar = 200 μm, scar bar = 200 µm). (F) Bioinformatic analysis of predicted target genes. Quantitative data are presented as the mean ± SD (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.0001).
CHNQD-00603 Activates Autophagy in the Osteogenic Differentiation of BMSCs
According to our prediction and analyses, autophagy-related signaling pathways-mTOR signaling pathway and PI3K-AKT signaling pathway might be associated with CHNQD-00603, which indicated that autophagy might be involved in the osteogenic differentiation of BMSCs treated with CHNQD-00603 (Figure 3F). Thus, we investigated the autophagy level in BMSCs treated with CHNQD-00603. Transmission electron microscopy (TEM) was used to observe autophagosomes. Compared with the untreated group, CHNQD-00603 significantly increased the number of autophagosomes in BMSCs on day 7 of osteogenesis (Figure 4A). QRT-PCR was then applied to detect the expression of autophagy-related genes (LC3 and p62). The results showed that the autophagy-related gene LC3 increased about 1.7-fold that in the untreated group. In addition, the expression of p62 was 0.3-fold that in the untreated group (Figure 4B). The autophagy-related protein LC3 was tested by western blot and quantitative assay and immunofluorescent assays to further estimate whether autophagy was elevated. We found that the expression of the autophagy-related protein LC3 increased in BMSCs treated with CHNQD-00603, and p62 was attenuated (Figures 4C, D). Accordingly, more LC3 dots were accumulated in BMSCs treated with CHNQD-00603 compared with the untreated group (Figure 4E). These data suggested that CHNQD-00603 activated autophagy.
[image: Figure 4]FIGURE 4 | Autophagy is activated in the osteogenic differentiation of BMSCs treated with CHNQD-00603. (A) TEM was used to observe the number of autophagosomes on day 7. (B) qRT-PCR was performed to detect the expression of autophagy-related gene LC3 and p62. (C,D) Western blot and quantitation were performed to analyze the expression of proteins LC3 and p62. (E) Immunofluorescence staining was used to observe the distribution of LC3 (scale bar = 50 µm). Quantitative data are presented as the mean ± SD (n = 3) (**p < 0.01, ***p < 0.0001).
CHNQD-00603 Promotes Osteogenic Differentiation of BMSCs by Upregulating Autophagy
3-methyladenine (3-MA, an inhibitor of autophagy) was added to the control and CHNQD-00603 groups to change autophagic activity to examine the role of autophagy in CHNQD-00603-induced osteogenic differentiation of BMSCs. The results of western blotting and quantitative assay and qRT-PCR suggested that 5-μM 3-MA decreased the level of autophagy-related protein and mRNA of LC3 in the two groups, while the expression of p62 was enhanced (Figures 5A–C). Next, we further tested whether CHNQD-00603 promoted osteogenic differentiation by autophagy. QRT-PCR data showed that the expression of osteogenesis-related mRNAs (RUNX2, OCN, and ALP) was consistent with the level of autophagy. In particular, 3-MA attenuated CHNQD-00603-induced expression of osteogenesis-related genes (Figure 5D). Consequently, ALP staining and ALP activity indicated that the early osteogenic differentiation induced by CHNQD-00603 was inhibited by adding 3-MA (Figure 5E). ARS staining demonstrated that 3-MA decreased calcium salt deposits (Figure 5F). These findings revealed that autophagy plays an indispensable role in the CHNQD-00603-induced osteogenic differentiation.
[image: Figure 5]FIGURE 5 | Downregulation of autophagy inhibited the osteogenic differentiation of BMSCs treated with CHNQD-00603. BMSCs cultured with or without CHNQD-00603 were treated with 5-µM 3-MA and then induced for osteogenic differentiation. The level of autophagy and osteogenesis was analyzed on day 7. (A,B) Autophagy-related proteins LC3 and p62 were detected by Western blot and quantitation. (C) Autophagy-related genes LC3 and p62 were assessed by qRT-PCR. (D) Osteogenesis-related genes Runx2, OCN, and ALP were tested by qRT-PCR. (E) ALP staining and ALP activity assay indicated early osteogenic differentiation (scale bar = 200 µm). (F) ARS was used to detect calcium salt deposits on day 14 (scale bar = 200 µm). Quantitative data are presented as the mean ± SD (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.0001).
Prediction and validation of miRNAs in CHNQD-00603-induced osteogenic differentiation of BMSCs.
We identified the autophagy-related genes (Atgs) by qRT-PCR to further estimate the expression of autophagy. The data showed that the expression of Atg5 and Atg14 was significantly higher than other genes, with three folds that of the untreated group (Figure 6A). Therefore, we presumed that there might be a factor regulating the expression of these two genes. Recently, interactions have been reported between miRNA and autophagy in bone homeostasis (Shen et al., 2016). Therefore, we supposed that CHNQD-00603 induces osteogenic differentiation of BMSCs by regulating miRNAs, which changed the level of autophagy by silencing the target gene. Hence, we selected Atg14 and Atg5 as target genes based on the expression level of the autophagy-related gene. Then, we searched the miRNAs that bind to Atg14 and Atg5 using the miRDB database. The results showed 51 miRNAs with binding sites for Atg14 and 26 miRNAs with binding sites for Atg5 (Figure 6B). Among these miRNAs, we found that miR-452-3p and miR-6331 could bind to Atg14 and Atg5 (Figure 6B). The complementary base pairing was shown in Figure 6C. Therefore, we hypothesized that miR-452-3p and miR-6331 regulate the expression of autophagy in this study. Subsequently, we performed qRT-PCR to validate the expression of these two miRNAs. QRT-PCR assay indicated that miR-452-3p decreased to 0.5-fold in CHNQD-00603-induced osteogenic differentiation of BMSCs compared to the untread group. However, there was no modest change in the level of rno-miR-6331 (Figure 6D). These data suggested that miR-452-3p might participate in the regulation of CHNQD-00603-induced osteogenic differentiation of BMSCs.
[image: Figure 6]FIGURE 6 | Prediction and validation of potential miRNAs and overexpression of miR-452-3p. (A) Autophagy-related genes were estimated by qRT-PCR. (B) The targeting network was constructed using Cytoscape. (C) The complementary base pairing of miR-452-3p and miR-6331 with Atg5 and Atg14, respectively. (D) qRT-PCR was performed to detect the expression of miR-452-3p and miR-6331 in the osteogenesis of BMSCs treated with CHNQD-00603. Upregulation of miR-452-3p attenuates the level of autophagy. (E) The efficiency of transfecting miR-452-3p mimics was evaluated by qRT-PCR 48 h after transfecting. (F) Autophagy-related genes Atg5 and Atg14 were detected after transfecting miR-452-3p mimics by qRT-PCR on day 7. (G) The number of autophagosomes on day 7 was observed by TEM. Quantitative data are presented as the mean ± SD (n = 3) (**p < 0.01, ***p < 0.0001).
Overexpression of miR-452-3p Decreases the Level of Autophagy
We transfected CHNQD-00603-treated BMSCs with miR-452-3p mimics and NC to explore the effect of miR-452-3p on autophagy. After 48 h, the qRT-PCR data showed that the expression of miR-452-3p had increased six folds in BMSCs transduced by miR-452-3p mimics compared with the NC and controls (Figure 6E). Then we further detected the level of autophagy by qRT-PCR and transmission electron microscopy (TEM). The results revealed that miR-452-3p mimics decreased the expression of Atg14 to 0.1-fold compared with NC, but the downregulation of Atg5 was not different (Figure 6F). Accordingly, the number of autophagosomes decreased significantly (Figure 6G). Thus, our findings indicated that miR-452-3p regulated autophagy levels in BMSCs treated with CHNQD-00603.
CHNQD-00603 Promotes Osteogenic Differentiation by miR-452-3p Medicating Autophagy
We used miR-452-3p mimics and Rapamycin in BMSCs cultured with CHNQD-00603 to verify whether osteogenic differentiation induced by CHNQD-00603 was mediated by miR-452-3p regulating autophagy. The results of qRT-PCR and Western blot revealed that transfection of miR-452-3p mimics attenuated the expression of osteogenesis-related mRNA (Runx2, ALP, and OCN) and protein (Runx2 and ALP). In addition, the increased expression of these genes and proteins by Rapa was inhibited by miR-452-3p mimics (Figures 7A–C). ALP activity and ARS consistently showed the same tendency as qRT-PCR and western blotting (Figures 7D, E). Thus, our findings indicated that miR-452-3p targeted autophagy to regulate CHNQD-00603-induced osteogenic differentiation of BMSCs.
[image: Figure 7]FIGURE 7 | The osteogenic differentiation elevated by Rapa was further disturbed by transfecting miR-452-3p mimics in BMSCs treated with CHNQD-00603. BMSCs treated with CHNQD-00603 were divided into four subgroups: NC, mimics, NC + Rapa, and mimics + Rapa. (A–C) Osteogenesis-related genes and proteins were detected by qRT-PCR and Western blot and protein quantification on day 7. (D) ALP activity assay and ALP staining were applied to evaluate the early osteogenic differentiation (scale bar = 200 µm). (E) ARS was used to estimate calcium salt deposits (scale bar = 200 µm). Quantitative data are presented as the mean ± SD (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.0001).
DISCUSSION
Marine natural products are abundant concerning source and variety. A class of derivatives can be obtained by structural optimization with different biological activities, including anti-tumor, anti-inflammatory, and bone metabolism effects. In this study, we obtained several new derivatives by adding different groups to different positions of 4-phenyl-3,4-dihydroquinolin-2(1H)-one core. Preliminary cytological experiments indicated that CHNQD-00603 could potentially promote osteogenic differentiation of BMSCs, as evidenced by the increase in osteogenesis-related gene and proteins Runx2 and early osteogenic differentiation marker ALP activity. By bioinformatics, we found a relationship between CHNQD-00603 and bone metabolism. Therefore, we chose CHNQD-00603 for further investigation. The results of cytotoxicity and osteogenic differentiation experiments showed a lower rate of proliferation of BMSCs on day 7 at a concentration of 1 µg/ml. However, the osteogenic differentiation was strongest, evidenced by the results of qRT-PCR, ARS and ALP staining, and ALP activity assay. Therefore, we believe that the decrease in the cell proliferation rate was associated with early osteogenic differentiation. Furthermore, it is believed that dehydrogenase activity was always relatively low during cell differentiation (Hao et al., 2019). These data demonstrated the role of CHNQD-00603 in osteogenesis for the first time. Thus, the present study provided a groundbreaking choice for bone regeneration.
Autophagy, a fundamental process, sequesters intracellular constituents to deliver them to lysosomes that degrade the intracellular components and recycle them into macromolecule precursors (Chang, 2020). Defective autophagy leads to the senescence of mesenchymal stem cells and bone loss (Li et al., 2018; Yang et al., 2020). Thus, autophagy is an indispensable process in osteogenic differentiation. Autophagy-related signaling molecules, mTOR and PI3K-Akt, were hypothesized to be associated with CHNQD-00603 (Figure 3F). Therefore, we investigated whether autophagy participated in the osteogenic differentiation of CHNQD-00603-treated BMSCs. Our data showed that autophagy was activated in CHNQD-00603-treated BMSCs. In addition, the inhibition of autophagy by 3-MA attenuated osteogenic differentiation. Together with our prediction results, these data indicated that autophagy plays a crucial role in the osteogenic differentiation of BMSCs induced by CHNQD-00603. Our study proposed for the first time that derivatives from 4-phenyl-3,4-dihydroquinolin-2(1H)-one could activate autophagy, promoting the osteogenic differentiation of BMSCs. This provided a new direction to study bone regeneration.
Autophagy-related genes, a group of evolutionarily conserved genes, are involved in the formation and regulation of the autophagy process by communicating with intracellular signaling pathways (Lan et al., 2021). We investigated the expression of a series of autophagy-related genes by qRT-PCR. The results revealed that the expression of Atg5 and Atg14 increased significantly in CHNQD-00603-treated BMSCs. Therefore, we believe that CHNQD-00603 activated autophagy mainly by promoting the expression of Atg5 and Atg14. It has been reported that miRNAs are important regulators of autophagy (Huang et al., 2020; Silwal et al., 2020). Moreover, miRNA is involved in osteogenic differentiation by altering autophagy (Liu et al., 2021). However, the effect of miRNAs on CHNQD-00603-induced autophagy and osteogenic differentiation is still mysterious. Here, by searching the miRDB database and visualizing with a Cytoscape, we found two miRNAs with a targeted contact relationship with both Atg14 and Atg5, including miR-452-3p and miR-6331. Further investigation by qRT-PCR showed that the expression of miR-452-3p decreased in CHNQD-00603-treated BMSCs, but the expression of miR-6331 was not different in CHNQD-00603-treated BMSCs compared with non-treated BMSCs. Therefore, we selected miR-452-3P to further explore its role in CHNQD-00603-induced autophagy and osteogenic differentiation.
We overexpressed miR-452-3p by mimics in BMSCs induced by CHNQD-00603 to determine whether miR-452-3p could regulate autophagy in CHNQD-00603-treated BMSCs. We found that the autophagy activity was suppressed, as evidenced by a decreased number of autophagosomes and autophagy-related genes. In particular, the expression of Atg14 was visibly weakened. We changed autophagy activity by mTOR inhibitor (rapamycin) to identify the relationship between osteogenic differentiation and miR-452-3p-regulated autophagy. The results showed that upregulated osteogenic differentiation by Rapa was inhibited by miR-452-3p mimics. We found and identified a new miRNA, miR-452-3p, which inhibited autophagy. CHNQD-00603 promoted osteogenic differentiation by activating autophagy. However, the expression of miR-452-3p was inversely related to the level of autophagy and CHNQD-00603. Therefore, we believe that CHNQD-00603 plays a vital role in the osteogenic differentiation of BMSCs by miR-452-mediated autophagy.
CONCLUSION
In this study, we demonstrated for the first time that CHNQD-00603 could promote the osteogenic differentiation of BMSCs. Furthermore, our research showed for the first time that CHNQD-00603 promoted osteogenic differentiation by miR-452-3p-regulated autophagy. Thus, the present study provided a theoretical basis for the clinical application of marine natural products.
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Osteoblasts continuously replenished by osteoblast progenitor cells form the basis of bone development, maintenance, and regeneration. Mesenchymal stem cells (MSCs) from various tissues can differentiate into the progenitor cell of osteogenic lineage and serve as the main source of osteoblasts. They also respond flexibly to regenerative and anabolic signals emitted by the surrounding microenvironment, thereby maintaining bone homeostasis and participating in bone remodeling. However, MSCs exhibit heterogeneity at multiple levels including different tissue sources and subpopulations which exhibit diversified gene expression and differentiation capacity, and surface markers used to predict cell differentiation potential remain to be further elucidated. The rapid advancement of lineage tracing methods and single-cell technology has made substantial progress in the characterization of osteogenic stem/progenitor cell populations in MSCs. Here, we reviewed the research progress of scRNA-seq technology in the identification of osteogenic markers and differentiation pathways, MSC-related new insights drawn from single-cell technology combined with experimental technology, and recent findings regarding the interaction between stem cell fate and niche in homeostasis and pathological process.
Keywords: mesenchymal stem cells, osteogenesis, lineage tracing, single-cell, niche
1 INTRODUCTION
The bone formation depends on the activation and recruitment of osteogenic stem/progenitor cells during bone development, reconstruction, and fracture repair. During embryogenesis, mesoderm-derived limb bud mesenchymal progenitors (LMPs) differentiate into osteochondrogenic lineages and generate primitive cartilage templates. After LMPs differentiate into cartilage, long bones are built through endochondral ossification. At the beginning of primary ossification center formation, perichondrial progenitor cells and blood vessels extend into cartilage lacuna left by the degeneration of chondrocytes in the cartilage template, and then new bone marrow is formed (Maes et al., 2010; Ono et al., 2014). In postnatal life, bone is a dynamic tissue that is constantly being resorbed and remodeled. The undifferentiated MSCs in the bone marrow stroma are ancestors of osteoprogenitor cells and pre-osteoblasts, and under the regulation of Runt-related transcription factor 2 (Runx2) and Osterix (Osx) (Nakashima et al., 2002; Lian et al., 2006), they differentiate into mature osteoblasts which have a limited lifespan and are constantly replenished by osteogenic precursor cells.
MSCs have long been regarded as a direct source of osteogenic lineage progenitor cells in bone tissue. Their source is complex and correlates with stage and tissue specificity. MSC can be isolated from tissues such as teeth, bone marrow, adipose, umbilical cord, etc. The distribution, differentiation direction, immunosuppressive ability of MSCs subgroups from different sources are various, and the expression pattern also changes with age. Extensive studies have shown that MSCs are heterogeneous mixtures of multiple stem cell lineages, which can differentiate into osteoblasts, chondrocytes, and bone marrow stromal cells, fat cells, muscle cells, and endothelial cells (Uccelli et al., 2008; Chen et al., 2019). To identify cell subsets with specific functions in heterogeneous MSCs, cell surface markers are continuously explored. However, the non-negligible heterogeneities and lack of stage-specific markers hindered the identification and positioning of cell types and formed a significant barrier to our understanding of MSC populations. Until 2018, single-cell and lineage tracing technology was used to identify self-renewing and multipotent skeletal stem cells (SSCs) which could only differentiate into the progenitor of the osteogenic lineage (osteoprogenitors, chondroprogenitors, and progenitor cells of stroma) (Chan et al., 2018). With the emergence of numerous MSC-related studies, researchers have meticulously named the subgroups of MSCs such as embryonic Skeletal Stem/progenitor Cell (eSSPC), Bone Marrow Mesenchymal Cell (BMSC), Periosteal Stem Cell (PSC), etc., based on tissue origin, the developmental stage of donors, and differentiation characteristics. Possessing functional properties consistent with MSC, these renamed subgroups belong to the category of MSC.
Due to the rapid progress of mouse lineage-tracking techniques and single-cell RNA sequencing (scRNA-seq), researchers have made extraordinary progress in identifying and characterizing MSC heterogeneity and reconstructing osteogenic regulatory networks. To date, MSCs have been detected in growth plate cartilage, bone marrow stroma, the superficial layer of meniscus, bone surface resting-state bone lining cells and specialized fibroblasts in the craniofacial structure and have been characterized by several markers (i.e., leptin receptor [LepR], cathepsin K [Ctsk], glioma-associated oncogene homolog 1 [Gli1], and platelet-derived growth factor receptor [Pdgfr], etc.) in vivo (Maruyama et al., 2016; Yue et al., 2016; Shi et al., 2017; Mizuhashi et al., 2018; Baryawno et al., 2019; Bohm et al., 2019; Ortinau et al., 2019; Ponte et al., 2020; Wei et al., 2021; Zhang et al., 2021). In this review, we summarized the heterogeneity of MSCs derived from limb buds and postnatal distinct hard tissues as determined by single-cell resolution studies and the biologic functions and characteristics of new labeled stem/progenitor subpopulations. We also focused on the research progress on the osteogenic subpopulation of cre-targeted MSCs and the interaction between the osteogenic niche and precursor cells.
2 TRADITIONAL MSCS IDENTIFICATION METHODS
Current knowledge of MSCs mainly originates from experiments with human and rodent bone marrow cells. In vitro cultivation and allogeneic cell transplantation have become the gold standard for identifying MSC. Early studies verified the adherence, the ability to form fibroblast colonies (CFU-F), and the osteogenic ability after allograft transplantation to identify the proliferation and trilineage differentiation potential of MSCs (Cao et al., 2020). Flow cytometry was used to screen cell surface markers (L. Ramos et al., 2016). In recent years, many studies have begun to use lineage-tracing techniques to track the activity of MSC maker+ cells in transgenic mice, thereby identifying a series of MSC markers, such as Grem1 (Worthley et al., 2015), Gli1 (Shi et al., 2017), LepR (Zhou et al., 2014), Pthrp (Mizuhashi et al., 2018), Sox9 (Kuwahara et al., 2019), Cxcl12 (Matsushita et al., 2020), Prx1 (Moore et al., 2018), etc. However, the proposed surface markers generally have the problem of low specificity, and as the physiological state and the microenvironment change, MSC markers will alter accordingly. With source diversity, MSCs can be isolated from hard tissues such as teeth, bone marrow, and craniofacial sutures. There is evidence that MSCs from different tissues are divergent (Figure 1) (Sharpe, 2016; Huang et al., 2019; Zhou et al., 2019). Although different tissue-derived MSC all meet the minimum standards for defining MSCs, their transcriptome pattern and multipotential differentiation capacity may also be vastly different (Table 1). Therefore, based on the complex expression alteration of MSC, a single surface marker is not enough to describe the heterogeneous MSC population.
[image: Figure 1]FIGURE 1 | MSC inhabit in various hard tissues. Osteogenic MSCs which are labeled by researchers with different genes exist in human molars and long bones, and mouse calvarial sutures, incisors, molars, and long bones. They are finally differentiated into osteocyte through osteoprogenitors and osteoblasts to involve in maintaining bone homeostasis, growth, development, and injury repair.
TABLE 1 | Characterization of embryonic and hard tissue-derived stem/progenitor cell (WPC, weeks post conception; yo, years old).
[image: Table 1]3 SCRNA-SEQ-BASED MSC IDENTIFICATION AND FUNCTION ASSESSMENT
scRNA-seq profile gene expression at single-cell resolution, which is ideally suited to explore the heterogeneity of MSCs. The key to scRNA-seq technology is single-cell isolation and independent library construction. Using droplet-based microfluidics technology, single cell and gel beads containing a barcode, unique molecular index, primers, and enzymes were wrapped in an oil droplet through a microfluidic chip (Zhou et al., 2021). The barcode in each oil droplet is a unique DNA sequence, thus allowing the distinction of the source of the target sequence during sequencing (Figure 2). Therefore, researchers achieve large-scale single-cell isolation and routine profiling of thousands of cells via constructing libraries at one time. The scRNA-seq data set analysis of the MSC population roughly follows three main steps (Andrews et al., 2021). First, after quality control and normalization, the cells are divided into multiple subpopulations through dimensionality reduction and unsupervised clustering. Subpopulations are assigned cell types based on their gene expression patterns and prior knowledge. Second, analysis of cell heterogeneity within each cell type can identify MSC subpopulations with distinct cell states and expression programs. Genes that are differentially expressed between subpopulations can be regarded as potential markers. Third, among MSC-related studies, single-cell sequencing objects are typically a heterogeneous cell population, which emerges from the development or differentiation process of pluripotent stem cells making fate decisions and transitioning to specific cell types through intermediate cell states. Pseudotime inference constructs a pseudo-temporal process trajectory to order cells based on the gradual transition of transcriptomes. In MSC-related cases, these trajectories measure the relative progression of each cell along the development or differentiation process, allowing us to understand the pseudo-temporal behavior without explicit time series data (Campbell and Yau, 2018; Herring et al., 2018). Using scRNA-seq, researchers could subdivide MSCs population according to transcription information of individual cells, and predict potential gene markers to label cell populations by differential analysis, which is quite beneficial for finding suitable MSCs groups with different clinical needs of the stem cell therapy.
[image: Figure 2]FIGURE 2 | Single cell reveals the heterogeneity of MSCs markers targeting cells. In mice with Cre–loxP recombination system, the MSC markers gene expressing-cells will be fluorescently labeled. When two loxP sites exist in the same DNA strand with the same orientation, terminator between two loxP will be removed by Cre, allowing the fluorescent protein to be expressed. The heterogeneity of labeled MSCs can revealed by scRNA-seq. In addition to MSC, the existing MSC marker-labeled cell population may include Osteo- and adipo-lineage cells, chondrocytes, epithelial cells, and fibroblast smooth muscle cells, etc. Blue square: MSC marker gene; yellow square: cyclization recombination enzyme gene; red rounded rectangle: stop codon; orange triangle: specific recognition site of Cre recombinase; green square: fluorescent reporter.
The recently emerging single-cell epigenome-, genome-, and proteome-sequencing technologies also provide promising directions (Nam et al., 2021). Li et al. (2018) team systematically describes the dynamic changes of the development of mouse preimplantation embryos from five epigenome levels (chromatin status, DNA methylation, copy number variation, and ploidy). Ai et al. (2019) and Wang et al. (2019) used independently developed CoBATCH and sc-itChIP technologies to profile the heterogeneity of endothelial lineage development, differentiation, and function in ten different tissues of mouse embryos. Chaligne et al. (2021) combined single-cell sequencing of DNA methylation, scRNA-seq and targeted genotyping to analyze diffuse gliomas, revealing dysregulated epigenetic mechanisms underlying gliomagenesis. Single-cell multi-omics integrated analysis is a powerful tool to study stem cell development, but there is still a gap in MSC-related research, and remains an uncovered space for future research.
3.1 Identification of MSCs in Embryonic and Fetal Limb Buds
In the initial stage of limb bud development, LMPs are composed of distinct progenitor cell types, which show heterogeneous characteristics and differentiated states (Table 1) (Norrie et al., 2014; Ornitz and Marie, 2015; Tickle and Towers, 2017). SOX9-expressing LMPs differentiate into cartilage and are regarded as osteochondrogenic progenitors (OCPs) (Akiyama et al., 2005), which generate primitive cartilage templates and then form limb bones through endochondral ossification. In contrast, another method of bone formation, intramembranous ossification builds the most of craniomaxillofacial bones. During this process, bone develops directly from sheets of mesenchymal tissue without the formation of intermediate cartilage.
In 2019, Reinhardt et al. (2019) identified the molecular characterization of various mesenchymal progenitor subpopulations in the early forelimb buds of mice (E10.5‒E10.75). They found that SOX9−JAG1+ cells that resided in the distal posterior of mesenchyme were the most immature progenitor cells, which mainly depended on Sonic Hedgehog and apical ectodermal ridge-Fibroblast Growth Factor signaling to maintain their proliferative and undifferentiated state, through Grem1-mediated Bone Morphogenetic Protein (BMP) antagonism to avoid BMP-induced apoptosis (Michos et al., 2004). In contrast, SOX9+PDGFRαhi OCPs are sensitive to BMP signaling in the mesenchyme core where limb buds will initially form, while changing from proliferative signals to responding to differentiation signaling. This kind of signal response transformation is a necessary condition for transformation from LMPs to OCPs. As a transition between SOX9−JAG1+ cells and SOX9+PDGFRαhi OCPs, SOX9−PDGFRαhi cells highly express T-Box transcription factor 2 (TBX2) which is involved in the repression of Grem1, enhancing the activity of BMP signals and endow LMPs with the potential to form limb buds (Michos et al., 2004; Farin et al., 2013). For murine hindlimb, Yin et al. (2020) named a cluster, composed predominantly of E12.5 cells which highly express scleraxis (Scx) and homeobox protein hox-D13 (Hoxd13) as musculoskeletal stem cells. Scx+ musculoskeletal stem cells can generate soft tissue (myocytes, meniscus cells, and tenocytes) and hard tissue (chondrocytes and osteocytes) progenitors, marked by Scx+Col1a1+ and Scx+Sox9+ respectively. However, Kelly et al. (2020) observed faint and scattered expression of Scx at a time point after E13.5 and no expression in E11.5 and E13.5, and did not detect clusters marked by Scx from scRNA-seq analysis. The peak of Scx expression appeared in the middle of the trajectory (around E12.5). It has been reported, although Scx is transiently expressed in the chondrogenic lineage and entheseal cartilage, it is particularly important for the correct integration of musculoskeletal components (Blitz et al., 2013; Zelzer et al., 2014; Killian and Thomopoulos, 2016). Therefore, we speculated that Scx, a key transcription factor that regulates musculoskeletal tissue morphogenesis, may be only transiently expressed around E12.5, but the mechanism of Scx action remains unknown, and needs to be further investigated.
Human embryonic cells continuously differentiate from limb bud mesenchymal progenitor cells into OCPs, which gives rise to osteogenic and chondrogenic lineages. He et al. (2021a) identified four mesenchymal cell subpopulations (Limb Bud Mesenchyme1-3 and OCP) in human limb buds at 5 weeks post-conception (WPC). Similar to mouse OCPs, human limb bud OCPs (SOX9lowPDGFRαhi) were located in the core mesenchyme and possessed chondrogenic potential. At 8WPC, a cluster marked by cell adhesion molecule 1 (CADM1) was assigned as perichondral embryonic skeletal stem/progenitor cells (eSSPCs); these cells are self-renewable and capable of generating osteochondral lineage. At the same developmental stage, a group of neural crest-derived stem/progenitor cells shared immunophenotype and transcriptional network as long bone-derived eSSPC were identified in the calvaria sagittal suture. They were characterized by the gene expression signature of intramembranous ossification, which mediates the development of the human craniofacial skeleton. In 2018, Chan et al. (2018) revealed markers of human SSC (PDPN+CD146-CD73+CD164+) via scRNA-seq performed on a 17-week fetal femur growth plate and diaphysis. The isolated human SSCs displayed self-renewal abilities in vitro and could generate multilineage ossicles composed of bone, cartilage, and stromal progenitors under the renal capsule of NSG mice in vivo.
3.2 Hard Tissue-Derived MSCs in Postnatal Stages
Limb bones and MSCs residing in them primarily originate from the lateral plate mesoderm during embryogenesis, which create bone tissue by means of endochondral ossification. Neural crest cells located in the neuroectoderm are the principal source of craniofacial bones, cartilage and teeth. The neural crest-derived MSCs residing in the craniofacial region possess characteristics of multidirectional differentiation and low immunogenicity, which are comparable with the mesoderm-derived MSC, but the neural crest-derived MSCs are mostly involved in endochondral ossification.
3.2.1 Dental-Derived MSCs
Growing mouse incisors contains a continuously replenished mesenchymal compartment composed of dentin-secreting odontoblasts and various types of pulp cells. Krivanek et al. (2020) used single-cell technology to study the heterogeneity of the mesenchymal compartment in mouse incisors. They found a apical pulp subtype marked by Smoc2 and Sfrp2, which was specifically located in the apical pulp area in cervical loops and included potential stem/progenitor cells that express genes related to self-renewal such as Gli1 and Thy1. Foxd1+ multipotent MSCs which mainly generated periodontoblastic pulp cells and odontoblasts were screened out, and Foxd1-traced cells were only detected in the mesenchymal compartment adhering to the labial cervical loop, revealing the pluripotency of Foxd1+ MSCs and spatially constrained structure of the self-renew in growing mouse incisors. By comparing the cell subtypes of human apical and mouse distal incisor pulp, they inferred that although cell types are similar, evolutionary differences in gene expression programs that regulate development and homeostasis of dental pulp excluded the possibility of establishing precisely homologous subpopulation in the dental pulp between mouse and human (Krivanek et al., 2020). In adult mouse molar periodontal ligament, Gli1+ cells enriched in the apical region are regarded as periodontal ligament stem cells, which can generate periodontal ligament, alveolar bone, and cementum, under Wnt signaling-mediated regulation (Men et al., 2020). Pagella et al. (2021) marked MSCs by highly expressed FRZB, NOTCH3,THY1, and MYH11 in the dental pulp and periodontium of human third molars. In addition, CCL2 and collagen-encoding genes were significantly higher in periodontal MSCs than in dental pulp. In contrast, pulp MSCs expressed higher levels of CXCL14 and RARRES1 than periodontal MSCs. They revealed that the MSCs in the dental pulp and periodontium, both as neural crest-derived cells, shared a common phenotype, and contained stem cells with high regenerative potential, showing overall homology, which was consistent with the previous study (Luan et al., 2009). The specificity of the respective niche is a potential source of the divergence in MSC function, which direct periodontal and dental pulp MSC to fibroblastic-like and osteogenic fate, respectively.
3.2.2 Long Bone-Derived MSCs
The growth plate provides a continuous source of MSCs for endochondral ossification to construct a stromal compartment to maintain the expansion of bones and bone marrow space. PTHrP-expressing chondrocytes within the resting zone of the growth plate are considered one of the sources of SSCs, as they not only express a panel of skeletal stem/progenitor markers and possess characteristics of SSCs in vitro but also continuously form columnar chondrocytes that can generate osteoblasts and marrow stromal cells beneath the growth plate (Mizuhashi et al., 2018). In addition, the marginal chondrocytes around the growth plate behave as transient mesenchymal precursor cells, committed osteoblasts, and marrow stromal cells in vivo. Mizuhashi et al. (2019) performed single-cell sequencing on Col2a1-creER-marked chondrocytes in neonatal growth plates. They revealed that column-forming chondrocyte clusters from the growth plate of upper and lower region were marked by Ucma and Prg4, respectively; cluster abundant in tdTomato-WPRE was assigned as borderline chondrocytes between the upper and lower zone expressing Pthrp and Cxcl14 and no hypertrophic markers. PTHrP+ cells tracked non-self-renewing borderline chondrocyte subsets, which can give rise to short-lived osteoblasts and CXCL12-abundant reticular cells in the marrow cavity of long bone metaphysis (Mizuhashi et al., 2019).
MSCs in the periosteum are one of the major reservoirs of osteoprogenitor cells. Clinical and experimental data prove that the periosteum plays an essential role in postnatal bone growth, maintenance, and injury repair (Chaudhary et al., 2016; Debnath et al., 2018; Duchamp de Lageneste et al., 2018; Xiao et al., 2020). In adult mice, Mx1- and aSMA-labeled periosteal SSCs (P-SSCs) represent a unique lifelong sustainably regenerative stem cell group which serves as the main force for cortical bone regeneration and damage healing (Ortinau et al., 2019). There is evidence that P-SSCs contribute more to damage repair than bone marrow mesenchymal cells (BMSCs) (Worthley et al., 2015; Ortinau et al., 2019). With distinctive CCL5-dependent migration mechanism, Mx1+ P-SSCs were rapidly recruited to injury area and generated osteoblasts, the number of which far exceeds of Grem1+ bone marrow SSCs-derived (Ortinau et al., 2019). Besides, clusters of progenitor/stem cell and osteoblast were detected from scRNA-seq data of CTSK-mGFP+ periosteal mesenchymal cells. And in Ctsk-cre; mTmG reporter mice, Ctsk-cre-labeled CD200+CD105− cells were regarded as periosteal MSCs (PSCs) because of their capacity for “trilineage” differentiation, self-renewal and generation of the entire spectrum of CTSK-mGFP+ cells (bone, cartilage, stromal precursor/progenitor cells) (Debnath et al., 2018). PSCs specialize in intramembranous bone formation (Colnot, 2009), whereas P-SSCs display endochondral ossification and intramembranous bone formation.
BMSCs are the most commonly used stem cell in cell therapy clinical trials because of their ethical acceptability and accessibility. Researchers have characterized the heterogeneity and subpopulations of MSCs in different parts of the bone marrow cavity based on genetic fate tracking and single-cell sequencing (Severe et al., 2019; Tikhonova et al., 2019; Al-Sabah et al., 2020; Lu and Qiao, 2021). Baryawno et al. (2019) defined MSC clusters highly express LepR and Cxcl12, and two MSC-descendent osteolineage cells (OLC) subgroups express osteocalcin (Bglap). These two OLC subgroups are derived from distinct origins. The subpopulation composition in OLC-1 exhibited an osteolineage continuum from committed osteolineage LepR-MSC-4 in bone marrow, and expressed the key hematopoiesis-regulated cytokines, whereas OLC-2 mostly derived from bone, with no hematopoietic support potential. Besides, researchers have revealed temporal and spatial distinctions between BMSCs from the metaphysis (mpMSCs) and diaphysis (dpMSCs). Postnatal mpMSCs possessed multipotent properties. Clusters representing mpMSC, dpMSC, osteoprogenitor cells, osteoblasts, and proliferating BMSCs were identified in bone marrow. mpMSCs were placed in the center of pseudo-time trajectory, which directed to proliferating BMSC, dpMSC, and osteoprogenitor cell respectively (Sivaraj et al., 2021). PDGFRα+β+ mpMSCs contained progenitors that gave rise to bone-forming osteoblast lineage cells, LepR+ marrow stromal cells, and dpMSCs, whereas PDGFRα+ dpMSCs from juvenile mice showed limited growth in vitro (Sivaraj et al., 2021). In addition, Chondrocytes and Lepr+ BMSCs mediate longitudinal growth and transverse thickening of the bone before and after adolescence, respectively. (Shu et al., 2021) reported that osteoblasts are mainly emerged from Acan+ chondrocytes in the growth plate to realize bone lengthening before adolescence, whereas after adolescence, they primarily arise from LepR+ BMSCs to achieve bone thickening.
3.2.3 Craniofacial Skeleton-Derived MSCs
In contrast to long bone endochondral ossification, the craniofacial skeleton is mainly formed through intramembranous ossification. As the main growth centers for craniofacial bone development, calvarial sutures preserve the population of MSCs that support craniofacial bone repair. Gli1+ cells and Axin2+ cells within the suture mesenchyme are the major MSC populations in the craniofacial bone and are regarded as suture stem cells (SuSCs) (Zhao et al., 2015; Maruyama et al., 2016). SuSCs are endowed with stem cell characteristics during calvarial development and homeostatic maintenance and are directly involved in injury repair and regeneration. Ablation of Gli1+ and Axin2+ cells leads to premature suture fusion (Zhao et al., 2015; Maruyama et al., 2016). However, the localization and responsible areas of Axin2+ and Gli1+ cells are different. Gli1+ SuSCs are distributed throughout the mesenchyme suture and other osteogenesis regions within the suture, whereas Axin2-expressing cells are only limited to the middle part of suture mesenchyme, almost not adjacent to bone tissues. In addition, calvarial sutures contain SuSCs with the same immunophenotype as long bone-derived PSCs and share the same intramembranous osteogenesis pathway as PSCs (Debnath et al., 2018). Recently, researchers have successfully used Gli1+MSCs to regenerate a functional cranial suture and ameliorate craniosynostosis in a mouse model (Yu et al., 2021). Hence, SuSCs are expected to bring new vitality to human craniosynostosis therapy.
4 SCRNA-SEQ ON CRE-TARGETED MSCS IN TRANSGENIC MICE
Lineage tracing is important in stem cell research, which through the Cre recombinase (Cre)-loxP system permanently marks specific cells and tracks the proliferation, differentiation, and migration activities of specific cells and their descendants in vivo. Several endogenous osteogenesis stem/progenitor cell populations were marked by the expression of Gli1, Osx, Ctsk, Pdgfrβ, etc. In recent years, researchers have used lineage tracing combine with fluorescence-activated cell sorting techniques to tag and sort MSCs based on a series of markers, and subsequently performed scRNA-seq on them, thereby realizing the reconstruction of cell development trajectories and parsing the regulation of fate-determining gene expression (Table 2).
TABLE 2 | Lineage-tracing mouse transgenic lines with stem/progenitor markers for scRNA-seq.
[image: Table 2]Gli1, which encodes the transcriptional key effector of Hedgehog (Hh), serves as a primary marker of MSCs. Gli1+ cells continuously replenish osteoblasts for bone development and repair. Within craniofacial sutures, Gli1+ cells were proposed as the major MSC population for craniofacial bone, responsible for the growth and injury repair. In postnatal mice, Gli1+ cells inhabiting underneath the growth plate, were called metaphyseal mesenchymal progenitor cells, which can generate osteoblasts, adipocytes, and stromal cells in vivo and express Pdgfrα, LepR, and other MSC marker genes (Shi et al., 2017). Gli1+ cells in the periodontal ligament of adult mouse molars can form the periodontal ligament, cementum, and alveolar bone. They support the renewal and injury repair of periodontal tissue, and their activity is modulated by canonical Wnt signaling (Men et al., 2020). In Gli1-CreERT2; tdTomato mice, metaphyseal mesenchymal progenitor cells (Gli1+ cells) dissociated from metaphyseal trabecular bone, are clustered into four subsets: osteoblasts, pre-osteoblasts, chondrocyte-like osteoprogenitor, and marrow adipogenic lineage progenitors, among which chondrocyte-like osteoprogenitor is a potential target for widespread bone anabolic drug, teriparatide, and expresses the high levels of growth-related factors such as Hh target genes and IGF-1 (Laron, 2001; Shi et al., 2021).
PDGFRβ is involved in the maintenance of immature and proliferative states for skeletal stem/progenitor cells (SSPCs). Pdgfrβ-traced cells were displayed in the growth plate, metaphyseal, periosteal, BMSCs, and perivascular space inhabited by osteo-primed multipotential stem cells (Bohm et al., 2019). In Pdgfrb-CreERT2; Rosa26-mTmG mice, long bone-derived GFP+ cells belonged to three major sub-populations (BMSCs, chondrocytes, and smooth muscle cells) and two minor subsets (fibroblasts and hematopoietic cells). Trajectory analysis and in vitro culture of GFP+ BMSC support Pdgfrβ+ BMSCs possessing trilineage differentiation potential (Bohm et al., 2019). PDGFRβ promotes osteogenesis and angiogenesis in the postnatal period and activates SSPC in injury. Following a fracture, reparative SSPCs in the periosteal, endosteal and perivascular spaces were activated and recruited under the regulation of Pdgfrβ signaling. In Pdgfrβ+ cell-ablated mice, the length of the femur and the number of Osx+ osteoprogenitors decreased (Liu et al., 2013). In contrast, overexpression of human Pdgfrβ led to increased vessels, Pdgfrβ+ mpMSCs, and osteoprogenitors (Bohm et al., 2019).
Osteoclasts secrete a cysteine protease called cathepsin K (CTSK) which plays an important role in the degradation of matrix collagen during bone resorption. Several studies have shown that Ctsk+ cells possess progenitor/stem cell properties (Han et al., 2019). Yang et al. (2013) illustrated that chondroid neoplasms originate from the Ctsk-Cre labeled cell population in perichondrial groove of Ranvier, which exhibits markers and functional characteristics comparable to mesenchymal progenitors. Further studies have shown that Ctsk+ periosteal cells contain stem cell populations that mediate intramembranous osteogenesis. ScRNA-seq performed on Ctsk + cells derived from Ctsk-cre; mTmG reporter mouse femurs generated four clusters: expressing osteoblast markers, MSCs marker, stem cell antigen 1 (Sca1), and Acta2, respectively. Monocle-inferring differentiation trajectory showed that MSCs markers were expressed in the prophase of trajectory map containing periosteal stem cells, which supports the existence of stem/progenitor cells among Ctsk+ cells (Debnath et al., 2018).
As a chemotactic protein, CXCL12 serves as an influential regulator of the musculoskeletal niche. It predominantly acts through the G-coupled protein receptor (CXCR4) and is involved in the conscription, location, growth, and fate determination of hematopoietic and MSCs in the musculoskeletal system (Wright et al., 2005; Hosogane et al., 2010; Fujio et al., 2011). Compared with immature MSCs, alkaline phosphatase-expressing differentiated osteogenic cells displayed decreased Cxcl12 expression levels (Gilbert et al., 2019). CXCL12 is involved in the early differentiation of pre-osteoblast MSCs, but as the cell matures, the scale of involvement of CXCL12 gradually reduced. As a result, if CXCL12 signaling is disrupted, reduced migration and differentiation may ensue, potentially leading to a reduction in the quantity and viability of progenitor cells (Zhang et al., 2008; Guang et al., 2013). CXCL12-GFP+ BM cells from Cxcl12GFP/+; CXCL12-creER; R26RtdTomato mice were divided into three categories, stromal, endothelial, and periosteal at P28. CXCL12+ stromal cell consisted of three clusters, two of which were reticular cells and osteogenic progenitors, expressing pre-adipocyte markers (Adipoq and LepR) and pre-osteoblast markers (Alpl and Postn), respectively. Upon the induction of injury, quiescent CXCL12-creER+ BMSCs were recruited to the cortical defect, converted into SSC-like state through the regulation of canonical Wnt signaling components, and then differentiated into cortical bone, which does not occur in homeostasis (Matsushita et al., 2020).
As an endocrine hormone, leptin participates in energy metabolism and regulates the promotion and inhibition of MSCs osteogenesis. Previous studies have indicated that leptin enhances BMSC adipogenesis at the expense of osteogenesis, whereas it can promote osteogenesis of cultured MSC in other study (Thomas et al., 1999; Ambati et al., 2010). LepR is a marker that highly enriched BMSCs (Zhou et al., 2014). With trilineage differentiation potential, LepR-expressing cells can give rise to osteocytes, chondrocytes, and adipocytes through in vitro culture and xenotransplantation. Lineage tracing showed that LepR+ cells are not only the main source of osteocytes and adipocytes in the adult bone marrow but also a cell reservoir of endochondral osteogenesis during embryonic and postnatal bone formation (Yue et al., 2016). Shen et al. (2021) revealed that an osteogenic growth factor, osteolectin, marked peri-arteriolar rapidly dividing LepR+ osteogenic progenitor cells, which increased after injury and depleted during aging. During injury repair, LepR+ cells form new chondrocytes and osteoblasts, whereas leptin inhibits bone regeneration by negatively regulating bone marrow osteogenesis (Zhou et al., 2014). LepR+ MSCs labeled in LepR-cre; LoxP-tdTomato mice possessed potential for both adipogenesis and osteogenesis. The subpopulation clustered by LepR+ cells scRNA-seq analysis showed high levels of adipogenesis- and osteogenesis-associated markers, respectively (Tikhonova et al., 2019). Furthermore, osteo-primed LepR+ cells were highly correlated with multipotential human CD45−CD271+ BMSCs (Ghazanfari et al., 2016), and adipocytic-primed LepR+ cells were the main pro-hematopoietic factor supplier in the BM niche. In response to stress hematopoiesis, adipogenesis-related pathways in LepR+ cells significantly increased, and the expansion of adipocytes was observed after bone marrow insult. In contrast, the expression of ossification-related genes was decreased (Tikhonova et al., 2019).
Genetic lineage tracing based on Cre-loxP system is powerful and widely used in tracking stem cell differentiation and fate. However, single MSC markers are not specific to stem cell populations, making the reliability of this system still debatable. Dual-recombinase-activated lineage tracing (DeaLT) technology introduces the Dre-rox recombination system into the traditional Cre-loxP recombination system, allowing the more precise definition and tracking of cell populations, significantly improving the resolution of lineage fate maps. Different permutations and combinations of Dre-rox and Cre-loxP in the genome can produce different effects, mainly including the following three type: 1) Cre+Dre+, requires two promoters to drive Dre and Cre to recombination, mainly labeling the double-positive cells. 2) Cre+Dre− or Cre−Dre+, highlight the exclusivity of the two recombination systems, mainly labeling single marker positive cells. 3) Cre+Dre+/Cre−Dre+ or Cre+Dre+/Cre+Dre−, mark the double-positive cells, and the cross-section is read out by one of the two markers. More detailed review information has been presented by Zhao and Zhou et al. (2019). This technology has been applied to reveal the developmental origin of hepatic vasculature and the cell fate of club cells, AT2 cells and bronchoalveolar stem cells in the process of lung repair and regeneration (Zhang et al., 2016; Liu et al., 2020). However, few MSC-related studies are using DeaLT technology (Shu et al., 2021). The combined application of DeaL technology and single-cell technology will bring more precise and reliable interpretations on the heterogeneity of MSCs, and facilitate understanding of the regulatory network that controls cell state, which exhibits extensive application prospects and warrant further exploration.
5 SINGLE-CELL ANALYSIS OF MSC IN RESPONSE TO MICROENVIRONMENT
The MSC niche supports the self-renewal and multi-lineage differentiation of MSCs. Distinct cell populations in the stem cell microenvironment provide signaling molecules for properly maintaining the proliferation and differentiation of stem cells, which are necessary for tissue stability. MSCs are heterogeneous, and the surrounding niche cells have different metabolic states. MSC will adapt to different microenvironments and perform specific functions through reprogramming. At present, with the help of single-cell sequencing technology, scientists can obtain gene expression profiles of MSC and surrounding niche cells, dissect the metabolic information of different cell types, evaluate the interaction between MSC and the microenvironment, and then study the genetic and environmental factors of MSC at the single-cell level.
5.1 Tooth Niche Cell Regulates MSCs Homeostasis
In the dental mesenchyme, Gli1 is typical marker of MSCs in the mouse incisor and RUNX2 is an important transcription factor that regulates bone and tooth development. In adult mouse incisor, most Gli1 and Runx2 co-expressing cells were clustered into a subgroup located proximal region of dental mesenchyme and were adjacent to transit-amplifying cells, which suggested niche cell identity (Chen et al., 2020). Runx2+/Gli1+ niche cells secrete Insulin-like growth factor-binding protein 3, thereby activating the exp-mediated IGF2 signaling pathway and coordinating the transition of MSCs to transit-amplifying cells, thereby regulating the proliferation and differentiation of transit-amplifying cells, maintaining the homeostasis of mesenchymal tissue, and controlling the growth rate of incisors (Chen et al., 2020). In addition, studies have shown that osteogenesis in long bones or alveolar bone is governed by sclerostin and mechanical loading (Robling et al., 2008; Men et al., 2020). For the periodontal ligament, the activation and maintenance of Gli1+ PDLSCs are modulated by canonical Wnt signaling, whereas alveolar bone cells that secrete sclerostin inhibit Wnt signaling and negatively modulate PDLSC activity (Men et al., 2020). Physiological occlusal force controlling the expression of sclerostin is indirectly involved in the activity of PDLSCs, and this mechano-response is essential for Gli1+ PDLSCs activation (Figure 3).
[image: Figure 3]FIGURE 3 | Single cell reveals the crosstalk between MSCs and microenvironment. MSC, Mesenchymal stem cells; TAC, transit-amplifying cells; PDLSC, periodontal ligament stem cells; ECM, extracellular matrix.
5.2 The Lineage Transition of MSCs in Senescent
Aging is accompanied by the accumulation of genetic damage, leading to changes such as mutation, telomere shortening, cellular senescence, and stem cell depletion, etc. As the source of cells in bone marrow, MSC maintains bone metabolism. However, with the increase of age, MSCs tend to differentiate into adipocytes and decreased osteogenesis, leading to an increased risk of aging-related bone diseases for the elderly, and taking a long time to heal fractures (Woods and Guezguez, 2021). Experiments have shown that senescent MSCs exhibit reduced clonal formation and proliferation capabilities compared to young donor-derived MSCs in vivo and lineage tracing in vitro demonstrated an age-dependent lineage transition between osteogenesis and adipogenic differentiation (Sui et al., 2020). To define MSCs at young, adult, and aging stages, Zhong et al. (2020) performed single-cell sequencing of Col2+ cells in the long bones of 1, 3, and 16-month-old mice, and divided the MSCs into three subgroups. Pseudotime trajectory inferred that the early mesenchymal progenitors (EMPs) in the three subgroups are the ancestors of two other subgroups expressing Sca1, Thy1 and Cd34, and the next ones are the intermediate mesenchymal progenitor cells and late mesenchymal progenitors respectively. Consistent with the results of CFU-F, the number of MSCs with osteogenic/adipogenic capabilities in the bone marrow of aging mice shrank sharply, while the number of adipocytes greatly increased. In young and adult mice, the intermediate and late mesenchymal progenitor clusters are concentrated at the starting point of differentiation. In the elderly, the loss of intermediate mesenchymal progenitor was observed. MSCs were prone to differentiation, and adipocyte markers such as CBPA and LPL were also highly expressed, which indicated that aged EMPs not only decrease in number but also drift towards a more adipogenic state. The expression of adult MSC marker Lepr in 16-month-old EMPs was significantly higher than that of 1 month, which was consistent with the previously observations that Lepr-Cre labeled MSCs only appeared in the bone marrow of adult mice, but not in young mice (Zhou et al., 2014; Zhong et al., 2020).
5.3 MSCs Under the Crosstalk With Tumor Microenvironment
Due to the aggressive growth of tumors, MSCs with regenerative capacity are recruited into lesions for tissue repair. In addition, the increased acidification, nutritional deficiency, inflammatory, hypoxia, and tumors microenvironment (TME) lead MSCs to accumulate in lesions. CXCR4 and Matrix Metalloproteinases 2 (MMP2) participate in the migration process of MSC to TME (Song and Li, 2011). After being recruited to the tumor, the crosstalk between MSCs and cancer cells reshapes the expression pattern of MSCs, thereby changing the direction of differentiation and adapting to the TME by acquiring certain functions, and this crosstalk also changes the metastatic potential and invasion efficiency of cancer cells (Whiteside, 2018). BMSCs promote breast carcinoma cells to produce lysyl oxidase, leading to increased metastatic potential and invasive activity of cancer cells (El-Haibi et al., 2012). In TME, MSCs are induced to differentiate into fibroblasts or myofibroblasts, which stabilize tumor tissue and enhance chemotherapy resistance and cancer stemness (Quante et al., 2011). TME-derived TGF-β1 activates MSCs to form cancer-associated fibroblasts-like phenotype. BMSC secrete a series of tumor suppressor factors such as DKK-1/3, interferon, CXCL10, IL12, etc. Dickkopf-1 (DKK-1) as a negative regulator of the Wnt/β-catenin pathway endow MSCs with anti-proliferation and anti-tumor effects on erythroleukemic and breast cancer cells (Thiago et al., 2010; Kim et al., 2015). BMSC derived-extracellular vesicles inhibit proliferation and promote apoptosis of liver carcinoma, Kaposi’s sarcoma and ovarian tumor cell line (Takahara et al., 2016). The distinction between cancer-promoting MSCs and anti-tumor MSCs may be related to its heterogeneity in TME and the type of cancer. Therefore, it is necessary to explore the heterogeneity of MSC in TME.
Zhou et al. (2020) performed scRNA-seq on osteosarcoma lesions, and the identified clusters are all the progeny of MSC or hematopoietic stem cells. Malignant osteoblastic cells in osteosarcoma can be derived from any cell type in osteogenic lineage of MSCs. MSC cells characterized by MMe, THY1 and CXCL12 are divided into three subgroups (NT5E+, WISP2+ and CLEC11A+), and are present in different types of osteosarcoma lesions (Figure 3). NT5E+ MSCs is mainly observed in chondroblastic osteosarcoma lesions which stimulate the angiogenesis and metastasis of osteosarcoma cells; MSCs with high expression of WISP and CXCL14 are regarded to promote the metastasis of osteosarcoma cells and the proliferation of MSCs; CLEC11A+ MSCs mainly exist in osteoblast osteosarcoma lesions with highly expressing osteoblast differentiation markers (SPP1 and IBSP). Although more efforts are required to reveal the influence of MSCs on malignant osteoblasts and chondrocytes in osteosarcoma lesions, gene expression data suggest that MSCs can help osteosarcoma cells to metastasize or proliferate (Zhou et al., 2020).
MSCs are the main members of the bone marrow niche, which can regulate hematopoietic stem cells and supply hormones and nutrition, and are closely related to various myeloid malignancies. The bone marrow niche under myeloid disease will reshape the transcription of MSCs, enabling lineage transfer and function reprogramming, and making it a potential target for the treatment of myeloid diseases. MSC has become a promising therapeutic tool for many clinical applications due to its unique immunomodulatory properties, which can secrete cytokines, reduce inflammation and cell apoptosis, and promote the proliferation of stem progenitor cells in endogenous tissues and organs (Sivanathan and Coates, 2018; Qin and Zhao, 2020; He et al., 2021b). In primary leukemia, the osteogenic Lepr-MSCs decreased, and the pre-osteoblasts in the OLC subgroup increased significantly (Baryawno et al., 2019). The osteogenic genes in Lepr-MSCs and OLC were down-regulated, and the genes that inhibit bone formation and calcification were up-regulated. The adipogenic genes in Lepr-MSCs were significantly down-regulated, resulting in the obstructed development of osteogenic lineage cells (Figure 3), the damaged adipocytes niche, and the loss of hematopoietic stem cells niche factors, leading to a niche that is not conducive to the production of normal blood cells (Baryawno et al., 2019). Besides, Adipogenic and osteogenic Lepr+ MSCs are considered to be the main driving factors of myelofibrosis in myeloproliferative neoplasms (Koschmieder and Chatain, 2020). In Thrombopoietin-induced BM fibrosis, LepR and Gli1 labeled adipogenic and osteogenic MSC clusters significantly up-regulate non-collagenous extracellular matrix (ECM) specific genes, and down-regulate MSC markers, which leaded to the loss of progenitor cell status and were reprogrammed into ECM secreting cells (Figure 3) (Leimkuhler et al., 2021). Expression profiles and pseudo-time trajectories showed that adipo- and osteo-primed MSC clusters exhibited high level adipogenic (Adipoq) and osteogenic (Sp7, Ibsp) signature, and were inferred to be pluripotent precursor cells. With the development of fibrosis, MSC marker genes and hematopoietic support genes were significantly down-regulated in all MSC clusters, while secreted factors (S100A8, S100A9) and genes related to ECM synthesis were significantly up-regulated, indicating that they lost the ability to support hematopoiesis and excessive maldifferentiation, resulting in exorbitant deposition of ECM in the bone marrow (Leimkuhler et al., 2021). MSC-mediated inflammation is the main driving force for the transition of the fibrotic lineage, especially S100A8/S100A9 pro-inflammatory factors expressed by MSCs and the TGF-b signaling pathway. The novel small-molecule tumor suppressor, Tasquinimod, can inhibit S100A8/S100A9 signal transduction and effectively ameliorate fibrosis and the phenotype of myeloproliferative neoplasms (Leimkuhler et al., 2021).
5.4 Injury-Induced Niche Regulates MSC Behavior
In the musculoskeletal trauma site, inflammation niches recruit and orchestrate MSCs and immunocytes. MSCs attempt to regenerate tissues according to the prompts of inflammation and the immune microenvironment and sometimes lead to the abnormal cell fate of MSCs, resulting in heterotopic ossification (HO) (Figure 3). Fiber/adipogenic progenitor, a population of pluripotent stem cells, are the main contributors of HO, expressing PDGFRα and other MSC maker, which exhibits potential for adipogenic, chondrogenic and osteogenic differentiation (Lees-Shepard et al., 2018; Eisner et al., 2020). Fibrous/adipogenic progenitor cells can produce pivotal growth factors and matrix or matrisome proteins, such as IGF-1, TGF-β, collagens, integrins, etc., which impact the cellular physiology during injury, disease and homeostasis (Biferali et al., 2019; Theret et al., 2021). Recently, Sorkin et al. (2020) used single-cell transcriptome and trajectory analyses to identify different monocyte/macrophage subpopulations after injury and their dynamic changes in the different stages of inflammation after injury. They discovered a cluster of Pdgfrα labeled-stromal cells, and the abnormal differentiation of chondrogenic progenitor cell was predetermined 3 days after injury. After burn/tenotomy injury, p7N3 (transforming growth factor-1 expression regulator) treatment altered macrophage subset phenotypes. In addition, the expression levels of chondrogenic and osteogenic markers (Sox9, Runx2, Acan and Col2a1) of the stromal cell clusters in the p7N3 treatment groups are lower than control. They revealed that monocytes/macrophages expressing transforming growth factor-1 play an important role in endochondral osteogenesis-driven mesenchymal chondrogenic progenitor cell abnormal differentiation during HO progression. (Sorkin et al., 2020). Furthermore, Cai et al. (2021) found that a certain level of interleukin-8 (IL-8) polarizes neutrophils toward the N2 phenotype, which initiates bone regeneration by secreting stromal cell-derived factor-1α and initiating its downstream cascade reaction to mediate BMSC recruitment and differentiation, thereby inducing ectopic endochondral ossification.
6 CONCLUSION AND FUTURE PERSPECTIVES
In this review, we summarized the heterogeneity of human and mouse MSCs at single-cell resolution from embryo development to adulthood and emphasized subsets with osteogenic potential. During the initial stage of embryonic limb buds, the subpopulations of limb bud MSCs exhibit continuous marker expression patterns and uniquely respond to morphogenesis gradient signals and bone-forming signals, thereby displaying distinct differentiation states and osteogenic activity in different limb bud regions. Among them, subgroups marked by transient high expression marker genes require much weighted attention, in which phased transcription patterns in these subgroups have important consequences for musculoskeletal development. More nuanced analyses are needed to fully understand the changes in cell transcription during the development process, as well as the impact and significance of its existence. ScRNA-seq has identified stem/progenitor cell subsets with osteogenic potential in various cell types of hard tissues, including dental pulp/periodontal stem cells, bone marrow/periosteal stromal cells, chondrocytes, and craniofacial suture mesenchymal stem cells (Zhao et al., 2015; Mizuhashi et al., 2018; Tikhonova et al., 2019; Pagella et al., 2021). Unlike MSCs, SSCs identified in bone marrow have no adipogenic ability, and exclusively generate osteogenic lineages. Although many of the above-mentioned osteogenic cell subsets are called as MSCs, they may still retain adipogenic and myogenic potential. At present, the term, “skeletal stem cells”, is under continuous refinement, the relationship and underlying molecular differences between SSCs and MSCs cannot be clearly defined yet. Similar to hematopoiesis, osteogenic stem cells also depend on the mediation of niche-derived signals, extracellular matrix, and cytokines. However, compared with the hematopoietic stem cell niche, studies on MSC microenvironment are relatively lacking. In addition to inflammatory microenvironment, the interaction between stem cells and surrounding niche cells is also largely unelucidated, when the crucial phase transitions of bone-forming pattern, especially during bone growth spurt in puberty and aging-related osteoporosis.
Besides scRNA-seq, single-cell technology includes single-cell ChIP-seq and ATAC-seq, etc., which allow the detection of intercellular heterogeneity and can comprehensively reveal interactions between cell movement, signal transduction pathways, transcription factors, and genome chromatin packaging, to deeply characterize stem cell populations in various tissues. Nonetheless, the main obstacle of single-cell technology is the loss of all the spatial information of the original cells. Recently emerging spatial transcriptome technology has swept the obstacle away, which allows the analysis of transcriptome information while preserving the spatial location of the tissue section (Liao et al., 2021). The integration of spatiotemporal information and single-cell transcriptomics pave the way for identifying the pivotal distinctions between cell subtypes and in-depth analysis of developmental tissues and is expected to bring new insights into MSCs.
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Diabetic foot ulcer has become a worldwide clinical medical challenge as traditional treatments are not effective enough to reduce the amputation rate. Therefore, it is of great social significance to deeply study the pathogenesis and biological characteristics of the diabetic foot, explore new treatment strategies and promote their application. Stem cell-based therapy holds tremendous promise in the field of regenerative medicine, and its mechanisms include promoting angiogenesis, ameliorating neuroischemia and inflammation, and promoting collagen deposition. Studying the specific molecular mechanisms of stem cell therapy for diabetic foot has an important role and practical clinical significance in maximizing the repair properties of stem cells. In addition, effective application modalities are also crucial in order to improve the survival and viability of stem cells at the wound site. In this paper, we reviewed the specific molecular mechanisms of stem cell therapy for diabetic foot and the extended applications of stem cells in recent years, with the aim of contributing to the development of stem cell-based therapy in the repair of diabetic foot ulcers.
Keywords: diabetic foot ulcers, stem cell therapy, angiogenesis, anti-inflammatory, diabetic neuropathy
INTRODUCTION
Diabetic foot is the most common complication of diabetes and is prone to recurrence and infection. If this occurs in individuals who have an impaired immune function, the wound will become a portal to infection, leading to the presence of sepsis and amputation (Heublein et al., 2015), which is highly correlated with increased mortality. 85% of lower limb amputations are caused by diabetic foot ulcers (DFUs) (Boulton, 2010). In the absence of effective interventions, many DFU patients have experienced multiple amputations throughout their lives. Compared with people without diabetes, diabetic patients have 15 times higher amputation rates of lower limbs (Nicolucci et al., 2006). Chronic ulcers are difficult to cure, prone to recurrence, and have a high rate of amputation, significantly reducing the patients’ quality of life. It is a source of psychological burden and economic pressure for patients and places a substantial financial burden on their families and the health care system in general. Therefore, there is an unmet clinical need for new approaches to accelerate diabetic wound healing, especially in comorbidities (e.g., lower extremity ischemic disease, cardiovascular disease).
The traditional treatment of diabetic foot is mainly medical treatment and surgical blood flow reconstruction. However, for foot ischemia caused by arterial stenosis and occlusion, medical treatment cannot fundamentally solve the problem. Surgical treatment as an effective method to restore blood flow reconstruction also faces some problems. For example, the lower extremity artery lesions in diabetic foot patients mostly involve the lower leg artery (Qin et al., 2016), and many patients lack the distal arterial outflow tract (Houlind, 2020). These patients often face the risk of amputation due to the inability to receive arterial bypass or interventional therapy. Furthermore, patients with diabetic foot are often accompanied by cardiovascular and cerebrovascular diseases, so they cannot withstand the irritation of distal bypass surgery.
Lately, efforts have been made to develop innovative and effective therapies to repair chronic wounds, including topical application of growth factors or cell-based therapies. Becaplermin, a recombinant platelet-derived growth factor, is the only drug approved by the FDA to treat diabetic neuropathic ulcers. It has similar biological activities to endogenous platelet-derived growth factors, including improving chemotactic recruitment of cells involved in wound repair, promoting cell proliferation as well as angiogenesis, and enhancing granulation tissue formation (Regranex, 2008). However, the use of Becaplermin is facing several problems, including low systemic bioavailability and malignant tumors far from the application site. Besides, it is not clear whether it is valid for diabetic ischemic ulcers. Therefore, although growth factors have been shown to play an essential role in DFUs, it is necessary to explore new treatments to deal with the possible adverse consequences of diabetic foot. In addition, it is now possible to enhance the delivery efficiency of growth factors through cellular therapy (Gauglitz and Jeschke, 2011).
Although both growth factors and stem cells have defects in repairing diabetic foot, compared with the direct application of growth factors, the main advantage of stem cells in diabetic foot is that stem cells can regulate tissue regeneration in an all-around way by improving the microenvironment at the wound site. The individual use of single cytokines or growth factors obviously oversimplifies the complexity of the wound healing process involved.
Stem cells are the critical cells in post-injury and routine homeostasis skin repair. In recent years, stem cell transplantation has attracted more and more attention as a new technique for treating diabetic lower limb ischemic disease, including the diabetic foot. Stem cell therapy aims to stimulate the formation of new blood vessels to increase blood supply and relieve limb ischemia, ultimately promoting wound healing. Moreover, the administration of stem cells based on traditional treatment undoubtedly better exploit the role of stem cells in repairing damage and greatly improves the negative consequences of severe complications of diabetic foot. For example, angioplasty combined with human umbilical cord mesenchymal stem cells (hUC-MSCs) transplantation can improve the blood supply of severe diabetic foot, promote ulcer healing, reduce amputation rate and mortality, and improve the quality of life of patients with advanced diabetic foot (Qin et al., 2016). In addition, there is evidence that the application of myogenic mesenchymal stem cells (MMSCs) can essentially reverse the vascular occlusion of diabetes-related peripheral artery disease (PAD) (Hedhli et al., 2017).
In contrast to this eminent function of stem cells, however, the mechanisms underlying an impaired wound healing process are poorly understood. Therefore, a better understanding of the characteristics of stem cells and the signals that control their behavior is expected to bring new hope to the treatment of the diabetic foot. This review will begin with an overview of the characteristics of the diabetic foot, followed by an overview of stem cells and their therapeutic potential and our current understanding of extended application of stem cell-based therapy in DFUs.
CHARACTERISTICS OF THE DIABETIC FOOTS
Diabetic foot presents a long-term complex interaction of neuropathic, macrovascular, and microvascular diseases in an abnormal metabolic context, accompanied by a decline in healing ability. Diabetes can cause microvascular dysfunction, and as a result, the microvascular supply to the leg nerves may be affected, resulting in abnormal foot movements (motor nerves), paresthesia (sensory nerves), and decreased sweating (autonomic nerves) (Cavanagh et al., 2005; Grennan, 2019). Asymptomatic diabetic peripheral neuropathy is up to 50% (American Diabetes Association, 2016). Even if patients are symptomatic, less than a third of physicians can recognize the manifestations of peripheral neuropathy associated with diabetes (International Diabetes Federation, 2019). Early symptoms (pain and paresthesia) of diabetic peripheral neuropathy are caused by small fibers, while large fiber lesions cause numbness and loss of protective sensation (LOPS) (Forbes and Cooper, 2013; American Diabetes Association, 2016). Due to LOPS, patients are unaware of minor injuries due to external trauma and/or foot deformity (Steed et al., 2006; Vileikyte et al., 2017). Therefore, these ulcers may have enlarged before they are detected, and by the time they are detected, 25–50% of the foot ulcers already have gangrene (Lepäntalo et al., 2011; Grennan, 2019). Due to some of the above possible reasons, diabetic foot ulcers have become the most ordinary complication of diabetes-related complications. Its lifetime incidence is estimated at 19–34% (Armstrong et al., 2017). The incidence of recurrence of foot ulcers within 5 years is up to 65% (Armstrong et al., 2017).
Although diabetic peripheral neuropathy is a microvascular complication, it may adversely affect microvascular function (Stirban, 2014; Barwick et al., 2016). It has been reported that ischemic ulcers may account for only 10% of diabetic foot lesions, and 90% are caused by neuropathy, alone or in association with ischemia (Boulton, 2010). Diabetic foot is ischemic, and the large blood vessels in the legs may also be affected by diabetes (Grennan, 2019). Compared with lower limb ischemia caused by simple arteriosclerosis, the treatment of diabetes combined with lower limb arterial ischemia is more difficult and complicated. Poor artery flow will reduce blood supply to the ulcer areas, ultimately resulting in impaired oxygen delivery and nutritional supply (Steed et al., 2006; Jiang et al., 2012). These effects may slow the healing of the ulcers. Peripheral nerve injury combined with reduced blood flow perfusion (including large and microvascular vessels) increases the likelihood of foot ulceration, infection, and eventual amputation (Lepäntalo et al., 2011; Bus, 2012). Also, high blood sugar can delay wound healing and worsen the infection (van Crevel et al., 2017; Giri et al., 2018; Grennan, 2019).
At the molecular and cellular levels, abnormalities of cytokines produced by inflammatory cells, decreased macrophage infiltration, reduced growth factor, reduced collagen synthesis and impaired neovascularization make wound healing slow or nonhealing. The interaction of various complex factors eventually makes the wound repair process abnormal, from blood hemostasis and coagulation to inflammation, then epithelialization as well as angiogenesis, and finally granulation tissue formation. Therefore, compared with routine wound healing, the diabetic ulcer has prominent edema and bleeding, dermal or epidermal tissue formation is obstructed, granulation tissue formation is significantly reduced, matrix maturation and remodeling are incomplete, and finally, the loose and irregular connective tissue is formed (Lee et al., 2011).
OVERVIEW OF STEM CELLS AND THEIR THERAPEUTIC POTENTIAL
Stem cells have the characteristics of asymmetric replication, the potential of strong self-renewal, and multi-differentiation (Ding et al., 2011). Asymmetric replication describes the unique properties of stem cells: stem cells undergo mitosis to produce progeny (self-renewal) with the same properties as their mothers and progeny (differentiated cells) with more restrictive potential (Lanza and Atala, 2014).
Embryonic stem cells (ESCs) can be obtained from the inner cell mass of the blastocyst early in development (Bogliotti et al., 2018) or prepared in vitro by in vitro fertilization (Hikabe et al., 2016), or the nuclei of somatic cells can be transplanted into the enucleated oocytes using cloning techniques and isolated from the cells of their inner cell mass when they reach the blastocyst stage of development (Hochedlinger and Jaenisch, 2003). Despite their extraordinary potential, the use of ESCs in the clinical setting remains limited. First, the use of hESCs is highly ethically controversial. Although ESCs can be obtained without destroying the embryos, it is unclear whether this approach necessarily eliminates ethical issues and whether sufficient ESCs can be generated in this method. In addition, ESCs may not be safe; they are inclined to have a vigorous proliferative capacity and lower differentiation maturity, so the introduction of these cells may cause immune rejection and stimulation of tumor formation. Therefore, ESCs are rarely employed for the treatment of DFUs (Jiang et al., 2012).
Adult stem cells are not ethically controversial and can be isolated from several sources. They were initially found in the bone marrow but are currently thought to exist in almost every organ, including fat, umbilical cord, and placenta (Ding et al., 2011). They have multi-directional differentiation potential and can be induced to differentiate into at least three different types of functional cells, even across germ layers, which is a reversal of the traditional understanding that adult stem cells can only differentiate into functional cells of the corresponding germ layer (Lanza and Atala, 2014). Although adult stem cells are less potent, they are still significant for maintaining overall health.
Nerves, which were previously thought to be non-regenerative, have now been found to be regeneratively repairable through stem cell differentiation (Mathot et al., 2019). By injecting stem cells into the patients’ muscles or arteries or applying them directly to the wound locally, stem cells can be localized to the injured tissue by some mechanism and promoted epidermal regeneration by secreting cytokines to promote neovascularization. In addition, coldness and pain caused by nerve ischemia may be relieved (Wang et al., 2019).
Different types of stem cells can improve chronic diabetic wounds by enhancing the expression levels of vascular endothelial growth factor (VEGF), promoting cell proliferation, angiogenesis, and granulation tissue formation in traumatic tissues (Lee et al., 2011; Wan et al., 2013). In addition, inflammation and immune regulation also play an essential role in promoting wound healing (Wetzler et al., 2000; Loretelli et al., 2020). Stem cells have been shown in experiments to successfully cure DFUs, offering new prospects for the development of effective therapies for clinical use. Currently, 40 clinical trials have been found on a search for “diabetic foot ulcers, stem cell” (Clinicaltrials.gov, 2021).
MOLECULAR MECHANISMS TO REPAIRING DFUS
Repairing Diabetic Foot by Promoting Angiogenesis
Due to ethical constraints, the research of ESCs in wound repair is limited to a certain extent. However, some animal experiments have shown that ESCs have broad prospects in repairing chronic wounds, especially during the early stage of wound repair. Lee et al. (2011) found in the experiment of topical application of ESCs on the full-thickness skin of diabetes-induced rats that the expression levels of fibronectin, VEGF, and epidermal growth factor (EGF) are significantly higher than those of the insulin-treated diabetic group.
Currently, mesenchymal stem cells (MSCs)-based methods have been proposed as prospective therapies for delayed or impaired healing wounds, and numerous studies have shown that MSCs can promote diabetic wound healing (Table 1). Experiments show that intramuscular transplantation works best (Wan et al., 2013). MSCs can systematically mobilize and find home for injured and ischemic tissues, creating a wound microenvironment conducive to wound healing and ultimately promote the wound healing process of diabetic foot (Zhang et al., 2010; Wan et al., 2013; Shi et al., 2016; Shi et al., 2020) (Figure 1). Wound healing is a complex and multifactorial tissue regeneration process involving the interaction between epidermal and dermal cells, as well as the interaction between cells and cytokines. For example, Shi et al. (2020) detected increased levels of VEGF, basic fibroblast growth factor (bFGF), and hepatocyte growth factor (HGF) in DFUs treated with UC-MSCs. HGF, a downstream pathway of PI3K, can upregulate VEGF expression through the c-MET signaling pathway (Matsumura et al., 2013). TNF-α, as an essential component at the wound site, could secret VEGF and HGF by stimulating hMSCs via a p38 MAPK-dependent mechanism (Wang et al., 2006). Cytokines and growth factors affect the activity of other cells (including immune cells) and are necessary for communication between various cells (e.g., fibroblasts, keratin-forming cells, immune cells, and endothelial cells) (Matthay et al., 2010). A study concluded that VEGF could locally upregulate platelet-derived growth factor B (PDGF-B) and fibroblast growth factor-2 (FGF-2) in wounds (Galiano et al., 2004) and systematically mobilize and recruit bone marrow-derived cells (including endothelial progenitor cells (EPCs)) into the local microenvironment of wound site to improve wound healing and tissue remodeling (Galiano et al., 2004; Ishida et al., 2019).
TABLE 1 | Potential role of stem cells in the healing process of DFUs.
[image: Table 1][image: Figure 1]FIGURE 1 | Alterations in the microenvironment of diabetic foot ulcers after stem cell application. Stem cells promoted M2 polarization of macrophages and secretion of anti-inflammatory cytokines. Stem cells increased the levels of PDGFA, HGF, NGF, and bFGF in the wound site, and decreased the levels of MMP-2, MMP-9, and proinflammatory cytokines. Stem cells promoted collagen deposition by acting on fibroblasts. Increased levels of local VEGF can recruit EPCs to the wound site and increase the levels of PDGF and FGF-2. EGF can promote the proliferation of keratinocytes, and TGF-β can regulate local immunity by increasing the levels of Treg cells. MSC, mesenchymal stem cell; PDGFA, platelet-derived growth factor A; HGF, hepatocyte growth factor; NGF, nerve growth factor; bFGF, basic fibroblast growth factor; MMP-2, matrix metaroprotease-2; MMP-9, matrix metaroprotease-9; FGF-2, fibroblast growth factor; EGF, epidermal growth factor; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α; Tregs, regulatory T cells; IFN-γ, interferon-γ; TGF-β, transforming growth factor-β.
Neovascularization, a critical step for the process of wound healing, was consistently depressed by hyperglycemic conditions at the wound sites, as revealed by endothelial cell marker CD31 (Ishida et al., 2019). MSCs can significantly improve diabetic foot ulcers by producing angiogenic factors such as VEGF. Compared with non-diabetic rats, the expression level of VEGF protein in diabetic rats was significantly reduced (Schratzberger et al., 2001). MicroRNA-205-5p is a direct regulator of VEGF protein translation and is expressed in hMSCs (Zhu et al., 2017). Zhu et al. (2019) found that microRNA-205-5p could specifically target 3′-UTR of VEGF mRNA to inhibit the translation of VEGF protein, thus inhibiting wound healing of diabetic foot (Zhu et al., 2017). MALAT1 is a competing endogenous RNA (ceRNA) competing with microRNA-205-5p. The expression of MALAT1 was downregulated in tissue biopsies of DFU patients (Jayasuriya et al., 2020). In the DF model established by immunodeficient NOD/SCID mice, the overexpression of MALAT1 in MSCs significantly downregulated the level of microRNA-205-5p, led to the up-regulation of VEGF production and improved the formation of endothelial cell tubes (Zhu et al., 2019). Deletion of microRNA-205-5p and overexpression of MALAT1 did not substantially change the mRNA level of VEGF but significantly enhanced the protein level of VEGF in MSCs and MALAT1 serves as a post-transcriptional activator to increase the expression of VEGF protein (Zhu et al., 2019). MALAT1 silencing can reduce the expression level of Collagen I and Collagen III in the skin of diabetic mice, thus reduce the deposition of collagen at the wound sites and delay wound healing (Liu et al., 2019). Collagen is secreted by fibroblasts (Vig et al., 2017). These studies indicate that MALAT1 promotes ulcer healing by promoting VEGF secretion or acting on fibroblasts to promote collagen secretion. The level of Nrf2 in the circulation of diabetic patients is lower (Sireesh et al., 2018). In diabetic foot ulcers, Nrf2 can upregulate the expression of MALAT1 through a positive feedback mechanism (Jayasuriya et al., 2020). Exosomes from adipose-derived stem cells (ADSCs) overexpressing Nrf2 improve angiogenesis and proliferation of EPCs, which accelerate cutaneous wound repair in DFUs (Li et al., 2018). These results support a crucial role for Nrf2 in modulating the effects of MSC-based therapies in the unfavorable in vivo microenvironment (Figure 2). Furthermore, increasing the local MALAT1 level of wounds can significantly improve wound inflammation and promote wound healing. For example, MALAT1-overexpressed MSCs can promote M2 macrophage polarization (Li et al., 2017) and decrease the expression of proinflammatory cytokines IL-6 and TNF-α (Jayasuriya et al., 2020).
[image: Figure 2]FIGURE 2 | Nrf2 and NT-3 play a critical role as key factors in the repair of diabetic foot ulcers by mesenchymal stem cells. IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; TGF-β, transforming growth factor-β; EGF, epidermal growth factor; VEGF, vascular endothelial growth factor; MSCs, mesenchymal stem cells; NGF, nerve growth factor; Trk, tropomyosin receptor kinase.
Nrf2-dependent genes, such as heme oxygenase-1 (HO-1), play a vital role in the regulation of angiogenesis and the increased expression of angiogenic factors (Loboda et al., 2016). Hou et al. (2013) reported that the overexpression of HO-1 in BMSCs in STZ-induced diabetic mice could promote the proliferation of BMSCs and enhance the secretion of VEGF by BMSCs through the Akt signal pathway, which eventually promotes wound ulcers repair significantly.
MFG-E8 is expressed perivascularly and intravascularly, and it is essential for VEGF-induced AKT phosphorylation (Silvestre et al., 2005). VEGF and PDGF, as crucial growth factors for the induction of angiogenesis, require MFG-E8-mediated signaling (Silvestre et al., 2005; Uchiyama et al., 2014). A study confirmed that BM-MSCs could promote angiogenesis by overexpressing MFG-E8 (Uchiyama et al., 2017). Although this study also shows that MFG-E8 can promote M2 macrophage infiltration and inhibit proinflammatory cytokines, thus promoting diabetic wound healing, the underlying mechanism of MFG-E8 regulating inflammation is not clear.
PI3K/Akt signal pathway is essential for angiogenesis (Karar and Maity, 2011). Nerve growth factor (NGF), which binds to its specific receptor TrkA (Storkebaum and Carmeliet, 2011), can promote the proliferation of endothelial cells in blood vessels and stimulates MSC to produce VEGF (Shen et al., 2013) and nitric oxide synthase (NOS) through PI3K/Akt pathway to promote angiogenesis (Emanueli et al., 2002; Emanueli et al., 2003). MSCs expressed NT-3 specific receptor type 3 neurotrophin tyrosine kinase receptor (TrkC) (Storkebaum and Carmeliet, 2011). NT-3-activated hMSC can promote foot wound healing in diabetic mice. Shen et al. (2013) reported that NT-3 upregulates the proliferation of hMSC through the Akt pathway. NT-3 can also upregulate the secretion of VEGF and NGF proteins in MSCs, and these growth factors can enhance the activity of vascular endothelial cells and promote angiogenesis through Akt pathway (Shen et al., 2013).
The c-jun expression of MSCs decreased gradually in the process of subcultivation (Yue et al., 2020). At the diabetic wound sites, the expression of c-jun also decreased (Tombulturk et al., 2019). Yue et al. (2020) found that local subcutaneous injection of hUC-MSCs overexpressing c-jun at the diabetic wound sites accelerated angiogenesis and re-epithelialization by increasing the levels of PDGFA and HGF. PDGFs are the major mitogens for several cells types of mesenchymal origin, such as smooth muscle cells and fibroblasts (Fredriksson et al., 2004). Activator protein-1 (AP-1) is one of the main downstream effectors of MAPKs (Kajanne et al., 2007), and c-Jun, the main component of the AP-1, has crucial functions in cellular proliferation (Davies et al., 2013). The c-jun expression of MSCs plays a vital role in promoting diabetic foot wound repair. MSCs overexpressing c-jun may promote wound repair by downregulating the expression of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9). MMP-2 and MMP-9 are overexpressed in diabetic chronic ulcers (Wysocki et al., 1993). AP-1 has shown to be the main regulator of MMP-2 and MMP-9 transcription under various conditions, as well as in diabetic wounds (Tombulturk et al., 2019). Although the local application of bone marrow MSCs resulted in increased levels of MMP-2 and MMP-9 expression in diabetic wounds compared to the control group, they showed a decreasing trend (Lv et al., 2017). In the process of wound healing, MMP-2 plays an essential role in prolonged matrix remodeling and angiogenesis (Tombulturk et al., 2019), and MMP-9 is thought to be involved in granulation tissue remodeling and keratinocyte migration (Salo et al., 1994). In addition, there has been evidence that down-regulation of MMP-2 and MMP-9 by c-jun can promote wound healing in diabetic mice (Tombulturk et al., 2019), and the overexpression of MMP-2 and MMP-9 can impair wound healing through the degradation of skin extracellular matrix (ECM) (Krishnan et al., 2018).
Repairing Diabetic Foot Through Anti-Inflammatory and Immunomodulation
Long-term inflammation can lead to a hypoxic environment and abnormal produc tion of angiogenic signals. The anti-inflammatory and immunomodulatory effects of implanted stem cells have been suggested as a potential mechanism for the repairing effects of stem cell-based therapies. Inflammation has a regulatory effect on immune function. Low-grade inflammation is beneficial to wound repair, which helps to remove invading pathogens, promotes the repair of damaged tissues, and maintains homeostasis. Continuous and excessive inflammation leads to delayed or nonhealing of diabetic foot wound ulcers (Eming et al., 2007). Excessive inflammation and immune suppression often coexist. The excessive immune response can cause severe systemic inflammation or allergic diseases, while an extremely low immune response can easily induce severe or frequent infection. Therefore, the balance between proinflammatory and anti-inflammatory during varying repair stages is essential to achieving tissue homeostasis following tissue injury. Loretelli et al. (2020) found that the topical application of embryonic stem cell extracts (EXTs) in diabetic foot mice can promote wound healing of diabetic foot, which is accompanied by a decrease in CD45+ inflammatory cells and interferon-γ (IFN-γ), while an increase in regulatory T cells (Tregs), proliferating Ki-67+ cells, and the endothelial cell marker CD31. This finding indicates that the promotion of diabetic wound healing by ESCs is related to immune regulation. It is well known that stem cells have anti-inflammatory and immunomodulatory properties, so it is of great significance to explore the relationship between the immunomodulatory properties of ESCs and wound healing.
Delayed increase of macrophages and prolonged inflammatory stage can be found in diabetic mice. The local proinflammatory response in the MSC group was significantly reduced comparing with the control group, and the expression of CD45 was inhibited, proving that MSCs play an anti-inflammatory effect in repairing diabetic foot ulcers (Kuo et al., 2011; Yang et al., 2020a). Furthermore, the abnormal expression of chemokines may be the underlying cause of delayed wound healing in diabetic mice (Wetzler et al., 2000). A study has shown that the concentration of CCL2 in diabetic wounds is reduced, and an enhanced expression of CCL2 can reverse the impaired skin wound healing in diabetic mice by mediating neovascularization and normalization of collagen accumulation (Ishida et al., 2019). Macrophages were the main source of VEGF and TGF-β in the wound, and diabetes can delay the increase of macrophages at the injured site. More than a few studies have demonstrated MSCs can enhance the levels of VEGF and TGF-β at the diabetic wound sites (Kuo et al., 2011; Wan et al., 2013; Yang et al., 2020b). Yang et al. (2020a) demonstrated that the expression of CCL2 was considerably upregulated after topical application of MSCs, and angiogenesis was markedly improved during wound healing. Macrophages express CCL2 receptors (CCR2). Therefore, it can be speculated that CCL2 plays an important role in promoting wound repair by reversing the reduced macrophage infiltration and enhance the levels of VEGF and TGF-β. TGF-β can directly promote the proliferation of Treg cells and regulate macrophages (Batlle and Massagué, 2019). Nrf2 directly regulates the secretion of CCL2 by epidermal keratinocytes (Villarreal-Ponce et al., 2020). Kato et al. (2014) have shown that BM-MSCs can improve wound healing of plantar skin ulcers in diabetic rats by enhancing the function of keratinocytes. Therefore, we can speculate that MSCs may increase the secretion of CCL2 by promoting the functional recovery of keratinocytes, which can reverse the decrease of macrophage infiltration and ultimately promote ulcer repair. CCL2 can also regulate the production of EGF in macrophages at the site of injury, and EGF can induce the proliferation of keratinocytes (Villarreal-Ponce et al., 2020).
Hyperglycemic conditions have also been shown to reduce the number of EPCs and impair their function and recruitment to the injured site (Tepper et al., 2002; Ishida et al., 2019). The increased levels of CCL2 expression can further enhance the accumulation of EPCs in the wound site of diabetic mice and ultimately accelerate the formation of new blood vessels (Ishida et al., 2019).
Diabetic chronic nonhealing wounds are characterized by the increase of proinflammatory cytokines, including IL-1, IFN-γ, TNF- α, and IL-6, which are mainly produced by activated macrophages and play an important role in the regulation of immune cells (Zubair and Ahmad, 2019). It is suggested that the decrease and activation of macrophages may result in the damage of diabetic wound healing (Maruyama et al., 2007). Topical application of MSCs may modulate the inflammatory response by secreting the anti-inflammatory cytokine IL-10. Wang et al. (2016) found that combined treatment with PMSCs and IL-10 antibodies significantly delayed diabetic wound healing compared to treatment with PMSCs alone. Furthermore, topical application of PMSCs significantly reduced local levels of the proinflammatory cytokines IL-1, TNF-α, and IL-6. The wound inflammation reaction time was significantly prolonged in db/db mice, and the strong increase of proinflammatory cytokines (e.g., IL-1β and TNF-α) could still be detected in the later stage of the wound repair (Wetzler et al., 2000). The presence of PMSCs was found to strongly inhibit LPS-induced activation of NF-κB in dermal fibroblasts. Since NF-κB plays a central role in regulating the transcription of the proinflammatory cytokines IL-1, TNF-α, and IL-6, it is hypothesized that PMSCs may regulate the inflammatory response in diabetic foot wound healing by targeting NF-κB (Wang et al., 2016). In addition, the two proinflammatory cytokines, IL-1β and IL-6, were significantly reduced in wounds of db/db mice treated with the MSC combination regimen (Yang et al., 2020a), supporting its immunomodulatory function. In conclusion, these findings indicate that MSCs promote cutaneous wound healing, at least in part, by inhibiting the secretion of proinflammatory cytokines and by increasing the production of anti-inflammatory cytokines at local wound sites.
Diabetic wounds are characterized by disturbance of macrophage phagocytosis, delayed macrophage infiltration, and inflammatory response disorder. Proinflammatory cytokines (IL-6, TNF-α, IFN-γ) are known to induce M1 macrophages (Gu et al., 2013). M2 macrophage is characterized by the production of TGF-β and IL-10 (Zhang S et al., 2020), which can be induced by anti-inflammatory cytokines, including IL-4, IL-10, and TGF-β (Gu et al., 2013). M2 macrophages have been shown to promote angiogenesis, improve nerve damage, and inhibit inflammation. The microenvironment of wound inflammation determines the phenotype of macrophages. Topical application of stem cells to wounds can promote the conversion of macrophages to an anti-inflammatory phenotype (M2) (Yang et al., 2020a). Depletion of Treg leads to impaired healing, characterized by impaired vascular maturation and delayed re-epithelialization (Haertel et al., 2018). A study has shown that intramuscular injection of hUC-MSCs into patients with diabetic foot can significantly increase the ratios of Treg/Th17 and Treg/Th1 cells (Li et al., 2013). And then, Treg cells induce M2 macrophage differentiation through TGF-β and IL-10 pathways (Liu et al., 2011). Furthermore, M2 macrophages can improve the local inflammatory microenvironment of wounds and thus promote angiogenesis. It is reported that umbilical cord-matrix stem cells (UCMSCs) polarized macrophages can promote high glucose-induced functional recovery of human umbilical vein endothelial cells (Zhang S et al., 2020).
Repairing Diabetic Foot by Improving Nerve Blood Supply and Reducing Chronic Nerve Inflam Mation
Peripheral neuropathy and microangiopathy of the diabetic foot often develop and aggravate at the same time. Therefore, the repair of nerves may also be one of the possible mechanisms for MSCs to repair diabetic foot ulcers. In fact, the number of blood vessels and nerve blood flow reduced significantly in streptozotocin (STZ)-induced diabetic rats, and intramuscular gene transfer of naked DNA encoding angiogenic growth factors VEGF-1 or VEGF-2 actually led to the resolution of diabetic neuropathy (Schratzberger et al., 2001). Since VEGF improves the blood vessels and blood flow in the nerves in the model, the effect of VEGF in promoting vascular perfusion seems to be related to the improvement of neuropathic diabetic foot. Notably, NGF and NT-3 can reverse diabetic neuropathy (Casellini and Vinik, 2007) (Figure 2). Therefore, we can speculate that NGF and NT-3 can improve neuropathic diabetic foot by acting on VEGF directly or indirectly. Human UC-MSCs improved the neurodegeneration of the femoral nerve in DFU rats and showed an increase in serum NGF and angiogenesis, which further confirmed this view (Xia et al., 2015). In addition, ADSCs can reverse the degeneration of large nerve fibers, promote neuronal axonal regeneration, and improve peripheral nerve perfusion (De Gregorio et al., 2020).
Chronic inflammation of the peripheral nerve directly leads to chronic pain and neurodegeneration (Vincent et al., 2011). De Gregorio et al. (2020) demonstrated that adipose-derived stem cells (ADSCs) can reduce chronic inflammation of the sciatic nerve by upregulating anti-inflammatory cytokines IL-1β and TNF-α. Dash et al. (2009), Wang et al. (2019) reported that patients with DFUs had a significant improvement in painless walking distance after using BM-MSCs.
Other Mechanisms: Transdifferentiation Into Epithelial Cells, Collagen Deposition Etc
In addition to promoting angiogenesis through paracrine, hUC-MSCs can directly transdifferentiate into epithelial cells and endothelial cells, which play a role in promoting the repair of diabetic foot ulcers (Shi et al., 2020). CD31+ cells were presumed to identify transdifferentiated endothelial cells. Consistent with the study that ADSCs can also differentiate into endothelial cells and promote angiogenesis (An et al., 2020), it is suggested that hMSCs have similar characteristics, although they may be through different signal pathways, for example, MAPK/ERK signaling pathway mediates VEGF-induced differentiation of BM-MSCs to endothelial cells (Xu et al., 2008), and PI3K signaling pathway mediates VEGF-induced differentiation of ADSCs to endothelial cells (Cao et al., 2005). However, it is not clear through which signal pathway mediates the differentiation of hUC-MSCs to endothelial cells.
MSCs can improve collagen synthesis and promote collagen deposition in diabetic foot wounds (Wang et al., 2016; Shi et al., 2020). Collagen is mainly expressed and distributed in the dermis of the skin, secreted by fibroblasts, and is closely related to the repair of damaged skin (Vig et al., 2017). Fibroblasts isolated from diabetic foot wounds show lower proliferative potential and reduced production of growth factors (Robson, 2003). ADSCs from diabetic foot wounds can be directly transformed into fibroblasts, which significantly promote the expression of collagen I and collagen III (An et al., 2020). Jung et al. (2018) healthy fibroblasts and human umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) were used separately to co-culture with diabetic fibroblasts to study their effects on cell proliferation and collagen synthesis. The results showed that hUBC-MSCs themselves did not secrete more ECM components than fibroblasts, but hUBC-MSCs stimulated the synthesis of ECM (including collagen) in diabetic fibroblasts much more than in fibroblasts. Therefore, MSCs may promote granulation tissue formation in diabetic foot wounds by promoting fibroblast proliferation and functional recovery, thereby prompting fibroblasts to secrete more ECM and growth factors, and ultimately promoting wound healing.
In fact, the process of stem cell repair of diabetic foot is not a single factor acting independently; various mechanisms are interconnected and interact with each other to ultimately promote damage repair. For example, the M2 polarization of macrophages accelerates peripheral nerve repair (Mokarram et al., 2012; Pacific et al., 2020).
EXTENDED APPLICATION OF STEM CELL-BASED THERAPY IN DFUS
The decrease in stem cell survival rate caused by late glycosylation end products in a hyperglycemic environment severely diminishes the efficiency of stem cell repair (Wang et al., 2015). If the repair efficiency is improved by increasing the number of locally applied stem cells, it may increase tumorigenicity and other adverse consequences (Mathew et al., 2016). Moreover, after multiple passages of cells in vitro, the potential of multi-directional differentiation and paracrine ability may also decrease. Therefore, there is an urgent need for a method to improve the survival rate and paracrine ability of stem cells. Researchers have begun to develop stem cell-based derived wound repair therapies, which aims to improve the vitality and repair efficiency of stem cells at the wound site. Here, we talk about the extended applications of stem cells (Figure 3).
[image: Figure 3]FIGURE 3 | Extended application of stem cell-based therapy in DFUs. Extended applications for stem cell repair of the diabetic foot include exosomes, gene therapy, biomaterials, culture media, pretreatment and hypoxic preconditioning. MSC, mesenchymal stem cell.
Biomaterials
Typical chronic nonhealing wounds show reduced levels of growth factors. Therefore, the wound microenvironment is particularly crucial in wound healing, especially under certain health conditions. Stem cells play a crucial role in regulating the local microenvironment of diabetic foot ulcers. More importantly, these roles have been observed in clinically chronic injury-related diseases, including DFUs (Li et al., 2013). However, the hyperglycemic inflammatory microenvironment may reduce the biological activity of stem cells as well as accelerate the degradation of their secreted cytokines and growth factors. Therefore, a more effective approach to suppress the negative effects of the microenvironment on stem cells appears essential. In recent years, considerable efforts have been contributed to better enhance the repair efficiency and vitality of stem cells and improve the inflammatory microenvironment by using biomaterials as the carrier of stem cell application. Hydrogel has been shown to alleviate the inflammatory environment of the wound, thus promoting the secretion of growth factors from MSCs (Bai et al., 2020) and improving the innervation of diabetic foot (da Silva et al., 2017). Furthermore, Zhao et al. (2020a) managed to improve wound healing by applying hyaluronic acid hydrogel combined with UC-MSCs and endothelial colony-forming cells (ECFCs), which had a significantly positive effect on human refractory diabetic chronic wounds.
ECM-based biomaterials (such as cell sheets and decellularized cell sheet grafts) greatly facilitate stem cell implantation due to their low immunogenicity and resistance to the body’s adverse microenvironment (Capella-Monsonís et al., 2020). Tissue-engineered cell sheets are composed of ECM and cells. It uses temperature-sensitive culture systems or enzyme-sensitive culture systems to naturally desorb cells from the substrate surface and eventually obtain a cell sheet layer structure containing ECM (Zhou et al., 2020). The cell sheet technology can avoid immune rejection caused by exogenous foreign substances such as scaffold materials and maintain the three-dimensional structure of the ECM (Guo et al., 2021). Stem cells, as potential cells with strong regenerative capacity, are the best choice for tissue engineering cell sheets to play a role in damage repair. Adipose stem cell sheets have been shown to accelerate diabetic ulcer healing by upregulating local growth factors (Kato et al., 2015). Although there are no current experiments to validate the survival rate of MSCs at the diabetic foot ulcer sites after cell sheet transplantation, experiments by Guo et al. (2021) demonstrated higher retention and survival rate of stem cell sheets transplanted into the infarcted myocardium than cell suspensions. This provides new hope for improving the survival rate of stem cells from diabetic wound sites. Furthermore, cell sheet-based 3D printing technology makes it possible to form specific shapes to match the structure of the administered tissue or organ while maintaining the structural integrity of the ECM (Bakirci et al., 2017).
Other biomaterials such as peptide-modified biomaterials (Gallagher et al., 2020), cytokine-modified biomaterials (García et al., 2019), injectable biomaterials (Han et al., 2020), and programmable microcapsules (Mao et al., 2019) have also improved the survival rate of cells at the transplantation site to varying degrees, which greatly facilitates MSCs to fully exploit their role in repairing the damage.
Culture Medium and Exosomes
When stem cells are applied locally to a wound, some of the cells may die in the short term due to hypoxia caused by the local high glycemic environment. However, most experiments have demonstrated that stem cells reach the level of healing injury, can these dead stem cells release a series of bioactive substances to repair the damage after lysis? Moreover, if the bioactive substances released by the dead cells can repair the damage, can there be other alternative methods to replace the direct application of stem cells? It is worth thinking about. Some of the bioactive substances produced by MSCs through paracrine secretion exist in the culture medium used in the culture process of MSC in vitro, and these bioactive substances play a crucial role in promoting damage repair. Studies have been conducted to demonstrate that the application of MSC culture medium for the treatment of diabetic foot can achieve the same results as the application of MSCs (Zhang S. et al., 2020). Therefore, the application of MSC conditioned media also brings new hope for patients with diabetic foot ulcers.
Although the application of stem cells has entered the clinical stage, their safety issues still need extensive attention. The weak immunogenicity of stem cells has led to the widespread use of stem cells from different sources in injury repair. However, because of their weak immunogenicity, the application of allogeneic stem cells greatly evades the surveillance of the body’s own immune system and therefore increases the risk of tumorigenicity. In addition, MSCs are highly susceptible to exogenous contamination during their in vitro preparation due to inconsistent preparation specifications, which can be extremely harmful to the human body. Most of the therapeutic effects of MSCs are mediated through paracrine secretion, with the most attention being paid to the release of small molecules, exosomes, by stem cells through exocytosis. Exosomes contain a variety of molecules, including proteins, mRNAs, and microRNAs (miRNAs), which can act as novel intercellular communication tools to regulate signaling between target cells. For example, exosome-regulated fibroblasts receive exosome-targeted signals in the form of internalized exosomes and actively regulate collagen production including promotion of type I and type III collagen production during the pre-wound healing phase and inhibition of collagen formation during the late wound healing phase to reduce scar formation (Dalirfardouei et al., 2019). Currently, MSC exosomes have shown promising results in diabetic wounds. For example, exosomes released from menstrual blood-derived mesenchymal stem cells (MenSCs) can improve diabetic foot wound healing by promoting macrophage M2 polarization and angiogenesis (Dalirfardouei et al., 2019). Huang et al. (2021) found that MSC-derived exosome miRNA-21-5p could promote angiogenesis in diabetic ulcers. Even more innovative, researchers have used UCMSCs-derived exosomes combined with hydrogels to promote diabetic foot wound repair (Yang et al., 2020b).
Gene Therapy
Gene therapy aims to achieve the goal of targeted treatment of diseases by enhancing cell performance, continuously producing functional proteins, and inducing the expression of functional genes in tissues (Shomali et al., 2020). For example, PDGF-B-transfected MSCs can promote traumatic collagen deposition and angiogenesis (Li et al., 2007). A variety of exogenous target genes can be integrated into MSCs genomic DNA and expressed for a long period of time, which is why MSCs have been successfully used as an ideal target cell for the treatment of diseases such as hematological disorders, lung injury, and bone defects. In addition, transfected MSCs have been shown to improve the low survival rate of transplanted cells in diabetic wound sites (Khalid et al., 2019). Researchers have already transfected BM-MSCs with adenovirus-vectored VEGF genes, which significantly promoted the repair of diabetic foot wounds in rats (Cai et al., 2014). Compared with untransfected MSCs, IL-7-transfected BM-MSCs were able to enhance cell-cell connections in diabetic foot trauma as well as promote angiogenesis through induction of angiogenic genes (Khalid et al., 2019). Because of the ability to stably express target genes transduced into cells, exploring specific target genes to enhance the efficacy of MSCs in repairing diabetic foot injury offers a promising future for regenerative medicine.
Small Molecule Compounds and Drug Pretreatment
The current pretreatment methods mainly include drug pretreatment and small molecular compound pretreatment. As pretreatment can effectively improve the survival rate and paracrine ability of implanted stem cells in hyperglycemic microenvironment, it has been concerned by more and more scientific researchers. The researchers found that UCMSCs pretreated with small molecular compound 3,3′-diindolylmethane could enhance their proliferation and paracrine ability (Shi et al., 2017). In addition, pretreatment with the drug salidroside was able to increase the survival rate of MSCs and improve the migration ability of MSCs in a hyperglycemic microenvironment (Ariyanti et al., 2019). These studies support the positive effects of small molecules or drug pretreatment on stem cells. However, the bioactivity and stability of these small molecules or drugs in vitro and in vivo are important factors to be considered before applying them in pretreatment, and not all substances with proven in vivo or in vitro effects such as antioxidant and anti-apoptotic effects can be applied to enhance the repair efficiency of MSCs. For example, curcumin-pretreated MSCs have been shown to be able to withstand oxidative stress (Liu et al., 2015). However, due to the structural instability of curcumin, some scholars have questioned whether it really has some therapeutic efficacy in vivo (Nelson et al., 2017).
Hypoxic Preconditioning
Hypoxic preconditioning can improve the survival rate and wound repair performance of MSC in ischemic and hypoxic environment, mainly through up-regulation of genes related to cell growth, metabolism and stress response pathway (Peck et al., 2019), up-regulation of epithelial regeneration-related genes and angiogenesis-related genes (Zhang X. R. et al., 2020), and restoration of paracrine function damaged in high glucose environment (Xu et al., 2020). The results of hypoxic preconditioning of MSCs by Peck et al. (2019) demonstrated the positive effects of preconditioned MSCs in avascular tissues such as intervertebral discs and cartilage. DFUs also face similar hypoxia as in the intervertebral discs or cartilage due to poor angiogenesis in the acquired wound site. Beegle et al. (2015) found that hypoxia-preconditioned MSCs injected intramuscularly into mice showed reduced glucose consumption and high survival rate. The hypoxic environment is simulated in vitro by increasing the CO2 concentration (5%) or decreasing the oxygen concentration (1–2%) (Meng et al., 2018; Wang et al., 2018; Zhao et al., 2020b). Hypoxia inducible factor-1α (HIF-1α) is the main regulator involved in hypoxic preconditioning (Peck et al., 2019). HIF-1α expression tended to increase in stem cells as oxygen concentration decreased (Zhao et al., 2020b). Under hypoxic preconditioning conditions, lincRNA-p21 enhanced the repair efficiency of MSCs through the HIF-1α signaling pathway (Meng et al., 2018). HIF-1α positively regulates the expression of its downstream signaling genes such as VEGF, SDF-1a, FGF2, CXCL12, and GRP78 under hypoxic conditions (Lee et al., 2017; Zhao et al., 2020b; Xu et al., 2020). The expression and activity of HIF are suppressed in the hyperglycemic environment of diabetes (Catrina and Zheng, 2021), therefore, hypoxic preconditioning of MSCs appears to be essential in diabetic foot ulcers as a means of enhancing the expression of HIF, the upstream factors regulating damage-repair-related genes. After hypoxia treatment, the expression of cMET in MSCs increased and showed hyperphosphorylation in the early stage under the stimulation of HGF, and even in the later stage, cMET phosphorylation levels were comparable to those in normoxic cultured MSCs (Lee et al., 2017). In addition, hypoxic preconditioning has been demonstrated to improve the tolerance of cells in the corresponding hypoxic environment (Wang et al., 2018).
CONCLUDING REMARKS
Stem cell-based therapies are promising in the field of regenerative medicine, and their mechanisms include promoting angiogenesis, ameliorating neuroischemia and inflammation, and promoting collagen deposition. However, little is known about their specific molecular mechanisms and biological properties. Although the application of stem cells has entered the clinical stage (Table 2), the discussion about their safety remains an inescapable part of the research. MSCs promote wound healing in a dose-dependent manner (O'Loughlin et al., 2013), but at the same time, promote tumor growth in a dose-dependent manner (Djouad et al., 2003). Currently, there are no clear standards regarding the dose of MSC application. Therefore, although stem cells show a bright future in regenerative medicine, there remain numerous challenges for researchers to overcome. In order to maximize the performance of stem cells in repairing skin damage, it is necessary to compare the efficacy and safety of different applications such as local application and systemic injection. Presently, the main ways of applying MSCs in wound sites are local injection, intramuscular injection, intravenous injection, arterial injection, and stent implantation. Systemic infusion requires a larger volume of stem cells to ensure that a sufficient number of stem cells are returned to the target tissue. Although stem cells can be isolated from many tissues, such as bone marrow, umbilical cord, fat, the number of isolated and purified stem cells is not considerable. The homing ability of stem cells after multiple passages was significantly weaker than that of freshly isolated stem cells (Rombouts and Ploemacher, 2003). This leads to an irreconcilable contradiction between the quantity and efficiency of stem cells. In addition, stem cells are blocked in the lungs after intravenous injection, which affects stem cells homing to inflammation or wound sites (Becker and Riet, 2016). Therefore, there remain many issues to be solved in the clinical application of stem cells.
TABLE 2 | Documented efficacy and limitations of extended application of stem cell-based therapies and brief summary of major trials for each modality.
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Rapamycin, also known as sirolimus, an inhibitor of mammalian target of rapamycin (mTOR), is a regulatory kinase responsible for multiple signal transduction pathways. Although rapamycin has been widely used in treating various hematologic diseases, the effects of rapamycin are still not fully understood. Here we found that both oral and intraperitoneal administration of rapamycin led to the expansion of myeloid lineage, while intraperitoneal administration of rapamycin impaired granulocyte differentiation in mice. Rapamycin induced bone marrow mesenchymal stem cells to produce more G-CSF in vitro and in vivo, and promoted the myeloid cells expansion. Our results thus demonstrated that intraperitoneal administration of rapamycin might promote the expansion of myeloid lineage while impair myeloid cell differentiation in vivo.
Keywords: rapamycin, mTOR, G-CSF, hematopoiesis, myeloid cells
INTRODUCTION
Rapamycin (Sirolimus), initially discovered as an antifungal metabolite, produced by Streptomyces hygroscopicus from a soil sample of Easter Island (also known as Rapa Nui) (Vézina et al., 1975). It has been reported that rapamycin binds to the immunophilin FK506 binding protein-12 (FKBP12) and inhibits the activation of the mammalian target of rapamycin (mTOR). PI3K-AKT-mTOR pathway was constitutively activated in 60% of AML patients, and the over-activation of PI3K-AKT-mTOR was associated with poor survival of AML patients (Min et al., 2003; Kornblau et al., 2009; Chen et al., 2010; Nepstad et al., 2018; Nepstad et al., 2019). Targeted deletion of mTORC1 in mouse models enhances HSC self-renewal and repopulating properties, and highlights the importance of the individual mTOR-containing complexes at specific stages of HSC homeostasis and haemopoietic lineage commitment and maturation (Malik et al., 2018). Rapamycin, through its inhibition of mTOR, enhanced the anti-tumor effects of doxorubicin on CML cells (Li et al., 2019). In vitro, rapamycin promoted CML cells apoptosis and inhibited CML cell cycle through blocking mTOR signaling pathway (Li et al., 2019). Moreover, rapamycin has been tested alone or in combination with Janus kinase (JAK), ABL protein inhibitors (Tasian et al., 2017), focal adhesion kinase (FAK) or also with cyclin D3 (CCND3) and CDK4/6 inhibitors (Li et al., 2015; Pikman et al., 2017) in xenografts mouse model and cancer cell lines, exhibiting synergistic effects on anti-tumor. Although rapamycin has been developed as a second-generation immunosuppressive and anti-proliferative agent for tumor treatment, the functional impact of rapamycin treatment as an inhibitor of mTORC1 pathway on normal hematopoiesis was not fully understood.
Currently, rapamycin is in early phase clinical trials for a number of malignancies based on the importance of the AKT-mTOR pathway in cancer biology. It has been reported that rapamycin could increase doxorubicin-induced apoptosis of mononuclear cells from non-responder childhood acute lymphoblastic leukemia patients (Avellino et al., 2005) and augment cell sensibility to glucocorticoid induced apoptosis in a subset of primary ALL patients (Wei et al., 2006). The efficacy of rapamycin is also under evaluation in combination with Donor Stem Cell Transplant in adult Ph + B-ALL patients (see www.clinicaltrials.gov/NCT00792948). Despite rapamycin inhibits leukemia cell growth and enhances the anti-tumor effects of chemotherapeutic agents, the usage of rapamycin is limited by its side effects. The intraperitoneal administration of rapamycin induced gastrointestinal discomfort and mouth ulcers, impaired wound healing and elevated circulating triglycerides (Augustine et al., 2007; de Oliveira et al., 2011). However, many of these effects/side effects have not been observed or fully investigated at lower doses of rapamycin in mice (Zhang et al., 2012; Siegmund et al., 2017) or human (Kraig et al., 2018; Yoon et al., 2018). Before rapamycin can be used in leukemia patients, it is critical to understand the undesirable side effects of rapamycin and define a suitable administration of rapamycin to provide its highest benefit while limiting the side effects.
In this study, we explored the effects/side effects of rapamycin on normal hematopoietic cells via inhibiting mTORC1 signaling pathway. We found that oral and intraperitoneal administration of rapamycin increased myeloid cells proliferation through increasing G-CSF expression in MSCs, while intraperitoneal administration of rapamycin impaired neutrophil differentiation.
MATERIALS AND METHODS
Mice and Genotyping
Rheb1 conditional deletion mice were generated using the homologous recombination technique to flank exon three of Rheb1 with two LoxP sequences (Figure 4A). The mice were then mated with Lyz-Cre transgenic mice expressing Cre recombinase under the control of the Lyz promoter to delete Rheb1 in the myeloid cells at the embryonic stage. As expected, half of the offspring were Rheb1 wild-type (Rheb1fl/fl), and the other half were Rheb1 knockout mice (Lyz-Cre; Rheb1fl/fl or Rheb1Δ/Δ). Mice were maintained at the specific pathogen-free (SPF) animal facility of the State Key Laboratory of Experimental Hematology (SKLEH). All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC), the Institute of Hematology, and Blood Diseases Hospital (CAMS/PUMC). All surgery was performed under sodium pentobarbital anesthesia, and every effort was made to minimize mouse suffering.
Drugs
Rapamycin (LC Lab, USA) was dissolved in ethanol at 10 mg/ml as stock solution. Its injection solution was further dissolved in PBS with PEG-400 and Tween-80 as cosolvent. The wild type (WT) mice received rapamycin or vehicle (as the control) at dose of 4 mg/kg/day by i. p. every other day for 1 month. The recipient mice received rapamycin at dose of 2 mg/kg/day by p. o. for 4 months after transplantation.
Flow Cytometry Analysis
20 μL peripheral blood (PB) was obtained from either the tail veins or retroorbital bleeding of mice and diluted with PBE (PBS with 2% fetal bovine serum and 2 mM EDTA). Red blood cells (RBCs) were lysed by red blood cells lysis buffer before staining. Bone marrow (BM) cells were flushed out from tibias, femurs, and ilia by PBE. Cells were stained with antibodies purchased from either eBioscience or BD Bioscience. The cells were stained with the following antibodies: anti-mouse CD3 PE-cy7, anti-mouse B220 FITC, anti-mouse CD11b APC, anti-mouse Ly-6G PE-cy7 for analyzing different lineages. Anti-mouse CD3 biotin, anti-mouse Ly-6G biotin, anti-mouse CD11b biotin, anti-mouse TER-119 biotin, anti-human/mouse B220 biotin, streptavidin FITC, anti-mouse CD117 (c-Kit) APC, anti-mouse Ly-6A/E (Sca-1) PE-Cyanine7, anti-mouse CD45.2 Percp-cy5.5, and anti-mouse CD45.1 PE for HSPCs or anti-mouse CD45.1 FITC, anti-mouse CD45.2 PE, anti-mouse CD11b APC, and anti-mouse Ly-6G (Gr-1) PE-Cyanine7 for neutrophils. All antibodies were purchased from either eBioscience or Invitrogen (United States). To analyze intracellular proteins, 3×106 BM cells were labeled with surface antibodies, fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X100, then washed 2 times with 1 ml cold PBE. Finally, the cells were resuspended with cold PBS supplemented with 25% FBS, and intracellularly stained with anti-bodies: p-S6 (Ser24/244), p-4EBP1 (Thr37/46). Cells were analyzed by BD Canto II flow cytometer. FlowJo software was used to analyze the results.
Competitive Bone Marrow Transplantation and Analysis
Donor BM cells were isolated from the tibias, femurs and ilia from 8-week-old C57BL/6(B6) mice (CD45.1+). 5×105 (CD45.1+) together with 5×105 WBMCs (CD45.2+) were intravenously injected into the lethally irradiated recipient mice (CD45.2+). Then, the reconstituted PB cells were analyzed every 4 weeks after transplantation.
Quantitative Real-Time PCR (qRT-PCR)
RNA from BM samples was isolated using the RNeasy Mini Kit (QIAGEN, 74106, Germany). cDNA synthesis was performed using a cDNA reverse transcription kit (Takara, RR047A, Japan) according to the manufacturer’s protocol. Quantitative PCR assays were performed in 96-well Micro Amp Fast Optical Reaction Plates (Applied Biosystems, 4344904, United States) using SYBR Green PCR Master Mix (Roche, 04913914001, Switzerland). The signal was detected using the Step-One Plus Real-Time PCR System (QuantStudio5). GAPDH was used as an endogenous control for gene expression assays.
Isolation of MSCs From Bone and MSCs Culture
Mesenchymal stem cells (MSCs) from the compact bones of mice were obtained as previously described (Zhu et al., 2010). The bone cavities were washed thoroughly at three times using a syringe until the bones become pale to deplete hematopoietic cells from the tibiae and femurs. Hold the humeri, tibiae and femurs with forceps and excise the compact bones carefully into chips of approximately 1–3 mm3 with scissors. The bone chips were transferred into a 25-cm2 plastic culture flask with forceps, then suspend the chips in 3 ml of α-MEM (Hyclone, SH30265.01, United States) containing 10% FBS (Gibco, 16000-044, United States) in the presence of 1 mg/ml of collagenase II (Gibco, 17101015, United States). The chips were digested for 1–2 h in a shaking incubator at 37°C with a shaking speed of 200 rpm. The collagenase digestion was stopped when the bone chips become loosely attached to each other. The digestion medium and released cells were aspirated and discarded. Enzyme-treated bone chips were placed in a 10 cm2 dish containing 6 ml of α-MEM supplemented with 10% FBS. Each replanting was considered a passage. The surfaces marker of MSCs (Lin-CD45−CD31−CD51+Sca-1+) were analyzed by Flow cytometry.
Lin- c-kit+ (LK+) Isolation and Cocultured With MSCs
BM cells were isolated from the tibias, femurs and ilia of 8-week-old B6. SJL mice. WT LK+ cells were sorted with a c-Kit (CD117) Microbead Kit (MACS, 130-091-224, German) and a Lineage Cell Depletion Kit (MACS, 130-090-858, German) according to the manufacturer’s protocol. 5×104 MSCs were cultured in 24-well plate in a volume of 800 μL α-MEM with 15% FBS and treat with rapamycin or ethanol. After 24 h of culture, the MSCs were cocultured with 2×105 LK+ cells. After 24 h of coculture, the MSCs were harvested. The LK+ cells were analyzed for the percentage and absolute number of myeloid cells by flow cytometry. For the G-CSF neutralization experiment, G-CSF antibody (R&D, MAB406-SP, United States) was added to the coculture system at 2 nM. After 24 h of coculture. The LK+ cells were analyzed for the percentage and absolute number of myeloid cells by flow cytometry. All cells were incubated at 37°C in a 5% CO2 incubator.
ELISA
The ELISA was performed using the Mouse G-CSF ELISA Kit (Anoric, TAE-317m, China) according to the manufacturer’s protocols. A total of 3×105 MSC in 200 μL of PBS were frozen and thawed three times and centrifuged at 5,915 rpm (3,000 g) for 10 min, and the liquid supernatants were collected for G-CSF determination. The cell culture medium was concentrated with an ultragentrification device (Millipore, UFC801096, Germany). The ELISA tests were read on a SynergyH four Hybrid Reader at 450 nm.
Statistical Analyses
GraphPad Prism 8.0 was used for statistical analyses. Every experiment was compared as two groups. All results were analyzed using the unpaired two-tailed Student t-test. p < 0.05 was considered significant for all tests. All data are presented as the mean ± standard deviation (SD); Significant difference are indicated with asterisks (*p < 0.05; **p < 0.01; ***p < 0.001).
RESULTS
Intraperitoneal Administration of Rapamycin Increased Myeloid Cells Proliferation
To evaluate the effects of rapamycin in hematopoietic cells, we injected wild type (WT) mice with rapamycin (4 mg/kg/d) or vehicle by i. p. every other day for 1 month and analyzed hematopoietic cell populations in bone marrow (BM) and peripheral blood (PB) by flow cytometry (FACS) (Figure 1A). As mTORC1 effectors, the phosphorylation status of S6 and 4 E-BP1 in BM cells was quantitatively evaluated by flow cytometry (FACS) using intracellular staining with antibodies against p-S6 (S240/244) and p-4E-BP1 (T37/46). The fluorescence intensity of p-S6 was decreased in BM cells of mice treated with rapamycin when compared that of controls, while the fluorescence intensity of p-4E-BP1 was not changed in BM cells of mice treated with rapamycin (Figure 1B). BM cells and PB cells were collected from mice at 4 weeks after treatment with rapamycin by i. p. and were stained with antibodies to detect hematopoietic stem cells (LKS+, Lin- c-Kit+ sca1+), hematopoietic progenitor cells (LKS-, Lin- c-Kit+ sca1-), B cells (B220+), T cells (CD3+) and Myeloid cells (Mac-1+). The absolute number of BM cells in mice treated with rapamycin was equivalent to that of control mice (Figure 1C). The percentage of LKS+ and LKS- cells in mice treated with rapamycin was not altered when compared with controls (Figure 1D). The percentage of myeloid cells was increased in BM of mice injected with rapamycin, while the percentage of B cells and T cells was not changed in two groups (Figure 1E–G). In consistent with the increase of myeloid cells in BM, the percentage of myeloid cells was also expanded in PB of mice treated with rapamycin (Figure 1H). The proportion of B cells in PB of mice injected with rapamycin was slightly decreased contrast with that of control mice (Figure 1I), while the percentage of T cells in PB was increased (Figure 1J). We further analyzed characteristics of neutrophils by FACS with CD11b and Ly-6G antibodies that have been used as neutrophil subpopulation markers for the identification of myelocytes/promyelocytes, as well as immature and mature neutrophils (Wang et al., 2019). We divided neutrophils into two distinct subpopulations, indicated as the CD11b+ Ly-6Ghigh population (P1) and the CD11b+Ly-6Glow population (P2). We found that the percentage of the P2 sub-population was increased, while the percentage of the P1 sub-population was decreased both in the BM and PB of mice treated with rapamycin (Figure 1K, L). These data demonstrated that intraperitoneal administration of rapamycin could increase myeloid cells proliferation and impair neutrophil development in vivo.
[image: Figure 1]FIGURE 1 | Intraperitoneal administration of rapamycin enhanced myeloid cells proliferation (A) Experiment design following rapamycin or vehicle treatment, n = 4, days = 30, dose = 4 mg/kg/day (B) Fluorescence intensity of p-S6 and p-4E-BP1 in bone marrow (C) Absolute number of bone marrow cells (D) FACS analysis of LSK+ (Lin-c-Kit+Sca-1+) and LSK- (Lin-c-Kit+Sca-1-) cells in BM (left panel). Percentage of LSK+ and LSK- in BM of mice that injected with rapamycin or vehicle (right panel) (E–G) Percentage of myeloid cells (CD11b+), B cells (B220+), T cells (CD3+) by FACS in BM in two groups (H–J) Percentage of myeloid cells (CD11b+), B cells (B220+), T cells (CD3+) by FACS in PB in two groups (K) FACS analysis of neutrophils in BM of mice treated by rapamycin or vehicle, n = 4 (left panel). Percentage of neutrophil subpopulations in two groups; n = 4 (right panel) (L) FACS analysis of neutrophils in PB of mice treated by rapamycin or vehicle, n = 4 (left panel). Percentage of neutrophil subpopulations in two groups, n = 4 (right panel).
Oral Administration of Rapamycin Enhanced BM Cells Engraftment Upon Transplantation
To investigate the efficacy of rapamycin in hematopoietic regeneration during transplantation, we transplanted BM cells (CD45.1+) to lethally irradiated mice (CD45.2+) and treated these mice with rapamycin or vehicle by p. o. for 4 months (Figure 2A). The recipient mice were sacrificed at 4 months after transplantation and BM cells (CD45.1+) were analyzed. The phosphorylation status of S6 was lower in BM cells of recipient mice treated with rapamycin by p. o. than that of control mice (Figure 2B, up panel). The fluorescence status of p-4E-BP1 in BM cells of recipient mice treated with rapamycin by p. o. was equivalent to that of control mice (Figure 2B, down panel). We next analyzed the regeneration ability of BM cells and found that the absolute number of BM cells of mice treated with rapamycin by p. o. was equivalent to that of controls (Figure 2C). The percentage of donor-derived cells was more than 80% in PB of recipient mice with rapamycin or vehicle by p. o. for 4 months, which indicated the hematopoietic system was recovered by donor BM cells (CD45.1+) in two groups (Figure 2D). Notably, the percentage of donor-derived cells in BM of recipient mice treated with rapamycin by p. o. was significantly increased compared with that of controls (Figure 2E). It suggested that oral administration of rapamycin could improve regenerated ability of hematopoietic cells upon transplantation.
[image: Figure 2]FIGURE 2 | Oral administration of rapamycin enhanced BM cells engraftment upon transplantation (A) Experiment design with rapamycin treatment of transplantation mouse model with BM cells (CD45.1), n = 3, days = 120, dose = 2 mg/kg/day (B) Fluorescence intensity of p-S6 (upper panel) and p-4E-BP1 (lower panel) in BM cells of recipient mice treated by rapamycin or ethanol (control, Et) for 4 months, n = 3 (C) Absolute number of bone marrow cells (D) Percentage of donor-derived cells (CD45.1+) in the PB in two groups at 4 months; n = 3 (E) Percentage of donor-derived cells in the BM in two groups at 4 months; n = 3.
Oral Administration of Rapamycin Increased Myeloid Cells Proliferation Upon Transplantation
To clarify whether oral administration of rapamycin has certain effects in hematopoietic cells upon transplantation, we analyzed the proportion of hematopoietic stem/progenitor (HSC/HPCs) populations and several mature populations in BM of recipient mice (CD45.2+) treated with rapamycin or vehicle by p. o. (Figure 2A). The percentage of donor-derived LSK+ cells in BM of recipient mice treated with rapamycin by p. o. was equivalent to that of controls (Figure 3A, middle panel). However, the percentage of LSK- cells was decreased in BM of recipient mice treated with rapamycin when compared with that of controls (Figure 3A, right panel). The percentage of donor-derived myeloid cells was significantly increased, while the percentage of donor-derived T cells and B cells was decreased in BM of recipient mice treated with rapamycin by p. o. when compared with that of controls (Figure 3B–D). In consistent with this, the proportion of donor-derived myeloid cells was also increased in PB of recipient mice treated with rapamycin by p. o. for 4 months (Figure 3E). The percentage of donor-derived T cells and B cells was decreased in PB of recipient mice treated with rapamycin by p. o. when compared with that of controls (Figure 3F,G). Interestingly, the percentage of donor-derived neutrophil P1 sub-population and P2 sub-population was not changed in BM and PB of recipient mice treated with rapamycin by p. o. for 4 months (Figure 3H,I). These results indicated that oral administration of rapamycin induced expansion of myeloid cells, but not influenced the development of neutrophils upon transplantation.
[image: Figure 3]FIGURE 3 | Oral administration of rapamycin enhanced myeloid cells proliferation upon transplantation (A) Percentage of donor-derived LKS+ (CD45.1) and donor-derived LKS– (CD45.1) cells in BM of mice (CD45.2) treated by rapamycin or ethanol for 4 months, n = 3 (B–D) Percentage of donor-derived myeloid cells (CD45.1), donor-derived B cells (CD45.1) and donor-derived T cells (CD45.1) in BM of two groups, n = 3 (E–G) Percentage of donor-derived myeloid cells (CD45.1), donor-derived B cells (CD45.1) and donor-derived T cells (CD45.1) in PB cells of two groups, n = 3 (H–I) FACS analysis of donor-derived neutrophils (CD45.1) in BM and PB of mice treated with rapamycin or ethanol for 4 mouths, n = 3.
Inhibiting mTORC1 Signaling didn’t Influence Myeloid Cells Proliferation and Differentiation
To investigate whether rapamycin impaired neutrophil differentiation through inhibiting mTORC1 signaling pathway, we bred Lyz-cre; Rheb1fl/fl mice (Rheb1Δ/Δ), in which Rheb1 was deleted and mTORC1 signaling pathway was inhibited specifically in the myeloid cells. The genotype of Rheb1fl/fl and Lyz-cre; Rheb1fl/fl mice was verified by genomic PCR (Figure 4A). We found the percentage of myeloid cells, T cells and B cells in BM and PB of Rheb1Δ/Δ mice was equivalent to that of Rheb1fl/fl mice (Figure 4B–G). The percentage of neutrophil P1 sub-population and P2 sub-population was not changed in BM and PB of Rheb1Δ/Δ mice when compared with that of Rheb1fl/fl mice (Figure 4H,I). These data indicated that inhibiting mTORC1 signaling pathway did not influence proliferation and differentiation of myeloid cells.
[image: Figure 4]FIGURE 4 | Inhibiting mTORC1 signaling in myeloid cells didn’t influence its proliferation and differentiation (A) Mice model of Lyz-cre; Rheb1fl/fl mice (Rheb1Δ/Δ), specific deletion of Rheb1 in the myeloid cells (left and middle panel). The offspring were identified by PCR and analyzed by agarose gel. The size of floxed fragment was 850bp while wild type was 650bp, and the 750 bp segment was amplified from Cre+/- (right panel) (B–D) Percentage of B cells, T cells and myeloid cells in BM of Rheb1fl/fl and Rheb1Δ/Δ; n = 4 (E–G) Percentage of B cells, T cells and myeloid cells in PB of Rheb1fl/fl and Rheb1Δ/Δ; n = 4 (H) FACS analysis of neutrophils in PB of Rheb1fl/fl and Rheb1Δ/Δ, n = 4 (I) FACS analysis of neutrophils in BM of Rheb1fl/fl and Rheb1Δ/Δ, n = 4.
Rapamycin Increased G-CSF Expression in MSCs in vitro
G-CSF plays an essential role in myeloid expansion and is mainly secreted by Mesenchymal Stem Cells (MSCs) in BM (Lieschke et al., 1994; Boettcher et al., 2014; Lin et al., 2020). To better understand the underlying mechanisms that rapamycin increased expansion of myeloid cells, we isolated MSCs from the BM and cultured MSCs with rapamycin or ethanol treatment for 24 h in vitro (Figure 5A). We found the phosphorylation of S6 was significantly reduced, while the phosphorylation of 4 E-BP1 was not changed in MSCs treated with rapamycin when compared with that of MSCs treated with ethanol (Figure 5B,C). Furthermore, we cultured MSCs with different concentrations of rapamycin and measured the mRNA expression of G-CSF in MSCs by qPCR. We found the mRNA expression of G-CSF was increased sequentially in MSCs after treatment with various doses of rapamycin (Figure 5D). We further cocultured 2×105 LK+ cells with 5 ×104 MSCs after treatment with rapamycin or ethanol (Figure 5E). We measured the protein expression of G-CSF in the cell lysates of MSC and coculture medium. We found the G-CSF was increased in the MSC treated with rapamycin when compared with that in MSC treated with ethanol (Figure 5F). The secreted G-CSF was also higher in medium of MSC treated by rapamycin than that of MSC treated by ethanol (Figure 5G). In addition, we found that the percentage and absolute number of myeloid cells was much higher in MSC treated by rapamycin than that in MSC treated by ethanol (Figure 5H). Furthermore, we blocked G-CSF by adding G-CSF neutralizing antibody in the media in which MSCs treated with rapamycin for 24 h and cocultured with LK+ cells. The G-CSF level in the MSC and medium was decreased after adding G-CSF neutralizing antibody when compared with that treated by rapamycin alone (Figure 5F,G). We found that blockage of G-CSF significantly decreased the percentage and absolute number of myeloid cells than control (Figure 5H). These data suggested that rapamycin might promote myeloid cells expansion by stimulating MSCs to produce G-CSF directly in vitro.
[image: Figure 5]FIGURE 5 | Rapamycin increased G-CSF expression in MSCs in vitro (A) Experiment design for MSCs treated by rapamycin in vitro (B–C) Fluorescence intensity of p-S6 and p-4E-BP1 in MSCs treated by rapamycin or ethanol in vitro (D) mRNA expression of G-CSF in MSCs treated by rapamycin or ethanol in vitro (E) Experiment design for the co-culture of MSC and LK+ cells (F) The protein levels of G-CSF in the cell lysates of MSC treated by rapamycin or ethanol (G) The G-CSF level in the media of MSC treated by rapamycin or ethanol (H) The percentage (Left panel) and absolute number (right panel) of myeloid cells after coculturing with MSCs treated by rapamycin + G-CSF antibody, singel rapamycin, or ethanol.
Rapamycin Increased G-CSF Expression in MSCs in vivo
To verify if rapamycin could increase the G-CSF expression in MSCs in vivo, we injected WT mice with rapamycin or vehicle by i. p. for 1 month. We sorted MSCs from the BM and analyzed phosphorylation level of S6 and 4 E-BP1 by FACS. We found that the phosphorylation of S6 was significantly reduced, while the phosphorylation of 4 E-BP1 was not changed in MSCs from mice treated with rapamycin when compared with that of controls (Figure 6A). The mRNA expression of G-CSF was increased in primary MSCs from mice treated with rapamycin when compared with that of controls (Figure 6B). Then, we cultured MSCs in vitro and analyzed G-CSF expression in MSCs by qPCR. We found that the G-CSF mRNA expression was significantly increased in MSCs from mice treated with rapamycin after culture when compared with that of controls (Figure 6C). In order to eliminate the immune response induced by rapamycin, we collected serum from mice treated with rapamycin or vehicle and measured the expression of inflammatory factors in serum. We found that the expression of G-CSF was significantly increased in serum of mice treated with rapamycin when compared with that of control mice (Figure 6D). However, TNF-[image: image] and M-CSF expression was not changed in serum of mice treated with rapamycin (Figure 6E). To assess the G-CSF expression in MSCs from mice treated with rapamycin or ethanol by p. o., MSCs were sorted and cultured in vitro. We found the G-CSF mRNA expression was significantly increased in MSCs from mice treated with rapamycin by p. o. when compared with that of controls (Figure 6F). These data indicated that rapamycin promote myeloid cells expansion through increasing G-CSF expression in MSCs.
[image: Figure 6]FIGURE 6 | Rapamycin prompted MSCs to produce more G-CSF in vivo (A) Experiment design of MSCs isolated from mice treated with rapamycin or vehicle by i. p., n = 3, days = 30, dose = 4 mg/kg/day (left panel). Fluorescence intensity of p-S6 and p-4E-BP1 in MSCs treated by rapamycin or vehicle by i. p (right and middle panels) (B) mRNA relative expression of G-CSF in MSCs from mice treated with rapamycin or vehicle by i. p. (C) Experiment design of MSCs cultured in vitro (left panel). mRNA relative expression of G-CSF in MSCs after culture (right panel) (D–E) Relative expression of G-CSF、TNF-[image: image] and M-CSF in serum from mice treated with rapamycin or vehicle by Milliplex multifactor detection technology (F) Experiment design of MSCs isolated from mice treated with rapamycin or ethanol by p. o., n = 3, days = 30, dose = 2 mg/kg/day (left panel). Relative mRNA expression of G-CSF in MSCs of two groups (right panel).
DISCUSSION
The defects of bone marrow monocyte/macrophage differentiation caused by mTOR deficiency has been systematically studied with various mouse models. As a mTOR inhibitor, rapamycin could inhibit proliferation and impair differentiation of megakaryocyte and dendritic cell (Guo et al., 2013). In this study, by using murine models, we found that both intraperitoneal and oral administration of rapamycin led to remarkable expansion of myeloid lineage, which was caused by more G-CSF secreted by MSCs. Our data suggested that rapamycin influenced normal hematopoiesis by inhibiting mTOR signaling pathway.
Reducing mTORC1 activity was shown to lead to neutrophils immaturation (Wang et al., 2019). Interestingly, we found that intraperitoneal administration of rapamycin impaired neutrophil development, while oral administration of rapamycin did not influence the cells development. Since the absorption, distribution, and the circulating and/or tissue concentrations of rapamycin are subjected to the given dose and route (Magari et al., 1997), the degree of oral bioavailability and resultant circulating and/or tissue rapamycin concentration might be lower than intraperitoneal administration of rapamycin. It is conceivable that a higher dose of rapamycin treatment could completely inhibit mTOR. But a lower dose of rapamycin could potentially improve the tissue metabolic milieu by normalizing, and not completely inhibiting mTOR signaling (den Hartigh et al., 2018). Furthermore, this lower dose could also limit the complex feedback mechanisms involved in the activation of IRS1-PI3K-AKT. We found that p-S6 was reduced significantly in BM cells of recipient mice after treatment with rapamycin by p. o. or i. p. As a downstream target of mTORC1, S6K could negatively regulate mTORC2 (Malik et al., 2018), while mTORC2 activates AKT signaling pathway and promotes cell proliferation (Jacinto et al., 2006; Yang et al., 2006). The reduction in S6K phosphorylation/activation releases S6K’s inhibition of mTORC2, thus increases the phosphorylation level of AKTS473. This may cause an aberration in the S6K-mediated negative feedback loop which regulates mTORC2 activity, and further affects cell survival (Guo et al., 2013; Malik et al., 2018). Our findings suggested that oral administration of rapamycin by p. o. might have similar effects on proliferation of myeloid lineage cells when compared with the intraperitoneal administration of rapamycin by i. p., while oral administration of rapamycin by p. o. had little adverse effects on neutrophil differentiation through the feedback loop. Moreover, the oral administration of rapamycin might affect myeloid lineage cells proliferation by both mTORC1 and mTORC2 signaling pathways.
Rheb1 acts as a key upstream activator of mTOR to play vital roles in maintaining proper hematopoiesis and myeloid differentiation (Aspuria and Tamanoi 2004). Our previous studies found that the proliferation of myeloid lineage cells in BM and PB were increase in HSCs of Vav1-Cre;Rheb1fl/fl mice (Wang et al., 2019; Gao et al., 2021). In addition, mTOR-deficiency impaired GMPs differentiation into the monocyte/macrophage lineage (Zhao et al., 2018). In our data, the percentage of myeloid lineage cells was equivalent in BM and PB of Rheb1fl/fl mice and Lyz-cre; Rheb1fl/fl mice, in which Rheb1 was specifically deleted in monocytic lineage stage. Rheb1 deletion in mature monocytes/macrophages doesn’t affect the differentiation of myeloid lineage cells. Thus, we suspected that rapamycin might have influences on GMPs/HPCs/HSCs rather than the terminal monocytes/macrophages through mTORC1 signaling pathway.
In our study, we found the phosphorylation of S6 was significantly reduced in MSCs treated with rapamycin. It has been known that rapamycin could decrease the phosphorylation of S6, eIF4B and eEF2 by blocking the kinase activity of mTORC1, while it did not influence the expression of S6, eIF4B and eEF2 (Huo et al., 2011). So we think rapamycin affect MSCs by inhibiting the activity of mTORC1. The mechanisms by which mTOR inhibition protects from stem cell exhaustion and aging have been associated with secretion of major senescence-associated cytokines, such as SCF (Aspuria and Tamanoi 2004). In our studies, rapamycin significantly increased G-CSF expression in MSCs. G-CSF is secreted by bone marrow stromal cells, endothelial cells, macrophages, and fibroblast cells (Boettcher et al., 2014). G-CSF plays an important role in regulating immune cell number and function in allografts. Previous study indicated that G-CSF modulated NK subpopulations in PB and BM (Yu et al., 2018). G-CSF limited the IFN-γ signaling in T cells and induce immune tolerance (Franzke et al., 2003; Chang et al., 2019). In addition, G-CSF decreases the production of TNF-α, IL-2, IFN-γ, and modulates immune responses (Franzke et al., 2003). Moreover, G-CSF is the most important regulator that drives hematopoiesis of stem cells to differentiate into common myeloid progenitors and granulocyte/macrophage progenitors (Basu et al., 2002). Our studies indicate that rapamycin may promote the expansion of myeloid lineage cells in BM and PB through regulating G-CSF expression in MSCs by blocking mTORC1 signaling pathway, while the increased G-CSF in MSCs might be not robust enough to rescue the inhibition of myeloid cells differentiation induced by intraperitoneal administration of rapamycin in vivo.
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Bone exhibits remarkable self-repair ability without fibrous scars. It is believed that the robust regenerative capacity comes from tissue-resident stem cells, such as skeletal stem cells (SSCs). Roughly, SSC has two niches: bone marrow (BM) and periosteum. BM-SSCs have been extensively studied for years. In contrast, our knowledge about periosteal SSCs (P-SSCs) is quite limited. There is abundant clinical evidence for the presence of stem cell populations within the periosteum. Researchers have even successfully cultured “stem-like” cells from the periosteum in vitro. However, due to the lack of effective markers, it is difficult to evaluate the stemness of real P-SSCs in vivo. Recently, several research teams have developed strategies for the successful identification of P-SSCs. For the first time, we can assess the stemness of P-SSCs from visual evidence. BM-SSCs and P-SSCs not only have much in common but also share distinct properties. Here, we provide an updated review of P-SSCs and their particular responses to bone injury.
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INTRODUCTION
The periosteum, a specialized membranous structure covering the surface of cortical bones, is a crucial component of diaphysis growth during intramembranous and endochondral bone development (Olsen et al., 2000). Bone tissue is constantly remodeling throughout the lifetime. In addition to the essential function of nourishing bones, the periosteum also maintains bone homeostasis by forming bones directly underneath it (Ferretti and Mattioli-Belmonte, 2014). Although the bones are formed by either intramembranous ossification or endochondral ossification, there appears to be a difference in periosteal structure between the two. Histologically, the periosteum consists of two layers serving as the attachment site of skeletal muscles (Allen et al., 2004). The outer layer (fibrous layer) comprises collagen, elastin, and scarce cells (Buckwalter and Cooper, 1987; Squier et al., 1990; Dwek, 2010). In addition, it also contains a high density of distinct microvascular networks called the “umbilical cord of bone” (Chanavaz, 1995) and linear neuron fibers (Mach et al., 2002; Matsuo et al., 2019). The inner layer (cellular layer) contains a slew of fibroblast-like cells. It is a highly vascularized structure with a high density of microvessels (Dwek, 2010), also known as the cambium layer, which is thicker in early life and then becomes thinner with age (Uddströmer, 1978).
Numerous studies from clinical trials and animal models have shown the osteogenic capacity of the adult periosteum. Periosteal grafts have been successfully used to reconstruct large quantities of bone tissue with high quality in the treatment of pseudarthrosis or infected sites (Masquelet et al., 1988), large bone defects (Lapierre et al., 1991; Gallardo-Calero et al., 2019), fracture non-union (Jaloux et al., 2020), and osteoradionecrosis (Yachouh et al., 2010). The periosteal reaction is another example. The periosteum may be elevated from the cortex in response to various insults, such as trauma, infection, and tumors. As a result, the periosteum can form new laminated or onion skin-like bones (Rana et al., 2009), which are also critical for mechanical loading. Femurs covered with periosteum showed significantly higher bone strength than the periosteum-stripped ones (Yiannakopoulos et al., 2008). The ablation of periosteal skeletal stem cells (P-SSCs) severely interfered with routine maintenance of bone homeostasis and mechanical loading-induced bone formation (Moore et al., 2018).
In bone repair, the regenerated cells may come from two resources, one from the circulation and the other from local tissues. Whether circulating “stem cells” are involved in the production of osteoblasts has not been proven until recently. Ransom et al. (2018) surgically connected the blood vessels from green fluorescent protein (GFP)-labeled and non-GFP-labeled littermate mice so that they shared a common circulation system. Then, the non-GFP mice were treated with distraction osteogenesis (DO) surgery. Twenty-nine days after surgery, no GFP + cells were detected in the distraction callus (Ransom et al., 2018). In another study, fractured femurs from a genetically labeled donor were transplanted into the renal capsule of a wild-type host. After 14 days, the regenerated cells were confirmed as the donor origin (Duchamp de Lageneste et al., 2018). These studies provided convincing evidence ruling out the contribution from circulation.
After the exclusion of circulation contribution, the regenerated cells were most likely of local origin. The next step is to determine whether they come from the periosteum, cortical bone, or bone marrow (BM). To solve this question, Colnot (2009) designed a series of bone graft transplantation experiments. Bone grafts from RosaLac-Z mice with or without periosteum were transplanted into wild-type mice. By tracing the Lac-Z-positive cells, it was concluded that repairing cells came from adjacent tissues; cells derived from the periosteum were always found on the periosteal surface; cells derived from the BM were always found within the marrow cavity; and cortical bone involvement was very limited. In the callus, cartilage cells are almost always derived from the periosteum, while osteoblasts are derived from both the periosteum and BM (Colnot, 2009; Wang et al., 2019). In a similar study, the authors stated that approximately 70% of the total regenerated cells came from the periosteum (Zhang et al., 2005). Although both the bone marrow and periosteum contribute to the formation of new bone, the quantity is different. Because the majority of bone callus tissue is located beneath the periosteum, it is no surprise to find that most of the regeneration cells come from the periosteum. As shown by Kojimoto et al. (1988), bone regeneration is highly dependent on the periosteum rather than on the bone marrow. When the periosteum was removed during DO, bone regeneration was markedly disturbed. However, in contrast, scraping of BM had no pronounced effect (Kojimoto et al., 1988). Although in cases when the periosteum were removed, the cells from adjacent skeletal muscle tissue could be involved in bone repair as a compensation (Julien et al., 2021; Liu et al., 2011). When the periosteum is in its position, its regeneration capacity is sufficient, and other alternative cellular sources are not required (Liu et al., 2011).
All of these studies demonstrated the strong regenerative capacity of the periosteum. Furthermore, the capacity is believed to come from P-SSCs. In this review, we summarized the current knowledge of periosteal SSCs for their origin, identity, properties, and special response to injuries.
THE CONCEPT OF SKELETAL STEM CELLS
SSCs are a concept developed from mesenchymal stem cells (MSCs). The term MSCs was first introduced by Caplan (1991) to describe a population of cells in the bone marrow that possesses trilineage (adipogenic, osteogenic, and chondrogenic) differentiation capacity (Caplan, 1991; Dominici et al., 2006). MSCs have long been considered to be a pure cell population, and each cell has trilineage differentiation potential. However, MSCs actually have high heterogeneity, and every individual cell is not equal in its differentiation capacity (Viswanathan et al., 2019). Leptin receptor (LepR) is a widely accepted marker of adult MSCs. In their physiological state, BM-LepR + cells give rise to bone and adipose tissue (Zhou et al., 2014). In a recent study, LepR + cells were divided into two subgroups: one enriched for osteogenic genes and the other enriched for adipogenic genes at the transcription level (Tikhonova et al., 2019). Under adipogenic induction, only already transcribed adipogenic genes would respond; others remained relatively quiescent (Tikhonova et al., 2019). Both Gremlin1 (Worthley et al., 2015) and PTHrP (Mizuhashi et al., 2018) have labeled a subgroup of MSCs residing within the growth plates. These cells could be differentiated into chondrogenic, osteogenic, and adipogenic lineage cells in vitro. However, they only generated bone, cartilage, reticular stromal, and no adipose cells in lineage tracing experiments (Worthley et al., 2015) (Mizuhashi et al., 2018). The same results were obtained from ectopic transplantation experiments. Chan et al. (2015, 2018) isolated CD45−Ter-119−Tie2−AlphaV + Thy−6C3−CD105−CD200+ cells in mice (Chan et al., 2015) and PDPN + CD146-CD73 + CD164+ cells in human growth plates (Chan et al., 2018) and transplanted them into the renal capsule. Only bone, cartilage, and stroma but not adipose tissue were generated. These data support the existence of at least two subgroups of MSCs: one poised for adipogenic differentiation and the other poised for osteogenic differentiation. Although MSCs can undergo trilineage differentiation in vitro, this phenomenon is induced by exogenous stimuli. In the absence of exogenous stimulation, the situation is different in vivo. In fact, large areas of the chromatin landscape need to be reshaped as osteogenic MSCs are driven to adipogenic differentiation (Meyer et al., 2016; Rauch et al., 2019). Therefore, each MSC is likely to carry a genetic preprogram that suggests a restricted differentiation direction. In some situations, such as in a living organism without exogenous stimuli, they are more likely to behave in a preprogrammed manner. The seemingly trilineage differentiation potential of MSCs is more likely to aggregate potential compounds of distinct cell types.
By focusing on the differentiation potential, “SSCs” are proposed to define a group of cells that already carry an osteogenic program that could differentiate into skeletal lineage (bone and cartilage) cells, excluding adipogenic lineages. However, the concept of “SSCs” is still in the development stage; “bone marrow “MSCs” and “SSCs” are currently used interchangeably. Only recently has the concept of SSCs been extrapolated from BM/growth plate (GP) to the periosteum.
DEVELOPMENTAL ORIGIN OF THE PERIOSTEAL-SKELETAL STEM CELLS
Skeletons are formed by either intramembranous ossification or endochondral ossification. In intramembranous ossification, mesenchymal cells condense at the site of the future periosteum. Transcription factor 2 (Runx2) and osteogenic factor (Sp7) are then expressed in sequence, causing mesenchymal cells to differentiate directly into osteoblasts (Long, 2011). Undifferentiated mesenchymal cells form the periosteum, and some of them form P-SSCs (Ochareon and Herring, 2011) (Figures 1A,B).
[image: Figure 1]FIGURE 1 | The development of P-SSCs and their differentiation capacity. (A) In the limb development, a cartilage template is first established; the perichondrium contains undifferentiated mesenchymal cells. (B) Ossification begins when the blood vessel invades the center of the cartilage; the perichondrium is changed into periosteum. The perichondral mesenchymal cells give rise to P-SSCs. (C) Skeletal stem cells (SSCs) in different sites of the femur have distinct differentiation abilities. Compared with bone marrow-SSCs (BM-SSCs) and growth plate-SSCs (GP-SSCs) the periosteal SSCs (P-SSCs) can only give rise to osteoblasts at baseline.
In endochondral ossification, mesenchymal cells condense at the position of future bones (Akiyama et al., 2005). By expressing SRY-box 9 (Sox9), mesenchymal cells differentiate into chondrocytes to form cartilage templates (Akiyama et al., 2002; Akiyama et al., 2005; Long and Ornitz, 2013). The undifferentiated mesenchymal cells at the periphery form the perichondrium. At the same time, blood vessels invade the center of the cartilage template, forming the bone marrow cavity and transitioning from cartilage to bone tissue (Long and Ornitz, 2013). As ossification progresses, the perichondrium is reshaped into the periosteum (Kronenberg, 2007). During this time, the perichondral stem cells become P-SSCs. Therefore, whether P-SSCs are derived from local skeletal elements or from blood has not been elucidated until recently. Duchamp de Lageneste et al. (2018) transplanted unvascularized femur cartilage templates from Prx1-Cre and YFPfl/+ donors to the renal capsule of wild-type hosts. After 8 weeks, the cartilage templates developed into bone tissue, and the P-SSCs came from the donor (Duchamp de Lageneste et al., 2018). Lineage tracing experiments also provided evidence from another aspect. Hox11 is regionally expressed in the perichondrium of zeugopod limbs during the embryonic stage. Hox11-expressing cells persist in the periosteum continuously, giving rise to SSCs and osteoprogenitors from the embryonic to adult stage (Pineault et al., 2019). These experiments demonstrated the local origin of P-SSCs.
FINDING A GOOD MARKER FOR PERIOSTEAL-SKELETAL STEM CELLS
P-SSCs and BM-SSCs are comparable to a great degree. Some markers, such as Nestin and LepR, used to identify BM-SSCs also label P-SSCs (Gao et al., 2019). BM, however, appears to be a much larger pool of cells (Méndez-Ferrer et al., 2010; Zhou et al., 2014). In one study, distinguishing between P-SSCs and BM-SSCs using these markers was difficult. A strategy of combined markers (CD45−Ter-119−Tie2−AlphaV + Thy−6C3−CD105−CD200+) provided by Chan et al. (2015) to identify GP-SSCs was also effective for P-SSCs (Chan et al., 2015; Ransom et al., 2018; Tournaire et al., 2020). However, the population in the periosteum contains approximately 7%–8% mature osteoblasts (Matthews et al., 2021). α-SMA is another well-studied marker that was originally a pericyte marker. Pericytes exhibit “stemness” in various tissues, and they are considered tissue-resident stem cells (Crisan et al., 2008; Wong et al., 2015). α-SMA has been proven to label some (not all) SSCs in the periosteum (Diaz-Flores et al., 1992; Matthews et al., 2014). However, a recent study uncovered the heterogeneity of periosteal α-SMA+ cells by single-cell RNA-seq (Matthews et al., 2021). The periosteal α-SMA+ cell population comprises three clusters: P-SSCs, fibroblasts, and perivascular cells (Matthews et al., 2021). Therefore, α-SMA alone is not appropriate for serving as a P-SSC marker. MX1 is a BM-SSC marker with some limitations. Mx1-Cre is broadly expressed in other lineages but is not expressed under normal circumstances (Park et al., 2012). Ortinau et al. (2019) combined these two strategies and successfully identified MX1 + α-SMA+ cells as P-SSCs.
Specifically, this combination only labeled P-SSCs, and no double-positive cells were seen in the BM (Ortinau et al., 2019). Prrx1 is a broad skeletal mesenchymal cell marker (ten Berge et al., 1998; Peterson et al., 2005) that is expressed in both the endosteum and periosteum in the early postnatal period. With increasing age, Prrx1 expression is gradually restricted in the periosteum to mark P-SSCs (Esposito et al., 2020). Another marker is the cysteine protease cathepsin K (CTSK). Historically, CTSK has been used as a marker of osteoclasts; however, this application is site specific. In the BM, CTSK-lineage cells were tartrate-resistant acid phosphatase (TRAP) positive, indicating osteoclasts; however, the CTSK-lineage cells in the periosteum were TRAP negative. The periosteal CTSK-lineage cells include three clusters: P-SSCs (CD200+ CD105−), periosteal progenitor 1 (PP1) (CD200−CD105−), and periosteal progenitor 2 (PP2) (CD105 + CD200variable). Among them, P-SSCs are the most stem-like cells, and they are the precursors of PP1 and PP2 (Debnath et al., 2018). Ideally, the markers should be able to separate P-SSCs from BM-SSCs, thus making α-SMA + MX1, Prrx1, and CTSK good candidates.
Characterization of P-SSCs by gene expression analysis revealed that the α-SMA + MX1+ P-SSCs could highly express CD105, CD140a, Cxcl12, LepR, and Grem1 (Ortinau et al., 2019). Prrx1-lineage P-SSCs overexpressed PDGFRα, Grem1, Cxcl12, Nestin, and NG2 but not LepR (Duchamp de Lageneste et al., 2018). The CTSK-lineage P-SSC population contains Gremlin1+ and Nestin+ subsets but not LepR, CD140a, or CD146 (Debnath et al., 2018).
In conclusion, the markers that identify BM-SSCs may also identify P-SSCs. To date, α-SMA + MX1, Prrx1, and CTSK are P-SSC-specific markers, and there are overlapping subsets among them.
THE STEMNESS OF PERIOSTEAL-SKELETAL STEM CELLS
“Stemness” means the ability to proliferate, self-renew, and differentiate. Traditionally, the colony-forming ability on plastic dishes is referred to as “proliferative/self-renewal,” and the multilineage differentiation ability in certain induction media is called “multipotency.” However, some authors have noted the shortcomings of these definitions. Colony-forming assays or expansion cultures demonstrate not self-renewal but rather proliferation capacity (Bianco and Robey, 2015). In vitro differentiation assays proved the plasticity rather than the differentiation capacity. To eliminate the effect of exogenous factors, Bianco and Robey (2015) suggested that the differentiation capacity should be assessed by heterotopic transplantation of non-doctored and non-induced cultures. In this review, we evaluated the stemness of SSCs mainly by their behaviors in vivo.
The self-renewal capacity of Mx1+αSMA + P-SSCs was evaluated by serial transplantation experiments. The donor Mx1+αSMA + P-SSCs were sorted and transplanted into calvarial injury sites of hosts with Matrigel. Four weeks later, the Mx1 + αSMA + P-SSCs repopulated and generated new bone. Following the second transplantation, the retransplanted Mx1 + αSMA + P-SSCs also maintained repopulation and differentiation capacity (Ortinau et al., 2019). Similarly, the self-renewal capacity of CTSK-lineage P-SSCs was analyzed by two successive rounds of heterotopic transplantation. Donor CTSK-lineage P-SSCs were transplanted into the mammary fat pad and kidney capsule of female hosts. In both rounds, the CTSK-lineage P-SSCs self-renewed and rebuilt the P-SSC pool. The CTSK-lineage P-SSCs maintained their immunophenotype and differentiation capacity after the last transplantation (Debnath et al., 2018).
For the differentiation capacity, the same conclusion was drawn from different SSC lineage experiments. Nestin-lineage (Tournaire et al., 2020), CTSK-lineage (Debnath et al., 2018), and Mx1 + αSMA + (Ortinau et al., 2019) P-SSCs only generated bone without cartilage or stroma in transplantation. This observation coincided with the intramembranous ossification function mediated by the periosteum (Figure 1C).
In conclusion, P-SSCs are true tissue-resident stem cells with the capacity to proliferate, self-renew, and differentiate into osteolineage cells.
PERIOSTEAL-SKELETAL STEM CELLS VS. BONE MARROW-SKELETAL STEM CELLS
Considering how closely the BM is related to the periosteum, it is interesting to compare them. In vitro, P-SSCs grew faster, and secondary colony formation efficiency was higher at the same density of P-SSCs and BM-SSCs (Duchamp de Lageneste et al., 2018). In transplantation assays, BM-SSCs displayed a typical endochondral ossification model generating bone, cartilage tissue, and hematopoietic stroma. P-SSCs represent an intramembranous ossification model, producing only bone tissue without cartilage and hematopoietic stroma (Debnath et al., 2018) with a higher migration capacity. In wound healing assays, the wound closure time of P-SSCs was only approximately half that of BM-SSCs (Debnath et al., 2018). In vivo, intravital imaging showed that the Mx1 + αSMA + P-SSCs moved toward the injury site immediately after wounding, whereas MX1 + BM-SSCs remained in situ (Ortinau et al., 2019). When P-SSCs and BM-SSCs were transplanted into the bone fracture site, the P-SSCs quickly penetrated into the center of the callus, while the BM-SSCs stayed at the periphery of the callus (Duchamp de Lageneste et al., 2018). At the gene expression level, P-SSCs were enriched in genes related to “stemness,” “limb development,” and “extracellular matrix (ECM),” while BM-SSCs were enriched in “downregulation of stemness,” “bone resorption,” “immune cells,” and “hematopoietic stem cells” (Duchamp de Lageneste et al., 2018). The gene expression patterns coincide with their distinct microenvironment. The BM is an immunological and hematopoietic organ; preserving immunological homeostasis and supporting hemopoiesis are also major functions of BM-SSCs (Méndez-Ferrer et al., 2010; Isern et al., 2014). This is why genes associated with hematopoiesis and immune response are enriched in BM-SSCs but not in P-SSCs. However, when we focus specifically on “stemness,” P-SSCs appear to be the better choice.
In conclusion, compared with BM-SSCs, P-SSCs have higher growth and migration potential, but their differentiation capacity is more restricted in osteolineages.
THE CONTRIBUTION OF PERIOSTEAL-SKELETAL STEM CELLS TO BONE REPAIR
As previously mentioned, P-SSCs are considered to be a major contributor to bone regeneration. In Prrx1-Cre, after activated recombination of mTmG mice 3 days after fracture (Esposito et al., 2020), all newly regenerated cells in the callus were derived from Prrx1+ cells (Duchamp de Lageneste et al., 2018).
Conditional ablation of Prrx1+ cells in Prx1-CreER DTA mice led to deficient healing with much less bone and cartilage content (Esposito et al., 2020). Similarly, MX1 + αSMA + P-SSCs contributed to approximately 20% of chondrocytes and 80% of new osteoblasts in the fracture callus (Ortinau et al., 2019). Conditional ablation of periosteal MX1+ cells led to significantly delayed healing and osteoblast reduction (Ortinau et al., 2019). Ablation of αSMA + cells either at the beginning or throughout the first 8 days in fracture healing led to reduced callus size formation and delayed mineralization (Matthews et al., 2021). By conditionally deleting OSX, a key osteogenic factor in the CTSK-Cre (Nakashima et al., 2002) CTSK + P-SSC osteogenic differentiation pathway was blocked. Osxfl/fl mice exhibited hypomineralization of the skull, uneven periosteal surfaces, and extensive linear intracortical pores (Debnath et al., 2018). Under injury conditions, these mice showed a markedly high risk of fracture non-union with defects in mineralization and an increased volume of cartilage in the callus (Debnath et al., 2018).
In conclusion, P-SSCs are the major sources of repairing cells in bone repair. The osteogenic differentiation capacity of these cells is critical to successful bone healing.
THE SPECIAL RESPONSE OF PERIOSTEAL-SKELETAL STEM CELLS TO DIFFERENT BONE REGENERATION MODELS
In bone regeneration, endochondral and intramembranous ossification patterns occur simultaneously. Endochondral ossification predominated in unstable fracture models, but some direct bone formation and fibrochondrogenesis were also involved. Intramembranous ossification predominated in stable fracture, bone defect, and DO models (Runyan and Gabrick, 2017). In unstable fracture healing, cartilage scaffolds are first constructed and then gradually replaced with bone (Ferguson et al., 1999). Almost no cartilage is seen in intramembrane bone regeneration models (Jazrawi et al., 1998; Choi et al., 2002). P-SSCs respond differently to these patterns, but approximately 20% of available chromatin site alterations are common in fractures and DO models, including clusters related to general stress and inflammatory responses, such as HIF, VEGF, and IL signaling (Ransom et al., 2018). Here, we mainly focused on the modeled special responses of P-SSCs.
As we have discussed before, the periosteum not only mediates intramembranous ossification in physiological conditions but is also chondrogenic in fractures; this is a longstanding contradiction. In ectopic transplantation, Prrx1-, MX1 + αSMA-, and CTSK-labeled P-SSCs not only produced cartilage-less bone but also contributed approximately 100%, 20%, and 50% of the total chondroblasts in the fracture callus, respectively (Debnath et al., 2018; Duchamp de Lageneste et al., 2018; Ortinau et al., 2019).
Interestingly, the CTSK-lineage P-SSCs isolated from normal periosteum were osteoblastic only, but the P-SSCs isolated from the fractured periosteum were both osteoblastic and cartilaginous, and they could give rise to bone and cartilage in capsule transplantation (Debnath et al., 2018), indicating that a transition occurs in the P-SSCs. Genetically, P-SSCs upregulate cartilage formation-associated genes in fractures, such as Sox9 (Ransom et al., 2018), making the gene expression profiles similar to those of BM-SSCs. The fate shifting of P-SSCs in fractures has been observed, but its regulatory mechanism remains unclear. Some evidence points to the HIF and BMP pathways, but further investigation is required (Nakahara et al., 1990; Hanada et al., 2001; Ueno et al., 2001; Tsuji et al., 2006; Eyckmans et al., 2010; Chan et al., 2015).
The most significant difference between the fracture model and the DO model is that the DO model produces a larger bone tissue volume. The rate of bone growth during DO is equivalent to that of the fetus and is four–eight times that of adolescents (Steinbrech et al., 2000; Choi et al., 2002). Unlike the unstable fracture model that demonstrates the plasticity of P-SSCs, the DO model displays other sides of P-SSCs. Runx2 and Sox9 are key triggers of osteogenesis and chondroblast differentiation, with high chromatin accessible in fracture P-SSCs but not in DO (Ransom et al., 2018), indicating that P-SSCs are not in a poised differentiation state in DO but are ready to differentiate in fractures. The genes specifically enriched in P-SSCs during DO are associated with vascularization, adhesion, migration, and responses to mechanical stimulation (Ransom et al., 2018). Disruption of the mechanotransduction pathway FAK led to non-oriented migration of the P-SSCs and failure of DO (Ransom et al., 2018). These data indicated that the primary response of P-SSCs in DO had a close relationship with their migration within the periosteum. Human P-SSCs have been reported to express receptors from chemokine subfamilies CC, CXC, CX3C, and C, which respond to CCL2, CCL25, CXCL8, CXCL12, and CXCL13 (Stich et al., 2008). In mice, MX1 + αSMA + P-SSCs induced high expression of CCR5 and recruitment to the bone defect site (Ortinau et al., 2019). Blocking the CCL5–CCR5 interaction severely interrupts the bone healing process (Ortinau et al., 2019) (Figure 2).
[image: Figure 2]FIGURE 2 | The response of P-SSCs in different bone injury models. (A) In unstable fracture condition, P-SSCs acquire the capacity to differentiate into chondrocytes. (B) In DO or defected condition, P-SSCs showed high migratory capabilities. They are recruited into the bone defect site in response to special migration signals.
In conclusion, during unstable fracture healing, osteogenic unipotent P-SSCs become osteogenic and chondrogenic bipotent. The complete the migration capability of the P-SSCs is fundamental to successful DO.
DISCUSSION
In this review, the research progress on P-SSC properties in recent years was summarized. P-SSCs are a population of cells with high proliferation, migration, and osteogenic potential that exhibit plasticity in fractures, but the mechanism regulating this cell fate transition has not yet been fully clarified. The high mobility of P-SSCs is critical to DO. Thoroughly understanding the properties of P-SSCs and their behavior in injury is the cornerstone for their potential clinical application.
Since the discovery of tissue-resident stem cells, they have been widely used in both fundamental and clinical research. BM-SSCs have shown plasticity in vitro, and subsequently, many research groups have adopted BM-SSC therapy with the hope that BM-SSCs can cure diseases by differentiating into local cell types. However, BM-SSCs rarely or never differentiate into cell types outside the skeletal lineage (Caplan, 2017). Within the skeletal lineage, when considering reconstruction of the cartilage, synovium-derived stem cells showed a higher chondrogenic potential than BM-SSCs (Sasaki et al., 2018). Cartilage regeneration using BM-SSCs requires genetic modification or induction (Chan et al., 2015), but perichondrium-derived stem cells could directly form cartilage (Kobayashi et al., 2011). Similarly, P-SSCs appear to be a better choice than BM-SSCs for bone tissue reconstruction, where we do not want to see too much cartilage. Tissue-resident stem cells carry tissue-specific memories. Therefore, we need to be very careful when trying to use SSCs as a therapy. Before transplantation, we need to determine whether cartilage or bone is needed. In other words, the best cells should be chosen for the best treatment.
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Dental caries is a common disease that not only destroys the rigid structure of the teeth but also causes pulp necrosis in severe cases. Once pulp necrosis has occurred, the most common treatment is to remove the damaged pulp tissue, leading to a loss of tooth vitality and increased tooth fragility. Dental pulp stem cells (DPSCs) isolated from pulp tissue exhibit mesenchymal stem cell-like characteristics and are considered ideal candidates for regenerating damaged dental pulp tissue owing to their multipotency, high proliferation rate, and viability after cryopreservation. Importantly, DPSCs do not elicit an allogeneic immune response because they are non-immunogenic and exhibit potent immunosuppressive properties. Here, we provide an up-to-date review of the clinical applicability and potential of DPSCs, as well as emerging trends in the regeneration of damaged pulp tissue. In addition, we suggest the possibility of using DPSCs as a resource for allogeneic transplantation and provide a perspective for their clinical application in pulp regeneration.
Keywords: regeneration medicine, dental pulp stem cells, dental pulp regeneration, immunomodulation, allogeneic transplantation, mesenchymal stem cells
INTRODUCTION
Dental pulp is a tissue in the center part of the tooth, surrounded by dentin, and plays a crucial role in maintaining the vitality of teeth by supplying essential factors through the apical foramen. The neural network distributed in the pulp tissue through the apical foramen plays a role in protecting the teeth by recognizing harmful stimuli, and the blood vessels in the pulp tissue supply nutrients to the teeth and remove waste products. Dental pulp has high functional regenerative capacity as it is responsible for the maintenance as well as the repair of periodontal tissue in response to various types of damage. Dental pulp cells proliferate when periodontal tissue is damaged, migrate to the damaged site, then differentiate into odontoblasts to form reparative dentin (Tziafas et al., 2000; Dimitrova-Nakov et al., 2014). Dental caries is one of the most prevalent diseases worldwide and has maintained its prevalence and incidence over the past two decades (Kassebaum et al., 2015). According to the most recent epidemiological data, the overall prevalence of total caries among youth aged in the United States is 45.8% (Fleming and Afful, 2018). There are no symptoms in the initial stages of caries, and symptoms begin only when the carious lesion grows and progresses to the dentin (Selwitz et al., 2007). When dental caries progresses and an inflammatory reaction occurs in the dental pulp, pulp tissue ischemia with severe pain occurs. The current common clinical treatment involves removing the damaged dental pulp tissue, disinfecting it, and then filling it with artificial fillings (Morotomi et al., 2019). Although initial root canal treatment (RCT) has a high success rate and a predictable prognosis after treatment, the possibility of reinfection still exists (Salehrabi and Rotstein, 2004; Torabinejad et al., 2007; de Chevigny et al., 2008). Even if the treatment is successful, the vitality of the pulp is lost, and the perception and immune function completely disappear, reducing the resistance to external stimuli and weakening the teeth (Miran et al., 2016). Moreover, when reinfection occurs and retreatment is performed, the success rate decreases, and repeated RCT makes the teeth more fragile and prone to cracking or even fracture of the roots (Van Nieuwenhuysen et al., 1994; Imura et al., 2007; Ng et al., 2008). To solve these problems, a tissue regeneration approach that replaces damaged pulp with healthy pulp is an ideal treatment option. Therefore, novel strategies for regenerating functional pulp are essential as pulp stem cells are emerging as promising candidates.
Mesenchymal stem cells (MSCs) are multipotent cells that can differentiate into all types of cells derived from the three embryonic germ layers, including osteoblasts, chondroblasts, and adipocytes. MSCs have been found in various tissues, such as bone marrow, adipose tissue, and dental tissues (Pittenger et al., 1999; Bianco et al., 2001). Because of these characteristics, MSCs have been recognized as a promising source of stem cells in regenerative therapy. However, their application has limitations such as safety and accessibility issues; thus, MSC-like cells isolated from dental tissues have begun to attract attention. MSC-like cells isolated from dental tissues have the advantage of being easily accessible from extracted teeth or from periodontal tissues that come with the extracted teeth (Gronthos et al., 2000; Gronthos et al., 2002; Miura et al., 2003). In addition, they can differentiate into nerves and blood vessels, which are necessary structures constituting the pulp tissue, and can be cryopreserved to store cells. Importantly, they may not elicit an immune response in allogeneic transplantations because they are non-immunogenic and have strong immunosuppressive properties (Kwack et al., 2017). With these advantages, DPSCs are the most important source of stem cells for pulp tissue regeneration because they exist in the original dental pulp and are prone to repair the damaged dental pulp (Zhang et al., 2017). In this review, we focus on DPSCs and provide an up-to-date review of their potential, including their immunosuppressive properties. In addition, the latest clinical methods for the regeneration of pulp tissue and the clinical applicability/strategies of DPSCs have also been discussed.
DENTAL CARIES/PULPITIS
Dental caries is a common disease worldwide; however, it shows no symptoms until certain degree of progression. Untreated caries in permanent teeth are the most prevalent worldwide, and the prevalence and incidence of dental caries has been steadily maintained (Kassebaum et al., 2015). Dental caries is caused by complex interactions between the dietary supply of fermentable carbohydrates, acid-producing bacteria, and many host factors, including saliva and teeth (Selwitz et al., 2007). As a result of these interactions, the bacteria form a biofilm and cause demineralization of the outermost hard part of the tooth, the enamel, by acidogenic byproducts of bacterial metabolism. As enamel demineralization continues, dentin is exposed to bacterial invasion, resulting in further demineralization and cavitation. If caries progresses untreated, they turn to deep caries that penetrate the entire thickness of the dentin with specific pulp exposure. When dental pulp cells are exposed to dental caries, they respond directly by expressing various chemokines and cytokines to promote cellular defense processes and attempt repair (Farges et al., 2015). Fibroblasts, the principal cells of the pulp, can secrete factors important for the recruitment of stem cells, and the recruited stem cells are directly involved in repair (Frozoni et al., 2012; Jeanneau et al., 2017). In addition, bone marrow fibrocytes play a role in early wound healing by migrating to the damaged pulp site (Yoshiba et al., 2018). Several progenitor cell populations, including DPSCs, migrate to injured pulp sites and differentiate into odontoblast-like cells during reparative dentinogenesis (Gronthos et al., 2002). To undergo such a pulpal repair process, low-grade inflammation must progress to stimulate the regenerative response (Cooper et al., 2010). If inflammation is not removed despite a series of repair processes, it will eventually lead to an inflammatory pulpal reaction, resulting in pulp necrosis and abscesses (Reeves and Stanley, 1966; Bergenholtz et al., 1982).
Direct pulp capping or pulpotomy is clinically performed when the pulp is exposed to inflammation to maintain the vitality of the pulp. Direct pulp capping with dental biomaterial was performed to protect the exposed vital pulp by promoting restorative dentin formation (Figure 1A). Therefore, the primary purpose of pulp capping is to protect the exposed pulp tissue from external stimuli, such as bacteria. Therefore, pulp capping does not involve any process to remove the pulp tissue. In contrast, pulpotomy involves the removal of an exposed area (2–3 mm) of the infected pulp tissue (European Society of Endodontology, 2006) (Figure 1B). Pulpotomy is a treatment method based on histological research findings that irreversible pulpitis causes inflammation of the coronal pulp, whereas inflammation of the pulp tissue in the root chamber is rare (Ricucci et al., 2014). Although pulp chamber pulpotomy is mainly used to allow apexogenesis in immature teeth, recent reports suggest that it may have promising long-term results in mature teeth as well (Simon et al., 2013; Taha and Khazali, 2017). However, if the bacterial infection and inflammatory reaction of the pulp continue without proper treatment, the pressure inside the pulp chamber increases significantly, resulting in ischemia of the pulp tissue with severe pain. To reduce the patient’s pain by lowering the pressure inside the pulp chamber, pulpectomy was performed to remove all pulp tissue (Figure 1C).
[image: Figure 1]FIGURE 1 | Schematic diagram of the current concept of pulp therapy. (A) Direct pulp capping. Pulp capping is a method used to prevent necrosis of the dental pulp when it is slightly exposed to the pin-point. Direct pulp capping covers the exposed dental pulp with a base that protects the pulp and prevents infection to maintain dental pulp vitality. (B) Pulpotomy. Pulpotomy is a minimally invasive method that is clinically considered when there is pulpitis in the absence of root pathology. (C) Pulpectomy. Pulpectomy refers to a root canal treatment that removes irreversibly infected or necrotic pulp tissue.
MESENCHYMAL STEM CELLS
MSCs, which have the potential for self-renewal and multiple differentiation, play an essential role in organ development and repair (Uccelli et al., 2008; Bianco et al., 2013; Frenette et al., 2013). In various studies involving animal models and clinical trials, MSCs have received significant attention in regenerative medicine because of their tremendous potential to regenerate damaged tissues, including bones and teeth (Volponi et al., 2010; Daley, 2012; Grayson et al., 2015; Trounson and McDonald, 2015). MSCs have been proposed as an attractive cell source because of their ability to differentiate into osteoblasts or odontoblasts, to cryopreserve, and to modulate systemic immunity as well as avoid ethical disputes during the harvesting process, (Volponi et al., 2010; Daley, 2012; Grayson et al., 2015; Gao et al., 2017). Moreover, MSCs grow easily in vitro and are thus suitable for conducting various experiments in the field of regenerative medicine. MSCs can be identified by expressing cell surface markers such as CD73, CD90, and CD105 without expressing hematopoietic cell markers such as CD11b, CD34, and CD45 (Dominici et al., 2006). Human MSCs are multipotent cells isolated from various tissues, but the most common source tissues are bone marrow and adipose tissue (Haynesworth et al., 1992; Pittenger et al., 1999; Halvorsen et al., 2000; Zuk et al., 2001).
Bone marrow-derived MSCs have been extensively studied for bone regeneration because they strongly regulate bone homeostasis by regulating osteoblast differentiation and osteoclast activity (Frenette et al., 2013; Liu et al., 2014; Fernandes and Yang, 2016; Guo et al., 2018). With regard to bone homeostasis, cytotherapy or tissue engineering techniques have demonstrated therapeutic potential for the treatment of bone marrow-derived MSCs in osteopenia and bone defects (Shang et al., 2014; Liu S. et al., 2015; Sui et al., 2016; Sui et al., 2017). The iliac crest is mainly used to collect MSCs from bone marrow, and because bone marrow is renewable, it can be freely collected without ethical issues. However, harvesting the bone marrow is not readily accessible, as it requires conscious sedation and anesthesia, which requires monitoring by an anesthesiologist.
MSCs isolated from dental-related tissues exhibit typical MSC characteristics and have been found in various dental tissues, such as extracted teeth and adherent tissues (Gronthos et al., 2000; Gronthos et al., 2002; Miura et al., 2003; Seo et al., 2004). Unlike MSCs isolated from bone marrow, MSCs isolated from dental tissues are easily accessible because they can be isolated from wisdom teeth or healthy teeth that have been extracted for orthodontic purposes. It has been reported that the frequency of extraction of the four first premolars among orthodontic patients is as high as 8.9%–13.4% (Jackson et al., 2017). In addition, based on the dentist’s value and empirical evidence, many asymptomatic third molars are extracted for prophylactic purposes prior to orthodontic treatment (Bastos Ado et al., 2016). Considering these points, MSCs isolated from dental-related tissues can be obtained more easily than MSCs isolated from bone marrow. The easily accessible dental-derived MSCs include periodontal ligament stem cells, stem cells from apical papilla, dental follicle cells, stem cells from human exfoliated deciduous teeth, and DPSCs.
Periodontal Ligament Stem Cells
The periodontal ligament is a fibrous connective tissue that plays an important role in supporting teeth by anchoring them to the alveolar bone (Chen et al., 2012). Periodontal ligament stem cells isolated from the periodontal ligament are known to play a role in maintaining the function of periodontal tissue and regenerating the structure (Seo et al., 2004). In vitro experiments showed that periodontal ligament stem cells expressed cementoblast/osteoblast markers in culture and could be mineralized. In case of periodontal tissue defects, locally transplanted periodontal ligament stem cells migrate to and repair the defect, suggesting the possibility of periodontal tissue regeneration (Liu et al., 2008; Ding et al., 2010).
Stem Cells from the Apical Papilla
The apical papilla tissue is located at the tip of the growing tooth root because it exists only during the development of the tooth root (Sonoyama et al., 2006; Huang et al., 2008; Sonoyama et al., 2008). The differentiation of stem cells from the apical papilla into odontoblasts and osteoblasts was confirmed in vitro, and the possibility of regeneration into cementum and periodontal ligament-like complexes was indicated in vivo (Han et al., 2010).
Dental Follicle Cells
The dental follicle is a loose connective tissue derived from the ectomesenchyme that surrounds the dental papilla and the enamel of the developing tooth germ before eruption. Dental follicle cells, including progenitors of cementoblasts, periodontal ligaments, and osteoblasts, were found to differentiate into cementum in vitro (Kemoun et al., 2007; Yao et al., 2008) and in vivo in an experiment that used implants (Handa et al., 2002). In addition, dental follicle cells not only regenerate periodontal ligament-like tissues upon transplantation in vivo but also regenerate periodontal tissues through epithelial–mesenchymal interactions (Yokoi et al., 2007; Bai et al., 2011). Dental follicle cells are attracting attention in regenerative medicine because they maintain the characteristics of MSCs and form periodontal tissues even when sub-cultured more than other stem cells (Guo et al., 2012).
Stem Cells from Human Exfoliated Deciduous Teeth
A cell population exhibiting the characteristics of MSCs was isolated from the pulp tissue of human exfoliated deciduous teeth and named “stem cells from human exfoliated deciduous teeth” (Miura et al., 2003). Stem cells from human exfoliated deciduous teeth can differentiate into osteoblasts in vitro (Su et al., 2016), and their differentiation into dentin-like tissues upon transplantation in vivo indicates that they have the potential for pulp regeneration (Miura et al., 2003; Shi et al., 2005; Cordeiro et al., 2008). Notably, stem cells from human exfoliated deciduous teeth showed a higher proliferation rate, osteogenic differentiation ability, and osteo-inductive potential compared to those of DPSCs and bone marrow-derived MSCs (Nakamura et al., 2009; Kunimatsu et al., 2018). Moreover, stem cells from human exfoliated deciduous teeth are considered an attractive cell source for bone and tooth regeneration because they can cryopreserve and maintain their differentiation potential even after cryopreservation (Ma et al., 2012).
Dental Pulp Stem Cells
DPSCs are cells with MSC-like characteristics isolated from dental pulp that play a role in periodontal tissue repair and regeneration (Gronthos et al., 2000). DPSCs play an essential role in dentin repair and postnatal tooth homeostasis by differentiating into odontoblasts (Gronthos et al., 2002; Shi and Gronthos, 2003; Laino et al., 2005). Furthermore, because DPSCs are of neural origin, they can differentiate into glial cells and neurons and have also been shown to exhibit the ability to secrete neurotrophic factors that play a role in neurite outgrowth and neuroprotection (Arthur et al., 2008; Ratajczak et al., 2016) (Figure 2). Importantly, DPSCs possess a strong angiogenic capacity to generate capillary-like structures by secreting angiogenesis regulators under certain environmental conditions (Ratajczak et al., 2016) (Figure 2). Taken together, DPSCs with excellent neurodifferentiation and strong angiogenic potential, which are the most important factors for functional pulp regeneration, are the optimal cell source for dental pulp regeneration.
[image: Figure 2]FIGURE 2 | Characteristics of dental pulp stem cells (DPSCs). DPSCs can be isolated from dental pulp tissue and express markers similar to those on mesenchymal stem cells (MSCs). DPSCs can undergo self-renewal and have the potential to differentiate into ectoderm, mesoderm, and endoderm.
DENTAL PULP STEM CELLS AS A SOURCE OF PULP REGENERATION
The pulp tissue receives blood vessels from the apical foramen to maintain vitality and is innervated to provide sensation to the teeth. Therefore, the strong angiogenic and neurogenic potential of MSCs is essential for the successful regeneration of pulp tissue. Therefore, the regenerated pulp tissue must 1) have a cell density and structure similar to those of the original pulp, 2) generate new dentin at a controlled rate similar to that of the original pulp, 3) have blood vessels formed and connected, and 4) innervated nerves (Fawzy El-Sayed et al., 2015). DPSCs have distinctive neurovascular differentiation characteristics, suggesting that they may serve as the best candidates for pulp tissue regeneration (Gronthos et al., 2000). In addition, the pulp microenvironment maintains dynamic homeostasis, and these microenvironments must be closely mimicked during pulp regeneration. Thus, DPSCs surrounding the neurovascular bundle may be most suitable for pulp tissue regeneration (Shi and Gronthos, 2003; Zhao et al., 2014). Therefore, we focused on DPSCs and summarized their stemness, clinical application, immunomodulatory properties, and cryopreservation characteristics.
Stemness
DPSCs are ectoderm-derived MSCs originating from the cranial neural crest cells. DPSCs have MSC-like properties, including fibroblast-like morphology and the ability to adhere to and proliferate on plastic surfaces, and exhibit MSC-like colony formation (Dominici et al., 2006; Martens et al., 2013). Similar to MSCs, DPSCs express specific markers such as CD73, CD90, CD105, and STRO-1 but not hematopoietic markers such as CD11b and CD19 (Mattei et al., 2015). However, DPSCs are a heterogeneous population that also express a variety of other markers (Figure 2).
For successful tissue engineering, forming a rapid vascular network with the host circulatory system to supply the necessary oxygen and nutrients and remove waste products is essential (Jain et al., 2005). In relation to angiogenesis, DPSCs significantly upregulate pericyte markers such as NG2, platelet-derived growth factor receptor β (PDGFRβ), and α-smooth muscle actin (α-SMA) but do not express endothelial markers such as von Willebrand factor or CD31 (Janebodin et al., 2013). It has been reported that DPSCs support angiogenic and vasculogenic processes not only by secreting pro-angiogenic factors but also by direct differentiation into pericytes and endotheliocytes. Angiogenic potential has been established through pro-angiogenic factors like vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), monocyte chemoattractant protein-1 (MCP-1), basic fibroblast growth factor (bFGF), and endothelin-1 (EDN1) secreted by DPSCs, and through these factors, DPSCs act as pericyte-like cells to stabilize blood vessels (Bronckaers et al., 2013; Janebodin et al., 2013).
The co-transplantation of endothelial progenitor cells and perivascular cells can form functional micro-vessels in vivo (Melero-Martin et al., 2007). Moreover, further administration of DPSCs can stabilize the pre-existing vasculature-like structure formed by human umbilical vein endothelial cells (HUVECs) and increase their longevity (Dissanayaka et al., 2012). When co-injected with HUVECs, DPSCs showed perivascular characteristics that contributed to angiogenesis (Nam et al., 2017). As such, it has been established that DPSCs are often closely associated with blood vessels, adopting the location and function of pericytes.
DPSCs derived from the cranial neural crest have neural properties, and in this regard, they are known to express nestin, a neural progenitor marker, and glial fibrillary acidic protein (GFAP), a glial marker (Davidson, 1994). DPSCs can differentiate into neural cells (Stevens et al., 2008) and glial cells (Gronthos et al., 2002) as well as neuronal nuclei (NeuN), neuron-specific markers that indicate neuronal differentiation capacity under neuronal induction conditions (Gronthos et al., 2002). DPSCs cultured in neuronal inductive media containing growth factors such as glial cell line-derived neurotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF), are known to differentiate into neuron-like cells (Chang et al., 2014). Moreover, it was recently reported that optogenetic stimulation not only increases the vitality of DPSCs but also promotes differentiation to neuron-like cells (Niyazi et al., 2020).
In DPSCs, like other stem cells, side population (SP) cells characterized by a low level of Hoechst33342, a DNA-binding fluorescent dye, were found. Among the SP populations, the CD31−/CD146− population is considered a promising population owing to the high expression of neurotrophic factors such as BDNF and nerve growth factor (NGF) and angiotrophic factors such as VEGF-A (Nakashima et al., 2009).
Therefore, DPSCs have cell characteristics suitable for angiogenesis and neurogenesis, which are essential for pulp regeneration.
Immunomodulation Properties
Autologous DPSCs are considered a suitable source of cells for cell-based regenerative medicine but have limitations in that the uninfected teeth must be extracted and cryopreserved in a timely manner and used within the cryopreservation period. In contrast, using allogeneic cells has the advantage that when clinically applicable DPSCs are secured, a cell bank can be created and appropriately applied to patients in need at any time. However, allogeneic cell use can induce immune rejection by the host immune system due to a major histocompatibility complex (MHC) mismatch. DPSCs have effective and potent immunomodulatory functions to address immune rejection, suggesting their potential for regenerative medicine using allogeneic cells. Studies have primarily demonstrated the immunosuppressive properties of DPSCs through in vitro cell co-culture. Co-culture of stimulated T cells with DPSCs inhibits T-cell proliferation through the formation of regulatory T cells (Tregs), suggesting that Tregs may play a pivotal role in the immunosuppressive properties of DPSCs (Pierdomenico et al., 2005; Demircan et al., 2011; Hong et al., 2017) (Figure 3). Another study reported that DPSCs suppressed Th1 and Th2 subsets of CD4+ T cells while increasing the proliferation of Treg and Th17 subsets (Ozdemir et al., 2016) (Figure 3A). In contrast, our group reported that Tregs are not directly related to the immunosuppressive properties of DPSCs. We reported that T cells are activated to secrete IFN-γ, which primes DPSCs to release TFG-β, thereby exhibiting immunosuppressive activity (Kwack et al., 2017) (Figure 3B). There was also a report that the Fas ligand expressed in DPSCs induces T-cell apoptosis through the Fas apoptotic pathway, resulting in the immunosuppressive property of DPSCs (Zhao et al., 2012). DPSCs participate in immune responses by interacting with macrophages and natural killer (NK) cells in addition to T cells. Transplanting DPSCs into unilateral hindlimb skeletal muscle showed that DPSCs could interact with macrophages to promote polarization toward the anti-inflammatory M2 phenotype (Omi et al., 2016). NK cells are considered important mediators in cell therapy because they efficiently lyse transplanted autologous and allogeneic MSCs (Spaggiari et al., 2006). However, DPSCs have been shown to increase resistance to NK cell lysis by overexpressing hypoxia-inducible factor 1 alpha (HIF-1α), thereby increasing the potential in vivo lifespan of transplanted DPSCs (Martinez et al., 2017).
[image: Figure 3]FIGURE 3 | Schematic diagram of the immunosuppressive potential of dental pulp stem cells (DPSCs). (A) DPSCs can inhibit the proliferation of natural killer (NK), T helper 1 (Th1), and T helper 2 (Th2) cells and the secretion of pro-inflammatory factors such as TNF-α. In addition, DPSCs induce the proliferation of regulatory T cells (Tregs)/T helper 17 (Th17) cells and differentiation toward macrophage M2 phenotype and secrete anti-inflammatory factors such as TGF-β. (B) Fas ligand expressed in DPSCs induces T-cell apoptosis through Fas apoptotic pathway. IFN-γ secreted from hyper-activated T cells primes DPSCs to secrete TGF-β, resulting in immunosuppressive ability.
DPSCs are known to modulate inflammatory factors, which downregulate the production of pro-inflammatory factors such as TNF-α, while upregulating the secretion of anti-inflammatory factors such as TGF-β (Demircan et al., 2011). Among them, TGF-β has been reported to be expressed in DPSCs as an immunosuppressive regulator and anti-inflammatory factor. It has been reported that DPSCs promote nerve repair and regeneration by releasing TGF-β in response to nerve damage and suppressing the acute immune response (Luo et al., 2018). These findings suggest that DPSCs may be a suitable source for allogeneic transplantation, as they not only exhibit immunomodulatory properties by regulating immune cell proliferation and cytokine production but are also involved in regulating inflammation.
However, activating immune cells in vitro is an artificial process and has a limitation in that it can hardly represent complex immune responses that are actually generated in vivo. The immunomodulatory properties of DPSCs are strongly influenced by the surrounding microenvironment and are generally not observed in steady-state quiescent DPSCs. MSCs are primed by inflammatory cytokines such as TNF-α and IFN-γ, which are released by activated immune cells. Primed MSCs, in turn, greatly enhance their immunosuppressive potential. Likewise, our group emphasized the importance of the surrounding microenvironment by demonstrating that the immunosuppressive effect disappeared when DPSCs were incubated with IFN-γ antibody to neutralize IFN-γ (Kwack et al., 2017). Further research is needed to understand the exact mechanism of the immunosuppression of DPSCs that occurs in vivo. However, according to a recent preclinical study of allogeneic transplantation of DPSCs after pulpectomy of canine incisors, the absence of side effects following transplantation of allogeneic mismatched DPSCs suggests that it exhibits immunosuppressive ability even in vivo (Iohara et al., 2018). Moreover, a recent report that the immunomodulatory effect of undifferentiated DPSCs is maintained during osteogenic differentiation supports the strong immunomodulatory ability of DPSCs (Hossein-Khannazer et al., 2019).
Cryopreservation
Although DPSCs have regenerative activity for clinical applications, it is known that DPSCs isolated from the teeth of elderly patients or patients with systemic diseases such as systemic lupus erythematosus, rheumatoid arthritis, or diabetes have reduced bioactivity (Zhang J. et al., 2015). In particular, in elderly patients, not only does the pulp tissue shrink due to physiological secondary dentinogenesis and pathological tertiary dentinogenesis but also mineralization, such as pulpal stone, limits the acquisition of DPSCs, thus limiting its use. In addition, it is almost impossible to obtain and use the dental pulp of uninfected young patients on an as-needed basis. Therefore, cell banking is an essential technology for storing DPSCs in clinically appropriate conditions with minimal cell or tissue damage and applying them through immediate cell expansion when clinically needed (Woods et al., 2009). Cryopreservation is the process of maintaining cell viability by freezing and storing them at extremely low temperatures where biochemical reactions do not occur (Mullen and Critser, 2007). However, since cells are easily exposed to stressful conditions during cryopreservation, which leads to cryoinjury, research on how to prevent damage has been in progress for a long time. Cryoinjury can occur either through direct mechanical action due to the formation of ice crystals or by secondary effects due to changes in osmotic homeostasis (Pegg, 2015). To prevent such damage, cryoprotectants are used, of which the most widely used is dimethyl sulfoxide (DMSO), which penetrates through the cell cytoplasmic membrane and prevents the formation of ice crystal nuclei. However, because DMSO itself adversely affects cells (causes cytotoxic effects), it is necessary to limit the concentration used for cell preservation. In general, it is recognized that a concentration of 10% or less is slightly toxic, and studies on the concentration of DMSO suitable for preservation of DPSCs are being conducted.
Importantly, for the application of DPSCs in regenerative medicine, cryopreservation should not affect their stemness features and multipotency. Several studies have shown that DPSCs can be cryopreserved while retaining their stem cell properties (Zhang et al., 2006; Gioventu et al., 2012). A recent study showed that DPSCs did not impair viability, proliferation, stemness, or differentiation capacity after cryopreservation at −80°C for 1 year (Pilbauerova et al., 2021). Despite these advantages, DPSCs can be cryopreserved only when an appropriate number is obtained by isolating and culturing DPSCs from pulp tissue after tooth extraction. This method takes a long time for cryopreservation, resulting in excessive labor and other costs, and there is even a risk of potential contamination by microorganisms. Therefore, there are studies moving from cell-level cryopreservation to tissue-level cryopreservation. There was no significant change in cell proliferation rates, cell growth morphology, and stem cell characteristics when pulp tissue was stored in liquid nitrogen for more than 1 year and then cultured (Han et al., 2017). Another study reported that the time lapse for cellular outgrowth was significantly reduced when 5% DMSO was used for cryopreservation of pulp tissue compared to when 10% DMSO was used without affecting other conditions (Yan et al., 2020). Therefore, it may be better to choose tissue cryopreservation over cell cryopreservation in that it positively affects the vitality of cells by reducing the time until cryopreservation, reducing the possibility of contamination, and reducing the direct toxic effects of DMSO on cells. Pulp tissue has been used as a scaffold for dental pulp regeneration (Hu et al., 2017; Song et al., 2017; Matoug-Elwerfelli et al., 2020; Bakhtiar et al., 2021), and cryopreservation as a tissue can be a good method for preserving the scaffold. In addition to these characteristics, DPSCs themselves have immunosuppressive properties (Kwack et al., 2017), and long-term cryopreservation weakens their immunogenicity (Yokomise et al., 1996), suggesting the possibility of allogeneic pulp tissue transplantation.
Therapeutic Potential of Dental Pulp Stem Cells Related to Neurovascular Properties
Owing to the angiogenic and neurogenic potential of DPSCs, they are being studied for the treatment of various systemic diseases. In a study showing the neurodifferentiation properties of DPSCs, ectopic implantation of pulp tissue into the anterior chamber of rats resulted in innervation and upregulation of catecholaminergic nerve fiber density in the iris (Nosrat et al., 2001). In the same study, implantation of pulp tissue into hemisected spinal cords showed an increase in the number of surviving motor neurons, indicating that this effect is orchestrated by dental pulp-derived neurotrophic factors that functioned by rescuing motoneurons. Dental pulp-derived neurotrophic factors have been reported to have neuroprotective effects in Parkinson’s disease by protecting dopaminergic neurons from MPP+ or rotenone toxicity in vitro (Nesti et al., 2011; Gnanasegaran et al., 2017). Moreover, DPSCs have been shown to have neurotrophic effects in Alzheimer’s disease and Parkinson’s disease (Apel et al., 2009; Martens et al., 2013; Zhang X.-M. et al., 2021). In particular, human dental pulp cells express a neuronal phenotype and produce neurotrophic factors such as NGF, GDNF, BDNF, and bone morphogenetic protein (BMP)-2, suggesting that they may be potential candidates for cell-based therapy.
The angiogenic potential of DPSCs has also been studied in several disease models. Functional revascularization was induced by transplantation of the CD31− CD146− SP of DPSCs isolated from porcine pulp tissue into the mouse hindlimb ischemia site (Iohara et al., 2008). The SP of DPSCs not only induces angiogenesis but also promotes the migration and differentiation of endogenous neural progenitors, thereby improving ischemic brain injury after middle cerebral artery occlusion (Sugiyama et al., 2011). In addition, the angiogenic potential of DPSCs can be determined from the study results that human DPSCs induce angiogenesis and alleviate infarction in rats with acute myocardial infarction (Gandia et al., 2008). The angiogenic potential of DPSCs was also shown in a model of muscular dystrophy, where DPSCs were engrafted into the host muscle, resulting in histological improvement by enhancing angiogenesis (Pisciotta et al., 2015). In dystrophic mouse models, human dental pulp pluripotent-like stem cells were engrafted into skeletal muscle and showed integration in muscle fibers and blood vessels by secreting several growth factors involved in angiogenesis (Martinez-Sarra et al., 2017).
THE CLASSICAL CONCEPT OF PULP TISSUE ENGINEERING
Traditionally, infected dental pulp undergoes RCT in which all dental pulp is removed, and the pulp space is filled with artificial inorganic materials. However, teeth treated with the RCT method lose their vitality and become brittle, making them susceptible to postoperative fracture. Therefore, maintaining the vitality of dental pulp is an appropriate treatment to solve these problems. With the development of tissue engineering technology and regenerative medicine, efforts are being made to regenerate pulp tissue to maintain the vitality of teeth.
The three classical elements traditionally required in regenerative medicine are stem cells, scaffolds, and signaling molecules (growth factors), and the same concept has been used for dental pulp regeneration. Briefly, the concept is to isolate and culture stem cells in vitro, load them onto scaffolds, and apply them in vivo with signaling molecules that can help stem cells to properly differentiate.
The scaffold primarily serves as a tool to support stem cells, but it can also play a role in attracting cells or promoting differentiation into specific cells by additionally loading growth factors or drugs (Brittberg et al., 1994). From a classical point of view, scaffolds are important for structural support, allow them to interact with their surrounding microenvironment, and can influence the signal pathway required for regeneration. To achieve this classical purpose, the scaffold must mechanically maintain its integrity, thereby supporting the adhesion and differentiation of stem cells to the implantation site. Additionally, the scaffold must mimic the original extracellular matrix of the tissue from which it is generated (Goldberg and Smith, 2004; Du and Moradian-Oldak, 2006).
Various exogenous growth factors have been demonstrated to enhance the migration, proliferation, and differentiation of DPSCs in vitro. Factors with excellent potential to induce the migration of DPSCs include bFGF (Suzuki et al., 2011; Takeuchi et al., 2015), stromal-derived factor-1 (SDF-1) (Suzuki et al., 2011; Yang et al., 2015) and granulocyte-colony stimulating factor (G-CSF) (Takeuchi et al., 2015). In addition, wnt3a (Hunter et al., 2015), G-CSF, and bFGF have been reported to promote the proliferation of DPSCs. Several factors are known to induce differentiation of DPSCs, and in particular, BMP-2 has been reported to induce their differentiation into odontoblasts (Oshima and Tsuji, 2014). Moreover, although BMP-7 had no significant effect on the recruitment of DPSCs, it induced mineralization of DPSCs (Suzuki et al., 2011), and TGF-β stimulated mineralization by differentiating DPSCs into odontoblast-like cells (Oshima and Tsuji, 2014). G-CSF was also a factor inducing dentinogenesis in DPSCs (Takeuchi et al., 2015); importantly, G-CSF is known to induce the migration, differentiation, and mineralization of DPSCs, as well as neurogenesis and angiogenesis, suggesting that it is an essential factor for pulp regeneration (Takeuchi et al., 2015). However, since the multiple actions of one factor may interfere with the sophisticated differentiation regulation for dental pulp regeneration, detailed mechanistic studies should be conducted.
CURRENT APPROACHES FOR PULP TISSUE REGENERATION
If decayed teeth progress without proper treatment, pulp necrosis and abscesses accompanied by inflammatory pulp reactions occur. To save the infected tooth, an RCT was performed in which the entire infected pulp tissue was removed and disinfected, and the empty space was filled with artificial material (Figure 4A).
[image: Figure 4]FIGURE 4 | Schematic diagram of current approaches for pulp tissue regeneration. (A) Classical endodontic treatment. (B) Pulp revascularization. (C) Cell-homing-based regenerative endodontic treatment (RET). (D) Cell-transplantation-based RET.
Pulp Revascularization
Pulp revascularization is a procedure that regenerates the infected pulp tissue into pulp-like tissue by filling the root canal space with a blood clot after disinfection (Figure 4B). Because this procedure must induce a blood clot from the apical foramen, it can be used on immature teeth where the apical foramen has not yet closed. Attempts to regenerate pulp tissue by inducing blood clots into the root canal were first made in the 1960s (Ostby, 1961). If revascularization is successfully performed in immature teeth, root development of immature teeth can be completed; therefore, it has been actively studied in the field of traumatology (Skoglund et al., 1978; Galler, 2016). Many studies have been conducted, including the first case report on regenerative root canal treatment, and this treatment was adopted by the American Dental Association in 2011 and is now widely used in clinical practice (Iwaya et al., 2001; Banchs and Trope, 2004). Although pulp revascularization is similar to conventional root canal treatment in that it removes infectious agents, there are some differences in the basic concept. In RCT (or pulpectomy), to prevent re-infection, an aggressive disinfection process is performed, and artificial materials are filled in. In contrast, in pulp revascularization, mechanical debridement using an endodontic file is contraindicated to prevent damage to the root canal wall and induce the influx of stem cells located on the apical side to maintain the vitality of the tooth (Cvek, 1992; Iwaya et al., 2001). For this reason, in pulp revascularization, the use of intracanal medicaments along with the application of sufficient chemical disinfection is recommended instead of mechanical debridement. However, even if chemical disinfection is performed to protect the root canal wall, it is necessary to consider the balance between disinfection and cytotoxicity in stem cells. Thorough disinfection is important to prevent re-infection; however, an appropriate microenvironment for stem cell adhesion and differentiation is also needed for stem cell regeneration. Sodium hypochlorite, a representative chemical disinfectant, is known to be cytotoxic at a concentration of 3% or more and interferes with stem cell adhesion (Chang et al., 2001; Ring et al., 2008; Martin et al., 2014). Accordingly, the American Association of Endodontists recommends the use of a low concentration of sodium hypochlorite for pulp revascularization. Pulp revascularization faithfully follows the classical concept of tissue engineering. By inducing bleeding, MSCs from the apical side are delivered into the root canal (Lovelace et al., 2011), and the blood clot acts as a scaffold as well as a signaling molecule because of the presence of many growth factors (Shah et al., 2008; Nosrat et al., 2012). Reportedly, ethylenediaminetetraacetic acid (EDTA) can promote the differentiation of DPSCs into odontoblast-like cells by releasing various growth factors entrapped in dentin (Galler et al., 2011). Therefore, EDTA is recommended as the final irrigant. However, pulp revascularization has several limitations. As mentioned earlier, this method can only be used for immature teeth. Moreover, histological studies have shown that most tissues formed through pulp revascularization are not original pulp-like tissues but contain tissues such as periodontal, cementum, and bone-like tissues (Becerra et al., 2014). Therefore, further studies are needed to promote the formation of pulp-like tissue and to apply this method to mature teeth.
Cell-Homing-Based Regenerative Endodontic Treatment
The basic concept of cell homing for dental regeneration is to achieve tissue regeneration through chemotaxis of host endogenous cells to damaged pulp tissue via signaling molecules, just as our body does for damaged tissue repair (Kim et al., 2010) (Figure 4C). Pulp revascularization and cell-homing-based RET is considered cell-free RET, as it is performed without exogenous cell transplantation. In pulp revascularization, blood acts not only as a scaffold but also as a source for signaling molecules, but cell homing can be applied to a scaffold that is advantageous for stem cell migration and proliferation and can load desired signaling molecules together. Because the cell-homing strategy is to create a suitable environment for the induction, differentiation, and proliferation of endogenous stem cells capable of regenerating pulp-dentin, it is important to identify endogenous cell sources from a therapeutic point of view. Because stem cells (DPSCs) are present in the dental pulp, the source of the cells depends on whether the vital pulp is preserved in the root canal. Pulpotomy is a dental procedure that removes the pulp of a tooth in the crown and leaves the pulp in the root canal as intact vital pulp. It has been mainly used for the normal development of the root by preserving pulp in immature teeth; however, it can also be performed on mature teeth. If the cell-homing strategy is used after pulpotomy, the DPSCs that exist in the immediate vicinity are mainly homing and can regenerate pulp dentin, an intrinsic ability under the influence of signaling molecules (Shi et al., 2020). However, it is known that in pulpectomy, which extirpates the entire pulp tissue, stem cells from apical papilla, and periodontal ligament stem cells, which are mainly located in the apical foramen, are homed (Liu J.-Y. et al., 2015; He et al., 2017).
The pulp tissue regeneration experiment using the cell-homing-based technique is mainly performed by transplanting human teeth into animal models. Briefly, after RCT of human extracted teeth, different types of signaling molecules are combined on various scaffolds and applied to empty root canals. The grafts are transplanted into animal models to evaluate pulp regeneration. Early studies mainly focused on signaling molecules. Pulp-like tissue has been reported to be regenerated in a mouse model using a combination of bFGF, PDGF (factors for cellular chemotaxis), NGF (for neural growth), VEGF (for angiogenesis), and BMP7 (for odontoblast differentiation and mineralization) (Kim et al., 2010). Although the study by Kim et al. (2010) used an ectopic model, it is significant as a starting point for demonstrating a clinically accessible cell-homing approach for pulp regeneration in humans. Experiments were then conducted using a single molecule to determine which signaling molecule is most essential for pulp regeneration. Early research showed that pulp-like tissue was regenerated by injecting bFGF alone, suggesting that the signaling molecule that triggers stem cell recruitment plays the most important role (Suzuki et al., 2011). Another study found that there was no significant difference in the pulp regeneration effect between bFGF and G-CSF application and reported that bFGF could be replaced with G-CSF (Takeuchi et al., 2015). As a result of these studies, research was conducted mainly on signaling molecules that can home stem cells to the empty pulp space, and factors such as SDF-1 (Yang et al., 2015; Zhang L. X. et al., 2015) and stem cell factor (SCF) (Ruangsawasdi et al., 2017) have also been reported to be effective.
Cell-homing strategies have the advantage of not requiring isolation or manipulation of stem cells in vitro, making them more economical and may be easier to perform clinically. However, the cell-homing strategy also has some limitations. If the apical papilla or follicle is damaged due to severe inflammation accompanied by pulpal necrosis, it may be difficult to sustain the root development of immature teeth because there are not enough stem cells to support odontoblast differentiation or dentin formation. Likewise, even when cell-homing-based RET is performed on mature teeth, treatment may not be successful if there are not enough stem cells, and the outcome of treatment cannot be predicted because it is impossible to determine the status of stem cells in the apical papilla or dental follicle. Therefore, numerous aspects still need to be addressed to obtain applicable and predictable results in clinical practice. Despite the great advances in dental pulp regeneration through cell-homing-based RET over the past few years, further investigation and development are needed.
Cell-Transplantation-Based Regenerative Endodontic Treatment
The basic concept of cell-transplantation-based RET is the transplantation of exogenous stem cells onto scaffolds with signaling molecules for tissue regeneration (Demarco et al., 2011) (Figure 4D). For RET, a cell transplantation strategy based on the classical concept of tissue engineering was first proposed for pulp tissue regeneration and has made remarkable progress. Based on the classical concept of tissue engineering, early experiments and continuous animal studies have been conducted to investigate the effect of stem cell implantation on pulp regeneration (Dissanayaka et al., 2015; Abbass et al., 2020; Ahmed et al., 2020). In a preliminary study in which autologous DPSCs were transplanted together with Gelfoam as a scaffold for immature permanent incisors of canines, it was found that pulp-like tissues, including dentin-like tissues and blood vessels, were regenerated (Wang et al., 2013). Another study reported that autologous DPSCs with platelet-rich fibrin promoted the regeneration of pulp-dentin like tissue in dogs (Chen et al., 2015). Further animal studies have shown that human DPSCs, along with platelet-derived growth factor, have successfully induced pulp-like tissue by applying them to the empty pulp space of rats (Cai et al., 2016). A study in which a chitosan hydrogel scaffold containing autologous DPSCs and growth factors was applied to immature necrotic permanent teeth with apical periodontitis in dogs confirmed that root maturation was complete histologically and radiologically, as well as regeneration of pulp and dentin-like tissues (El Ashiry et al., 2018).
In cell-transplantation-based RET, various scaffolds have been used to allow the applied stem cells to promote attachment, proliferation, and differentiation. Gelfoam was used as a scaffold for applying autologous DPSCs in dogs (Wang et al., 2013), and an injectable nanopeptide hydrogel was also used to apply porcine DPSCs (Mangione et al., 2017). In addition, it was reported that the gelatin-based scaffold was histologically and radiologically more effective than the fibrin-based scaffold when human DPSCs were placed on gelatin- or fibrin-based scaffolds and transplanted into minipigs (Jang et al., 2020). Furthermore, to use the tissue most similar to the original tissue as a scaffold, decellularized swine dental pulp tissue was used as a scaffold and applied to human DPSCs, and the regeneration of pulp-like tissue was confirmed histologically (Hu et al., 2017). In addition, scaffold-free RET, which can replace the role of scaffolds by constructing cells in three dimensions, is being studied. Pulp-like tissue regeneration was achieved by transforming canine DPSCs into cell sheet fragments and applying them along with the signaling molecule platelet-rich fibrin (Chen et al., 2015). In addition, it was confirmed that the pulp-like tissue was regenerated by subcutaneously implanting human DPSCs into three-dimensional (3D) cell constructs without signaling molecules or scaffolds in immunodeficient mice (Itoh et al., 2018). A recent study revealed that 3D cell sheets could enhance the therapeutic potency of MSCs, suggesting the possibility that cell sheets could replace scaffolds (Bou-Ghannam et al., 2021).
In cell-transplantation-based RET, autologous stem cells have been used in many animal studies, and all clinical trials performed using this method yielded successful results (Kim, 2021). Therefore, the cell-transplantation-based RET method appears to be the most appropriate for clinical applications. In addition, because stem cells with suitable characteristics are directly applied together to induce pulp-like tissue, the limitation of stem cell induction, as in cell-homing-based RET, can be overcome. However, a major obstacle to autologous stem cell transplantation is the availability of pulp tissue. The ethically best available methods for isolating DPSCs required for pulp regeneration are wisdom teeth or orthodontic extraction teeth. It is difficult to extract wisdom teeth or perform orthodontic treatment to treat irreversible pulpitis. In addition, the scaffolds and signaling molecules used in each study were slightly different; therefore, more research on the best combination is needed. Collectively, cell-transplantation-based RET in dentistry for dentin pulp tissue regeneration still faces challenges. Future strategies should be directed toward creating a suitable regenerative microenvironment using an ideal combination of signaling molecules and scaffolds that are most suitable for pulp tissue regeneration (Mangione et al., 2017).
ALLOGENEIC TRANSPLANTATION
Stem cell therapy has been proposed as an effective regenerative technology to restore the function of teeth that have lost function due to pulpitis. Several specific regeneration methods have been introduced, and autologous transplantation of a subpopulation of DPSCs (pulp-derived CD31− SP cells and pulp-derived CD105+ cells treated with SDF-1) have been successful in demonstrating the possibility of pulp regeneration (Iohara et al., 2011; Ishizaka et al., 2012). Subsequently, transplantation of DPSCs with autologous platelet-rich fibrin successfully regenerated pulp-like tissue and induced the deposition of regenerated dentin (Chen et al., 2015). In a preclinical study, the safety and efficacy of autologous DPSC transplantation therapy were demonstrated by harvesting and culturing DPSCs under good manufacturing practice conditions and applying them along with G-CSF (Iohara et al., 2013). Moreover, a recent human clinical study suggested that autologous DPSC transplantation is safe and may effectively induce pulp regeneration (Nakashima et al., 2017). Although autologous DPSC transplantation has demonstrated some efficacy and potential for tissue regeneration, certain limitations still need to be overcome, the biggest limitation being the presence of unnecessary teeth, such as wisdom teeth, to regenerate the pulp of a specific tooth with autologous DPSC transplantation. This limitation is particularly noticeable in elderly patients since there is a high probability that elderly patients do not already possess unneeded teeth. Even if elderly patients have usable teeth for transplantation, their DPSCs may show dysfunction due to aging. A recent study reported that DPSCs exhibit typical senescence features, such as reduced proliferation, reduced differentiation potential, and enlarged cell shape with aging (Yi et al., 2017). In addition, osteogenic potential decreases in aged human DPSCs (Yi et al., 2017; Iezzi et al., 2019), and the expression of dentin matrix acidic phosphoprotein 1 and dentin sialophosphoprotein, key markers of odontogenic differentiation, decreases with age (Iezzi et al., 2019). Various studies have proven that neurogenic potential, which is one of the essential factors for pulp regeneration, also decreases with age (Martens et al., 2012; Feng et al., 2013). However, it is not efficient for individual patients to bank DPSCs at an early age and store them until needed. Moreover, the storage, safety, and quality control costs are high. Therefore, allogeneic DPSC transplantation, which is stored whenever unwanted teeth are found in young patients and applied to patients in need, saves time and cost, and is beneficial for quality control (Collart-Dutilleul et al., 2015). Therefore, cell banks are essential to overcome the limitations of autologous transplantation and to successfully perform allogeneic transplantation. Many studies have shown that DPSCs can be cryopreserved without significant cell damage (Zhang et al., 2006; Gioventu et al., 2012). In addition, tissue cryopreservation, which is economically advantageous because it reduces the time and money required to isolate and incubate cells, has been shown to have no effect on cells (Han et al., 2017). Moreover, tissue cryopreservation for more than 1 year is likely to significantly reduce the cost of autologous cell-transplantation-based RET. Notably, systematizing the collection, banking, and application of pulp tissue are expected to reduce costs and simplify clinical application procedures.
A concern with the use of allogeneic cells is that immune rejection may occur in the host due to a MHC mismatch. The reason that allogeneic MSCs can be applied despite these concerns is that MSCs themselves have low immunogenicity and immunosuppressive properties. The low immunogenicity of MSCs is attributed to the low expression of class I MHC (MHC-I) proteins and costimulatory molecules and lack of expression of MHC-II proteins (Pittenger et al., 1999; Le Blanc et al., 2003). Therefore, MSCs do not exhibit cytotoxic effects on host immune cells (Jones and McTaggart, 2008) and have the advantage of being able to perform transplantation without considering MHC (Ankrum et al., 2014). MSCs and DPSCs exhibit low immunogenicity and can induce immune tolerance in the host (Iohara et al., 2018). Moreover, although the mechanism is still controversial, the immunomodulatory properties of DPSCs increase their potential as a source for allogeneic transplantation. This immunosuppressive property suggests that even if the host’s immune response occurs during allogeneic transplantation by other factors, it can be overcome, and transplantation can be successful. Based on these characteristics of DPSCs, it was recently reported that the transplantation of allogeneic DPSCs in dogs was successfully performed (Iohara et al., 2018). In this study, allogeneic transplantation DPSCs mismatched with dog leukocyte antigen (DLA) did not show toxicity and showed similar effects to DLA-matched DPSCs in pulp tissue regeneration. Thus, allogeneic “off-the-self” therapies can achieve the goal of clinical stem cell-based therapy to maintain long-term stability by inducing universal cell donor adoption, banking donated cells, and timely delivery of appropriate cells for patients in need (Telukuntla et al., 2013; Heathman et al., 2015).
CONCLUSION
One of the challenges facing modern dentistry is not only to remove the infected pulp but also to maintain the pulp so that it can regain vitality (Miran et al., 2016; Yang et al., 2016). The goal of pulp regenerative treatment for infected pulp is to restore it functionally by reconstituting the pulp–dentin complex (Mao et al., 2012; He et al., 2019), but it seems difficult to achieve this goal with current clinical protocols (Kim et al., 2018). With the development of regenerative medicine using stem cells, cell-transplantation-based regeneration protocols for pulp regeneration have been steadily developed. The discovery and characterization of dental MSCs, especially DPSCs, raise expectations for pulp regeneration in RET in the future. Transplantation of DPSCs, which induce neuroangiogenesis, has achieved complete pulp regeneration in several studies (Murakami et al., 2015; Nakashima et al., 2017), with the crucial achievement of regeneration of neuroangiogenesis to achieve functional restoration of dental pulp. Nevertheless, it should be noted that current pulp regeneration is based only on autologous DPSCs. Transplantation with allogeneic DPSCs or pulp tissue from cryo-preserved cells or tissue banking clouds is an ideal clinical approach for pulp regeneration against infected pulp, especially in aged patients (Figure 5). Optimizing disinfection procedures as well as the application of proper scaffolds and/or factors for promoting neuroangiogenesis should also be key factors for allogeneic transplantation-induced pulp regeneration. Given the scientific evidence to date, cell-transplantation-based RET for pulp regeneration has been accepted as a promising treatment protocol. In addition, a functional pulp regeneration strategy through neurovascularization has the potential to become an innovative model for regenerative medicine and not only for dental pulp regeneration.
[image: Figure 5]FIGURE 5 | A proposed strategy using allogeneic DPSC transplantation for pulp regeneration. 1) Dental pulp tissue is removed from an uninfected orthodontic extraction tooth or wisdom tooth (donor). 2) After isolating and culturing DPSCs from dental pulp, cryopreservation of DPSCs or dental pulp itself is performed. 3) DPSCs are expanded using cryopreserved DPSCs or dental pulp tissues according to the patient’s treatment plan for pulpectomy. 4) Signaling molecules and DPSCs are added to the appropriate scaffold and applied to the disinfected pulp space.
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Skeletal muscle stem cells, known as satellite cells (SCs), are quiescent in normal adult limb muscles. Injury stimulates SC proliferation, differentiation, and fusion to regenerate muscle structure. In pharyngeal muscles, which are critical for swallowing foods and liquids, SCs proliferate and fuse in the absence of injury. It is unknown what factors drive increased basal activity of pharyngeal SCs. Here, we determined how niche factors influence the status of pharyngeal versus limb SCs. In vivo, a subset of pharyngeal SCs present features of activated SCs, including large cell size and increased mitochondrial content. In this study, we discovered that the pharyngeal muscle contains high levels of active hepatocyte growth factor (HGF), which is known to activate SCs in mice and humans. We found that fibroadipogenic progenitors (FAPs) are the major cell type providing HGF and are thus responsible for basal proliferation of SCs in pharyngeal muscles. Lastly, we confirmed the critical role of FAPs for pharyngeal muscle function and maintenance. This study gives new insights to explain the distinctive SC activity of pharyngeal muscles.
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INTRODUCTION
The pharynx is a muscular passageway of the digestive and respiratory tracts, which extends from the nasal and oral cavity to the larynx and esophagus. The pharynx contains a group of skeletal muscles that play a critical role in many vital processes, such as swallowing, breathing, and speaking. Like other craniofacial muscles, pharyngeal muscles originate from non-segmented cranial mesoderm during vertebrate embryogenesis, while trunk and limb muscles are derived from somites (Mootoosamy and Dietrich, 2002; Noden and Francis-West, 2006). These distinctive embryonic origins are associated with unique transcriptional regulatory networks in myogenic progenitor cells. For example, limb muscle development is controlled by the PAX3 transcription factor, while PITX2/TBX1 controls craniofacial muscle development (Sambasivan et al., 2011a). However, both early muscle development pathways converge to a common myogenic program that requires the expression of myogenic regulatory factors, such as MYF5, MYOD, and myogenin (Kelly et al., 2004; Harel et al., 2009; Sambasivan et al., 2009). While mature craniofacial and limb/trunk muscles are histologically very similar, they are differentially susceptible to muscular dystrophies. For example, extraocular muscles are typically spared in Duchenne muscular dystrophy (Khurana et al., 1995) but are preferentially affected by oculopharyngeal muscular dystrophy (OPMD), a late-onset genetic disorder characterized by progressive dysphagia and ptosis (Victor et al., 1962).
An important common feature of craniofacial and limb/trunk muscles is the presence of muscle-specific stem cells termed satellite cells (SCs). SCs are a heterogeneous population of progenitor cells underneath the basal lamina of muscle fibers (Mauro, 1961; Lepper et al., 2009; Sambasivan et al., 2011b) that are crucial for skeletal muscle regeneration (Montarras et al., 2005; Sambasivan et al., 2011b; Lepper et al., 2011; Murphy et al., 2011; Fry et al., 2015). Like most other adult stem cells, SCs are quiescent under basal physiological conditions. When activated by injury, increased load, or disease, SCs rapidly re-enter the G1 phase of the cell cycle, proliferate as myoblasts, and progress along a defined differentiation program, leading to myogenesis (Shi and Garry, 2006). The properties of SCs during regeneration have been extensively investigated using easily accessible limb muscles. Less is known about craniofacial muscle SCs, but it has been shown that SCs from pharyngeal muscles (Randolph et al., 2015) and extraocular muscles (Stuelsatz et al., 2015) contain a population of activated SCs that chronically proliferate and differentiate into myofibers in the absence of muscle damage. The increased SC activity in craniofacial muscles raises the question of whether their unique biological and physiological properties are influenced by cell intrinsic factors or by their specialized microenvironment, known as the niche. Multiple studies have demonstrated that extracellular components like collagen (Baghdadi et al., 2018), diffusible cytokines, and growth factors released from neighboring cells, such as resident or infiltrating macrophages and fibroadipogenic progenitors (FAPs) (Evano and Tajbakhsh, 2018; Helmbacher and Stricker, 2020; Theret et al., 2021), have a major influence on SC activity in limb muscles (Vishwakarma et al., 2017). FAPs are resident mesenchymal stem cells in muscle interstitium and have been reported to be activated after tissue damage (Joe et al., 2010). FAPs have been shown to support SC differentiation in vitro and are required for long-term homeostatic maintenance of skeletal muscle (Heredia et al., 2013; Wosczyna et al., 2019; Uezumi et al., 2021). However, it is not clear yet whether FAPs have a role in distinct properties of craniofacial SCs. In fact, very few studies have investigated how the unique niche of craniofacial muscles affects SC activity (Formicola et al., 2014).
In this study, we compared SCs from pharyngeal and gastrocnemius muscles to understand the relative contribution of cell-intrinsic and environmental factors to the elevated basal proliferation of pharyngeal SCs. We demonstrate that a subset of pharyngeal SCs resembles activated SCs with larger cell sizes and increased mitochondrial content. Additionally, we show that pharyngeal muscles contain an active form of hepatocyte growth factor (HGF), a known SC activator (Allen et al., 1995; Walker et al., 2015). We find that FAPs and CD206+ resident macrophages secrete HGF and FAPs provide HGF activating enzymes including tissue-type plasminogen activator (PLAT). Lastly, based on experiments performed in FAPs-ablated mice, we conclude that FAPs within the pharyngeal muscle are partially responsible for the active proliferation of pharyngeal SCs and are critical for pharyngeal muscle function. These studies provide insight into the unique properties of craniofacial SCs and the craniofacial muscle niche, which may explain the differential susceptibility of these muscles to muscular dystrophies.
MATERIALS AND METHODS
Mice
C57BL/6J mice (Jax000664), Pax7 CreERT2 mice (Jax017763), Rosa tdTomato (Jax007909), Rosa-DTA (Jax009669), Pax3 Cre (Jax005549), RosamT/mG (Jax007576), PDGFRα CreERT (Jax018280), and Cx3cr1 CreERT2 (Jax020940) were purchased from Jackson Laboratories (Bar Harbor, ME). Mouse age and genotype information was used as noted in figure legends. Homozygous Pax7 CreERT2 male mice were crossed with homozygous Rosaflox-stop-flox-tdTomato (tdTomato) to obtain Pax7 CreERT2/+; Rosa tdTomato/+ (Pax7 CreERT2-tdTomato) mice (Sambasivan et al., 2011b). To label satellite cells with red fluorescence (tdTomato), tamoxifen at 1 mg (Sigma-Aldrich, St. Louis, MO) per 10 g body weight was injected intraperitoneally once daily for 5 days. Immunostaining was used to determine the recombination efficiency in Pax7 CreERT2-tdTomato mice. tdTomato+ cells from pharyngeal and gastrocnemius muscles were attached to a glass slide by cytospin and immunostained with anti-Pax7 antibody to calculate efficiency (n = 3). Gastrocnemius muscles (GA) have 97.4 ± 2.3% recombination efficiency and pharyngeal (PH) muscles have 90.5 ± 6.6% efficiency (Supplementary Figure S1), which is consistent with a previous report (Randolph et al., 2015). Quantitative polymerase chain reaction (qPCR) was used to determine the recombination efficiency in Pax7 CreERT2-DTA and PDGFRα CreERT-DTA mice. Experiments were performed in accordance with approved guidelines and ethical approval from Emory University’s Institutional Animal Care and Use Committee [PROTO20170233 (Choo)] and in compliance with the National Institutes of Health.
Muscle Tissue Preparation
Pharyngeal tissue dissection was performed as described previously with small modifications (Randolph et al., 2015). Briefly, histologic sections included pharyngeal tissues that extend from the soft palate caudally to the cranial aspects of the trachea and esophagus. Gastrocnemius muscles were used as control limb muscles. Muscle tissues were frozen in Tissue Freezing Medium (Triangle Biomedical Sciences, Durham, NC) and stored at −80°C. Cross-sections were prepared longitudinally to capture circular outside constrictor muscles, including cricopharyngeal muscles. Tissue cross-sections of 10 μm thickness were collected every 100 μm using a Leica CM1850 cryostat.
For 3- or 7-day injured muscle tissues, mice were anesthetized with isoflurane. The injury was induced in tibialis anterior (TA) muscles of anesthetized mice by injection of 25 μl of 1.2% BaCl2 using a Hamilton syringe (Cat# 8425 Hamilton, Reno, NV). For analgesia, mice were injected subcutaneously with 1 mg/kg buprenorphine 72-h sustained-release (SR) before muscle injury. Muscles were collected 3 or 7 days after injury.
Human muscle tissues were obtained from autopsy and biopsy. Tibialis anterior and cricopharyngeus muscles were dissected by autopsy from donated bodies within 24 h postmortem as a part of the Emory Body Donor Program. Human biopsies (quadriceps and cricopharyngeal muscle) were obtained from the Myobank-AFM, a tissue bank affiliated to EuroBioBank and with national authorization to distribute human tissues (authorization AC-2019-3502 from the French Ministry of Research) with consent from the patient. Control cricopharyngeal muscles were obtained during otolaryngological surgery after informed consent in accordance with the French legislation on ethical rules.
Fluorescence-Activated Cell Sorting
To obtain purified satellite cells (SCs), primary cells were isolated as described previously with small modifications (Choo et al., 2016). Briefly, dissected pharyngeal and gastrocnemius muscles were minced and digested using 0.2% collagenase II (Gibco, Carlsbad, CA) and 2.5 U/ml Dispase II (Gibco, Carlsbad, CA) in Dulbecco’s modified Eagle’s medium (DMEM) at 37°C while shaking at 80 rpm for 90 min. Digested muscles were then rinsed with the same volume of Ham’s F10 media (11550043, Thermo Fisher Scientific, Waltham, MA) containing 20% FBS (F0926, Sigma, St. Louis, MO) and 100 µg/ml penicillin/streptomycin (P/S) (15140122, Thermo Fisher Scientific, Waltham, MA). Mononucleated cells were collected using a 70 µm cell strainer (Thermo Fisher Scientific, Waltham, MA). To facilitate rapid isolation of pure pharyngeal and hind limb SCs, we used a lineage labeling strategy where Pax7 positive SCs are marked with red fluorescence, tdTomato, upon tamoxifen-mediated Cre recombinase activation. Fluorescence-activated cell sorting (FACS) was performed using a BD FACSAria II cell sorter (Becton-Dickinson, Franklin Lakes, NJ) at the Emory University School of Medicine Core Facility for Flow Cytometry. Analyses of flow cytometry data were performed using FACSDiva (BD version 8.0.1) and FCS Express 6 Flow. FACS-purified SCs were plated at 500 cells per well in a 48-well plate coated with Matrigel (354277; Corning Life Sciences, New York, NY) and cultured for 5 days in Ham’s F10 media containing 20% FBS and 25 ng/ml basic fibroblast growth factor (100-18B, PeproTech, Cranbury, NJ).
To sort CD206+ macrophages, mononuclated cells were isolated as described above and labeled with surface proteins including 1:400 CD31-PE (clone 390; eBiosciences, San Diego, CA), 1:400 CD45-PE-Cy7 (clone 30-F11; BD Biosciences, San Jose, CA), 1:100 CD11b-FITC (clone M1/70; BD Biosciences, Vancouver, Canada), and 1:100 CD206-APC (clone C068C2; BioLegend, San Diego, CA). CD206+ macrophages were collected according to the following sorting criteria, CD31-/CD45+/CD11b+/CD206+ using a BD FACSAria II cell sorter (Becton-Dickinson, Franklin Lakes, NJ) at the Emory University School of Medicine Core Facility for Flow Cytometry. After sorting, cells were centrifuged at 900 g for 10 min at 4°C. Cell pellets were snap-frozen by liquid nitrogen and stored in an ultra-low freezer for gene expression analysis.
Cytospin
To attach isolated satellite cells on glass slides for cell size analysis and immunostaining, we put cells on cytofunnels (5991040, Thermo Fisher Scientific, Waltham, MA), assembled them with slide glasses filter cards, and spun down at 1,300 rpm for 3 min (Cytospin 3, Shandon). After centrifugation, cells were fixed with 2% paraformaldehyde for 10 min and washed with PBS 3 times before immunostaining.
In Vivo Cell Proliferation Assays by Flow Cytometry
To compare the proliferative abilities of SCs in pharyngeal and hindlimb muscles in vivo, Bromo-2′-deoxyuridine (BrdU) assays were performed. Three-month-old male mice were injected with 10 µg BrdU (Sigma-Aldrich, St. Louis, MO)/g body weight intraperitoneally every 12 h for 2 days before sacrifice. Muscles were dissected and digested as described above. To assess proliferation, isolated mononucleated cells from pharyngeal or gastrocnemius muscles were immunostained with the following antibodies: 1:400 CD31-PE (clone 390; eBiosciences, San Diego, CA), 1:400 CD45-PE (clone 30-F11; BD Biosciences, San Jose, CA), 1:4000 Sca-1-PE-Cy7 (clone D7; BD Biosciences, Vancouver, Canada), and 1:20 a7-integrin-APC (FAB3518A; R&D SYSTEMS, Minneapolis, MN). Subsequently, cells were labeled for BrdU using a BrdU flow kit (BD biosciences, Vancouver, Canada), and proliferating SCs and FAPs were collected according to the following sorting criteria, CD31-/CD45-/Sca1-/Intergrin7α+/BrdU+ and CD31-/CD45-/Sca1+/BrdU+, respectively using BD FACS LSR II or BD FACSymphony A3 flow cytometer (flow rate: 300–1,000 event/sec). Single cells were selected by FSC-A vs. FSC-H and then selected by SSC-A vs. SSC-H (Supplementary Figure S2A). Gating for SCs, FAPs, BrdU was drawn by FMO samples (Supplementary Figures S2B,C). Cells from gastrocnemius muscles were used as limb muscle controls.
Culture of Myogenic Progenitor Cells
Mononucleated cells were isolated from the hindlimb muscles as described previously (Jansen and Pavlath, 2006). Briefly, dissected pharyngeal and gastrocnemius muscles were minced and digested using 0.1% Pronase (EMD Millipore, Billerica, MA) and 25 mM HEPES in Dulbecco’s modified Eagle’s medium (DMEM) at 37°C while magnetic bar-stirring at 150 rpm for 60 min. Digested muscles were pelleted by centrifugation (1,000 g for 3 min) then rinsed with the same volume of DMEM media containing 10% FBS (F0926, Sigma, St. Louis, MO) and 100 µg/ml penicillin/streptomycin (P/S) (15140122, Thermo Fisher Scientific, Waltham, MA) for trituration using 25 ml serological pipette. Mononucleated cells were collected using a 70 µm cell strainer (Thermo Fisher Scientific, Waltham, MA). Isolated satellite cells were cultured in Ham’s F-10 (11550043, Thermo Fisher Scientific, Waltham, MA), 20% FBS, 5 ng/ml basic fibroblast growth factor (100-18B, PeproTech, Cranbury, NJ), and P/S on plates coated with Collagen I (A1064402, Gibco, Thermo Fisher Scientific, Waltham, MA) for 3 or 5 days inside an incubator with 5% CO2 and atmospheric O2 concentration (−20%) (HERAcell VIOS 160i CO2 incubator, Thermo Fisher Scientific, Waltham, MA). If necessary, we performed pre-plating to maintain pure MPC culture (Gharaibeh et al., 2008). Briefly, trypsinized MPCs were incubated with culture media in regular tissue culture dishes without collagen coating for 45 min to allow the settling of rapidly adhering cells. Then medium with non-adhering cells including MPCs, was moved to collagen-coated tissues culture dishes. Culture medium was exchanged every other day. MPCs with fewer than 10 passages were used for experiments.
Fusion Index and Nuclear Number Analysis
For the fusion assay of freshly isolated SCs, sorted SCs were cultured for 10 days to induce spontaneous differentiation (Stuelsatz et al., 2015). For the fusion assay of MPCs, pharyngeal and gastrocnemius MPCs were seeded at low density (5 × 103 cells/cm2) on Collagen I-coated plates to prevent cell-cell contact and differentiated for 2 days. Then, we counted and seeded cells at high density (7.5 × 104 cells/cm2) to initiate prompt fusion and further differentiated them for additional 2 days. At the end of differentiation, cells were fixed in 2% formaldehyde in PBS for 10 min at room temperature and stained with Phalloidin-iFluor 594 (ab176757; Abcam, United Kingdom) for 30 min at room temperature. Nuclei were then stained with 4′,6-diamidino-2-phenylindole (DAPI), and cells were mounted with Vectashield (Vector Labs, Burlingame, CA). Myoblast fusion was quantified by counting the number of myonuclei in myotubes, which were defined as containing two or more nuclei. Fusion index was calculated as the percentage of myonuclear number relative to the total number of nuclei in the images. Diameters of each myotube were measured at three points (1/4, 2/4, and 3/4 of the length) of a myotube and averaged for each myotube. We collected 10 images from random fields of view for each line.
MitoTracker Staining
Pharyngeal and gastrocnemius muscles were dissected from Pax7 CreERT-tdTomato mice, digested into mononuclear cells, and sorted in culture media (20% FBS in F-10 media with 1% P/S) using flow cytometry. Isolated cells were incubated with 50 nM MitoTracker® Green FM (M-7514; Life Technologies, Grand Island, NY) at 37°C for 30 min. The cells were washed twice in 2% FBS in HBSS buffer and observed by fluorescence microscopy (Revolve Echo, A Bico company, San Diego, CA). All images were taken on a Revolve Echo widefield fluorescence microscope using a x20 objective (UPlanFL N, Olympus) and 5 MP CMOS Monochrome Camera. To quantify SCs with high or low MitoTracker Green signal, we used flow cytometry (BD FACS LSR II flow cytometry). First, we gated tdTomato expressing cells, then we confirmed tdTomato population was clustered as a population in parent FSC-A vs. SSC-A scatter plot. We examined the tdTomato+ population’s mean value of FITC to detect the intensity of MitoTracker Green using FACSDiva. High MitoTracker Green gate of pharyngeal tdTomato cells was determined by MitoTracker Green histogram of gastrocnemius tdTomato cells. Overlapped plots were generated by FCS Express 6 Flow.
Pharyngeal Mononucleated Cell Isolation by Magnetic-Activated Cell Sorting
Mononucleated cells were isolated from pharyngeal muscles using 0.2% collagenase II (Gibco, Carlsbad, CA) and 2.5 U/ml Dispase II (Gibco, Carlsbad, CA) in Dulbecco’s modified Eagle’s medium (DMEM) at 37°C while shaking at 80 rpm for 90 min. Cells were incubated for 1 min with ammonium-chloride-potassium (ACK) buffer to lyse red blood cells. Cells were washed with 2% BSA in PBS and labeled with biotin-CD31 antibodies (130-101-955; Miltenyi Biotec, Auburn, CA) (Supplementary Figure S3A). CD31+ cells were isolated with magnetic streptavidin-coated microbeads and a magnetic column. Magnetic bound CD31+ cells were collected by flushing the magnetic column with 1 ml of PBS. Subsequently, CD31− cells (unbound cells from previous MACS) were labeled with Biotin-CD45 antibodies (130-101-952; Miltenyi Biotec), and CD45+ cells with anti-biotin microbeads were purified. Magnetic bound CD45+ cells were collected by flushing the magnetic column with 1 ml of PBS. Unbound cells from both purifications were defined as CD31−/CD45− cells. Lastly, CD31−/CD45− cells (unbounded cells from previous MACS) were labeled with anti-PDGFRα microbeads (130-101-547; Miltenyi Biotec) using a magnetic column. Magnetic bound PDGFRα+ cells were collected by flushing the magnetic column with 1 ml of PBS. Bound cells from both purifications were defined as CD31−/CD45−/PDGFRα+ cells. Unbound cells from previous purifications were defined as CD31−/CD45−/PDGFRα− cells. Cell pellets were snap-frozen by liquid nitrogen and stored in an ultra-low freezer for gene expression analysis.
Culture of Fibroadipogenic Progenitors
CD31−/CD45−/PDGFRα+ cells were collected by MACS as above and cultured in DMEM, 10% FBS, 2.5 ng/ml basic fibroblast growth factor, and P/S on Matrigel-coated plates inside an incubator with 5% CO2 and atmospheric O2 concentration (−20%) (HERAcell VIOS 160i CO2 incubator, Thermo Fisher Scientific, Waltham, MA) until 70% confluency. Culture medium was exchanged every other day. FAPs passeged 2 or 3 times were used to obtain media for ELISA of HGF.
ELISA of Hepatocyte Growth Factor
Media were collected from dishes of 70% confluent FAPs isolated from either gastrocnemius or pharyngeal muscles. FAPs number was counted by hemocytometer to normalize HGF concentration after media collection. Fresh FAP growth medium was used as blank. We followed the user instructions for murine pre-coated HGF ELISA kit (BGK08048; PeproTech, Rocky Hill, NJ) to measure HGF concentration in FAPs media.
Gene Expression Analysis by Real-Time Quantitative Polymerase Chain Reaction
Pharyngeal and gastrocnemius muscles and sorted cells from both muscles were analyzed for the expression of related markers by quantitative reverse transcriptase PCR (qPCR). Total RNA from samples was extracted using Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Isolated RNA (250 ng) was reverse transcribed into complementary DNA (cDNA) using random hexamers and M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA) and analyzed by real-time qPCR. Amplification of cDNA was performed using Power SYBR® Green Master Mix (Applied Biosystems, Waltham, MA) and 2.5 μM of each primer. All primer sequences are listed in Supplementary Table S1. PCR reactions were performed for 35 cycles under the following conditions: denaturation at 95°C for 15 s and annealing + extension at 60°C for 1 min. Quantitative levels for all genes were normalized to endogenous Hprt expression for mouse and RPLP0 expression for human except the SCs depletion experiment (Pax7 gene expressions were normalized to Acta1 gene expression). Fold change of gene expression was determined using the ∆∆Ct method (Livak and Schmittgen, 2001).
Immunoblotting
Pharyngeal, gastrocnemius, and 3 day-injured tibialis anterior mouse muscles were homogenized by Dounce homogenizer with 500 μl of lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Triton X-100) with protease and phosphatase inhibitors (Roche, Laval, Canada) (Sisson et al., 2009). Muscle lysates were incubated with lysis buffer for 1 h and centrifuged at 5,000 g for 10 min to remove tissues debris. Mouse HGF standard protein (50038-MNAH) was purchased from Sino Biological United States. Supernatants were collected and separated on SDS-polyacrylamide gel electrophoresis gels (4%–15% Mini-Protean TGX Stain-free gel, 4568086, Bio-rad, Hercules, CA) and transferred to nitrocellulose membrane (Bio-rad, Hercules, CA). The membranes were blocked in 5% non-fat dry milk for 1 h and incubated with primary antibodies (Supplementary Table S2) against HGF and GAPDH overnight. After washing, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies {Donkey anti-mouse IgG-HRP [Jackson ImmunoResearch (715-035-15)] or Goat anti-Rabbit IgG-HRP [Bio Rad (170-6515)]} diluted 1:5000 for 1 h. Protein bands were detected using an enhanced chemiluminescence substrate kit (Thermo Fisher Scientific, Waltham, MA), and band intensity was measured by ImageJ.
Immunohistochemistry/Immunofluorescence
Immunohistochemistry/immunofluorescence was performed as follows: cryosections were incubated with blocking buffer (5% goat serum, 5% donkey serum, 0.5% BSA, 0.25% Triton-X 100 in PBS) for 1 h and labeled with primary antibodies (Supplementary Table S2) or isotype controls overnight at 4°C in blocking buffer. The following day, sections were washed three times with washing buffer (0.2% Tween-20 in PBS) and incubated with fluorescence probe-conjugated secondary antibodies for 1 h at room temperature. We used mannose receptor-1 (CD206) as a marker for resident macrophages and platelet-derived growth factor receptor α (PDGFRα) as a marker for FAPs. The TSA Green kit (Tyramide Signal Amplification; Perkin Elmer, Waltham, MA) was used for CD206 and PFGFRα staining after 1 h of incubation with biotinylated donkey-anti-rabbit F(ab′)2 IgG fragments (2.5 µg/ml) to enhance the immunostaining signal. Nuclei were then stained with DAPI (1 µg/ml) and mounted using Vectashield (Vector Labs, Burlingame, CA). All images were taken on a Revolve Echo widefield fluorescence microscope using a x10 (PlanC N, Olympus) or a x20 objective (UPlanFL N, Olympus) and 5 MP CMOS Monochrome Camera.
Behavior Measurement
Each mouse was transferred from its home cage into a new cage for single housing. We weighed a water bottle (a sipper tube with 50 ml conical tube) and dry food (Laboratory Rodent Diet 5001) and placed them in each cage. Water and food consumption and body weight for each mouse were measured at the same time every day for 4 days. On the 4th day, water was removed from the mice cage for 16 h (Overnight). After 16 h have elapsed, we reintroduced the water one at a time for each mouse and recorded the lick episodes about 30 s upon the reintroduction of water. Using the IMovie app, we changed the video play speed to 0.1X and counted the tongue protrusions/second for each mouse.
Statistical Analyses
Statistical analysis was performed using Prism 9.0. Results are expressed as the mean ± standard error of the mean (SEM). Experiments were repeated at least three times unless a different number of repeats is stated in the legend. Statistical testing was performed using the unpaired student’s t-test or ANOVA if the data was normaly distributed by passing normality test (Shapiro-Wilk test and/or Kolmogorov-Smirnov test). If data is not normally distributed, we used non-parametric test, such as Mann-Whitney test for comparing 2 samples and Kruskal-Wallis test for comparing three or more samples. p < 0.05 was considered statistically significant. Statistical method, p-values, and sample numbers are indicated in the figure legends.
RESULTS
A Subset of Pharyngeal Satellite Cells Presents Features of Activated Satellite Cells
We focused on laryngeal pharynx muscles, including thyropharyngeus (TP) and cricopharyngeus (CP) muscles (Supplementary Figure S4A), which are involved in several pharyngeal pathologies including cricopharyngeal spasm (Arenaz Búa et al., 2015) and oculopharyngeal muscular dystrophy (Gómez-Torres et al., 2012). Although pharyngeal muscles are not derived from Pax3+ myogenic progenitor as limb muscles are (Supplementary Figure S4B), both craniofacial and limb satellite cells (SCs) are distinguished by the expression of the paired-box/homeodomain transcription factor, PAX7. PAX7 is expressed during quiescence and early activation stages of SCs (Bosnakovski et al., 2008) and plays a key role in maintenance of self-renewed SCs (Oustanina et al., 2004). To investigate the SCs in pharyngeal muscles, we used a genetically engineered, tamoxifen-inducible Pax7 CreERT2-tdTomato mouse, which labels all PAX7 lineage-derived cells with red fluorescent protein (tdTomato) (Supplementary Figure S1). Ten days after tamoxifen injection, we observed tdTomato-labeled SCs in sectioned TP, CP, and gastrocnemius (GA, limb) muscles (Supplementary Figure S4C). The number of tdTomato-SCs in CP muscles was twice the number of SCs in GA and TP muscles (Supplementary Figure S4D), indicating that SC density is variable in different muscles (Keefe et al., 2015).
When quiescent SCs are activated and begin proliferating, cell sizes are enlarged due to increased cytosolic volume and mitochondrial contents to support the energy demands of the activation (Rodgers et al., 2014). To investigate whether pharyngeal SCs exhibit characteristics similar to quiescent SCs isolated from gastrocnemius muscles, we measured the area of pharyngeal and gastrocnemius tdTomato-labeled SCs concentrated onto glass slides by cytospin (Figure 1A). The pharyngeal SCs were approximately 35% larger, with a mean area of 68.61 ± 1.611 µm2 compared to the gastrocnemius SC mean area of 50.89 ± 1.437 µm2. Interestingly, we identified two populations of pharyngeal SC that varied by size; the majority of pharyngeal SCs were similar in size to gastrocnemius SCs, but 21.5% of pharyngeal SCs were twice that size at over 100 μm2 (Above the dot line in Figure 1A). To confirm that the larger pharyngeal SC population represents proliferating SCs, we labeled proliferating cells using bromodeoxyuridine (BrdU). We found that BrdU+ pharyngeal SCs exhibit higher forward side scatter (FSC-A), indicating a larger cell size (Figures 1B,C). In addition, pharyngeal SCs contain increased mitochondria content as detected by MitoTracker Green (MTG) staining (Figure 1D) (Poot and Pierce, 1999). Quantification of MTG staining using flow cytometry (Figures 1E,F) revealed that 12% of total pharyngeal SCs contained higher mitochondrial contents (Figure 1G). Those pharyngeal SC populations with increased MTG signal were larger (increased FSC-A values) as evidenced by the slightly shifted peak in Figure 1H and average of FSC-A values (Figure 1I) and had higher granularity (increased SSC-A values) than those with low MTG signal (Figures 1J,K). To evaluate the activation status of pharyngeal SCs, we performed immunostaining using anti-MyoD antibodies on pharyngeal muscle sections of Pax7 CreERT2-tdTomato mouse (Supplementary Figure S4E). However, we did not find any MyoD+ SCs on pharyngeal muscle sections, which is consistent with previous microarray data indicating that pharyngeal SCs express low levels of myogenic regulatory factors including MyoD, Myf5, and myogenin (Randolph et al., 2015). Taken together, a subset of pharyngeal SCs is proliferating as well as presenting the features of activated SCs, such as larger cell size and increased mitochondria contents, without expression of a known SC activation marker, such as MyoD.
[image: Figure 1]FIGURE 1 | A subset of pharyngeal satellite cells are enlarged and contain abundant mitochondria. (A) Measured cell area (µm2) of pharyngeal (PH_SC) (n = 3, 219 cells were analyzed) and gastrocnemius SCs (GA_SC) (n = 3, 268 cells were analyzed) of 3 months old Pax7 CREERT2-tdtomato mice using cytospin. (B) Representative scatter plot showing gating strategy for pharyngeal satellite cells (SC) (Left) and BrdU+ pharyngeal satellite cells (Right). Satellite cells were isolated from 3 months old C57/BL6 mice. (C) Comparison of forward scatter (FSC-A) values between BrdU+ pharyngeal SC and BrdU− pharyngeal SCs. FSC-A values were normalized to BrdU− pharyngeal SC’s FSC. (D) Microscopic fluorescence images showing tdToamto expressing SCs from gastrocnemius or pharyngeal muscles mitochondria stained with MitoTracker Green. Scale bars = 10 µm. (E) Represntative flow gating for tdTomato+ GA SC and PH SC (green dots) with high (blue dots) and low MitoTracker Green intensity. (F) Representative flow cytometry histogram of MitoTracker Green fluorescence levels of both gastrocnemius (black line) and pharyngeal (red line) SCs. The High MTG gate indicates the SC population with high levels of MitoTracker Green. Satellite cells were isolated from 3 months Pax7CREERT2-tdtomato mice. (G) Percentage of SCs with high levels of MitoTracker Green (MTG) in pharyngeal (PH_SC) and gastrocnemius SCs (GA_SC). n = 4. (H, J) Representative flow cytometry histogram of forward scatter (FSC-A) or side scatter (SSC-A) comparing pharyngeal SCs (PH_SC) with low and high MitoTracker Green (MTG). (I, K) Quantified forward scatter (FSC-A) or side scatter (SSC-A) values for pharyngeal SCs (PH_SC) with low and high MitoTracker Green (MTG) as determined by flow cytometry. n = 4. Statistical significance was determined by Mann-Whitney test (C, G, K) or by Student’s t-test (I). For all graphs, the value represents mean ± SEM. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01).
Extrinsic Factors Mediate Elevated Pharyngeal Satellite Cell Proliferation
To determine whether this proliferative activity is an intrinsic property of pharyngeal SCs or is due to the pharyngeal muscle microenvironment in vivo, we isolated pharyngeal SCs and measured proliferation in vitro. SCs were sorted by tdTomato fluorescence from pharyngeal and gastrocnemius muscles of Pax7 CreERT2-tdTomato mice (Figure 2A). Equal numbers of freshly-sorted SCs from pharyngeal and gastrocnemius were seeded and then cultured for 5 days (Figure 2B). After 5 days of culture, we counted the number of cells and found twice the number of pharyngeal SCs relative to the number of gastrocnemius SCs (Figure 2C). To investigate the differentiation potential of pharyngeal SCs, we cultured freshly-sorted satellite cells for 10 days to induce spontaneous differentiation (Stuelsatz et al., 2015). The cultured pharyngeal SCs consistently exhibited increased fusion at day 10 (Figure 2D), along with an increased fusion index (Figure 2E). However, the diameter of myotubes differentiated from pharyngeal SC was similar to the myotubes from gastrocnemius SCs (Figure 2F). These results indicate that freshly isolated pharyngeal SCs still retain highly proliferative and differentiative properties in vitro compared to the limb satellite cells.
[image: Figure 2]FIGURE 2 | High level of in vitro proliferation and differentiation of freshly isolated pharyngeal satellite cells but not pharyngeal myogenic progenitor cells. (A) Scheme of flow cytometry gating strategy for SC isolation using 3 months old Pax7 CreERT2-tdTomato mice. (B) Representative image of 5-day cultured satellite cells derived from the gastrocnemius (GA) and pharyngeal (PH) muscles of 3 months Pax7 CreERT2-tdTomato mice. Scale bars = 130 µm. (C) Analysis of cell number/mm2 in 5-day cultured gastrocnemius and pharyngeal satellite cells. n = 4–5. (D) Representative Phalloidin stained image (red) of 10-day cultured satellite cells derived from the gastrocnemius and pharyngeal muscles of 3 months Pax7 CreERT2-tdTomato mice. Scale bars = 70 µm. The nucleus was stained by DAPI (blue). (E) Quantified fusion index at 10 days after culture. Fusion index was calculated as the percentage of total nuclei that resided in cells containing two or more nuclei. n = 3–4. (F) The diameter of myotube at 10 days after culture. n = 3, total of 148 GA myotubes and 353 PH myotubes were analyzed. (G) Percentage of BrdU+ myogenic progenitor cells (MPCs) in gastrocnemius and pharyngeal muscles of 3 months C57BL/6 old mice. n = 3. (H) Representative image of differentiated gastrocnemius (GA) and pharyngeal (PH) MPCs of 3 months C57BL/6 old mice. Growth medium (GM) was changed to differentiation medium (DM) 6 h after seeding. After first seeding, cells were re-seeded with high cell density in DM at 48 h# with GM, and medium was changed to DM at 54 h. Scale bars = 130 µm. (I) Quantified fusion index at 96 h##. Fusion index was calculated as the percentage of total nuclei that resided in cells containing two or more nuclei. n = 3, total of 264 GA myotubes and 282 PH myotubes were analyzed. Statistical significance was determined by Student’s t-test (C, E, G, I) or by Mann-Whitney test (F). For all graphs, the value represents mean ± SEM. Asterisks indicate statistical significance (**p < 0.01).
Although in vitro pure SC culture experiments do not contain niche factors, prior exposure to niche factors in vivo may impact ex vivo proliferation and differentiation of SC in culture. For example, both activated SC and SC in the G-alert state, which are primed for activation by distant muscle injury (Rodgers et al., 2017), exhibit shorter first division time in the culture than freshly isolated quiescent SCs (Rodgers et al., 2014). To test whether higher proliferation and differentiation capacity found in pharyngeal SCs are intrinsic properties, we minimized the influence of prior niche factor exposure by studying pharyngeal and gastrocnemius-derived myogenic progenitor cells (MPCs) in culture. MPCs are established by growing SCs for a minimum of three passages and are more lineage-progressed than freshly isolated SCs. We seeded equal numbers of pharyngeal or gastrocnemius MPCs and cultured them for 2 days in identical conditions before performing a BrdU proliferation assay. As shown in Figure 3G, pharyngeal and gastrocnemius MPCs showed a similar level of BrdU+ proliferating cells. To assess differentiation capacity, we used a two-step differentiation protocol to minimize the effect of any differences in proliferation (Girardi et al., 2021). Pharyngeal and gastrocnemius MPCs were seeded at low density to prevent cell-cell contact and differentiated for 2 days (Figure 2H, top). After 48 h cells were re-seeded at high density for an additional 2 days to initiate prompt fusion (Figure 2H, bottom). We confirmed that the fusion index for pharyngeal MPCs was not significantly different from the gastrocnemius MPCs (Figure 2I). Taken together, these results suggest that the high levels of proliferation and differentiation in pharyngeal SCs are only observed in in vivo (Randolph et al., 2015) or in freshly isolated pharyngeal SCs in vitro. Therefore, although we can not exclude intrinsic factors, our data suggest that the high levels of pharyngeal SC proliferation and differentiation could be the result of the extrinsic factors in pharyngeal muscles.
[image: Figure 3]FIGURE 3 | Pharyngeal muscles contain high level of HGF, FAPs and CD206+ macrophages. (A) Relative mRNA expression level of hepatocyte growth factor (Hgf) in gastrocnemius (GA) and pharyngeal (PH) muscles obtained from 3 month old C57BL/6 mice. n = 3–4. (B) Relative mRNA expression level of Hgf in myofibers and MACS-sorted CD31+, CD31−/CD45+, CD31−/CD45−/PDGFRα+ and CD31−/CD45−/PDGFRα− cells obtained from muscles of 3 months old C57BL/6 mice. n = 4 or 5. (C) Representative images of PDGFRα+ cells in gastrocnemius (GA) and pharyngeal (PH) muscles of 3 months old C57BL/6 mice. Merged images show immunostaining with anti-PDGFRα (Red) and anti-laminin (green) antibodies and DAPI (blue). Scale bars = 50 µm. (D) Quantified number of PDGFRα+ cells per 100 myofibers. 7-day BaCl2-injured tibialis anterior (TA) muscles are used as a positive control. n = 3. (E) Proportion of FAPs (CD31−/CD45−/Sca1+) population in mononucleated cells of gastrocnemius (GA) and pharyngeal (PH) muscles by flow cytometry. (F) Representative dot plots of BrdU+ FAPs from gastrocnemius (GA) and pharyngeal (PH) muscles. (G) Quantified BrdU+ FAPs from gastrocnemius (GA) and pharyngeal (PH) muscles by flow cytometry. (H) The relative mRNA expression level of hepatocyte growth factor (Hgf) in MACS-sorted immune cells (CD31−/CD45+) and FACS-sorted CD206+ macrophages (CD31−/CD45+/CD11b+/CD206+) from pharyngeal muscles of 3 months old C57BL/6 mice. (I) Representative images of CD206+ cells in gastrocnemius (GA) and pharyngeal (PH) muscles of 3 months old C57/BL6 mice. Merged images show immunostaining with anti-CD206 (Red) and anti-laminin (green) antibodies and DAPI (blue). Scale bars = 50 µm. (J) A quantified number of CD206+ cells per 100 myofibers. 7-day BaCl2-injured tibialis anterior (TA) muscles are used as a positive control n = 3. Statistical significance was determined by student’s t-test (A, E), by Mann-Whitney test (G, H), or by 1-way ANOVA (B, D, J). The value represents mean ± SEM. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
Fibroadipogenic Progenitors and Resident Macrophages are Responsible for the High Level of Hepatocyte Growth Factor Transcript in Pharyngeal Muscles
Hepatocyte growth factor (HGF) is a well-known activator of quiescent SCs upon muscle injury (Allen et al., 1995; Walker et al., 2015), so we hypothesized that HGF, which could be one of extrinsic factors, contributes to proliferation of pharyngeal SC in vivo. To demonstrate if HGF plays a role in a proliferating subset of SC in pharyngeal muscles, we studied the levels of Hgf transcript. We confirmed that the level of Hgf transcript is significantly increased in pharyngeal muscles compared to gastrocnemius muscles (Figure 3A). To identify the HGF secreting cells in pharyngeal muscles, we isolated pharyngeal myofibers, as well as mononucleated cells that reside in pharyngeal muscles. The mononucleated cells were further sorted into endothelial cells (CD31+), differentiated hematopoietic cells including macrophages (CD31−/CD45+), FAPs (CD31−/CD45−/PDGFRα+) (Motohashi et al., 2008), and other cell types including SCs (CD31−/CD45−/PDGFRα−), using MACS (Supplementary Figure S3A). We confirmed that each sorted population has high purity by probing for marker genes for each population using qPCR (Supplementary Figure S3B). The CD31−/CD45−/PDGFRα+ FAPs from pharyngeal muscles contained significantly higher levels of Hgf mRNA compared to other cell types (Figure 3B). We next investigated the number of FAPs in pharyngeal muscles by immunostaining for PDGFRα (Figure 3C). We detected a significant increase in PDGFRα+ cells per 100 fibers in pharyngeal muscles relative to uninjured gastrocnemius muscles, but this number was only 75% of the number of PDGFRα+ cells detected in 7-day injured TA muscles (Figure 3D). Using flow cytometry, we confirmed that pharyngeal FAPs (CD31−/CD45−/Sca1+) represent about 10% of mononucleated cells in pharyngeal muscles, which is 3 times higher than gastrocnemius FAPs content (Figure 3E). In addition, FAP proliferation (CD31−/CD45−/Sca1+/BrdU+) in pharyngeal muscles is 6 times higher than gastocenmius FAPs basal proliferation (Figures 3F,G). Taken together these results suggest that elevated HGF in pharyngeal muscles may be provided by the high numbers of FAPs within the niche.
We found Hgf RNA was also detected in the immune cell population (CD31−/CD45+) of uninjured pharyngeal muscles (Figure 3B). During muscle regeneration, anti-inflammatory M2 macrophages secrete HGF (Sisson et al., 2009) and HGF also promotes M2 macrophage polarity in regenerating muscles (Choi et al., 2019). Due to the absence of injury in pharyngeal muscles such as low level of infiltrating monocyte-derived Cx3cr1+macrophages (Arnold et al., 2007; Wang et al., 2020) in pharyngeal muscles similar to one in gastrocnemius muscles (Supplementary Figure S5), we focused tissue-resident macrophages in skeletal muscles rather than injury-induced, infiltrating macrophages (Wang et al., 2020; Dick et al., 2022). We used CD206 as a marker of muscle-resident macrophages (Wang et al., 2020) and found that sorted resident macrophages (CD31−/CD45+/CD11b+/CD206+) expressed higher levels of Hgf transcript compared to the total immune cell population (CD31−/CD45+) (Figure 3H). Lastly, we performed immunostaining to count CD206+ resident macrophages in pharyngeal sections (Figure 3I). The number of CD206+ cells per 100 fibers in pharyngeal muscles was 7 times higher than in uninjured gastrocnemius but was only 50% of the number of CD206+ cells in 7-day injured TA muscles (Figure 3J). These results indicate that pharyngeal muscles contain more FAPs and CD206+ macrophages than uninjured gastrocnemius muscles but less than regenerating limb muscles.
Although the CD31−/CD45−/PDGFRα− SC-containing populations of pharyngeal muscles exhibit a trend of increased levels of Hgf mRNA relative to pharyngeal myofibers (p = 0.06), we found HGF transcript levels are comparable between pharyngeal and limb SCs by microarray (Randolph et al., 2015). In addition, there was no significant difference in the levels of Hgf mRNA between SC-ablated [Pax7 Cre+/−-DTA+/+ TM (Tamoxifen injected)] and control [Pax7 Cre+/−-DTA+/+ corn oil (CO, vehicle injected)] pharyngeal muscles (Supplementary Figure S6B). This result suggests that SCs are not a major source of elevated Hgf mRNA detected in pharyngeal muscles. Taken together, our data suggest that the increased number of FAPs and CD206+ macrophages are responsible for the high level of Hgf mRNA in pharyngeal muscles.
Human Pharyngeal Muscles and Mouse Extraocular Muscles Contain High Levels of Hepatocyte Growth Factor mRNA and Contain Fibroadipogenic Progenitors and CD206+ Macrophages
In mouse cricopharyngeal muscles, FAPs and residential macrophage numbers are much higher than those in gastrocnemius muscles (Figures 3D,J). To confirm that the high levels of Hgf RNA and relatively high numbers of FAPs and macrophages we detected in pharyngeal muscles are not exclusive to mice, we compared human pharyngeal and limb muscles. We found that human CP muscles also contain increased levels of HGF and PDGFRα mRNA (Figure 4A), increased CD90+ FAPs (Figure 4B) and CD206+ macrophages (Figures 4C,D) compared to human limb muscles. These data suggest that human pharyngeal muscles, similar to mice, provide a unique niche that could contribute to increased SC number of human cricopharyngeal muscles (Gidaro et al., 2013). Thus, the specific SC-activating niche features we detected in murine pharyngeal muscles including elevated Hgf provided by FAPs and resident macrophages are also true in humans. Further studies should decipher whether these features could explain pharyngeal muscle-specific pathology in humans.
[image: Figure 4]FIGURE 4 | Human pharyngeal muscles and mouse extraocular muscles contain an increased level of hepatocyte growth factor, FAPs, and CD206+ macrophages. (A) Relative mRNA expression level of HGF and PDGFRa in human quadriceps (Quad) and cricopharyngeus (CP) muscles. n = 5–7. (B) Representative images of CD90+ FAP cells in human quadriceps (Quad) and cricopharyngeus (CP) muscles. Merged images show immunostaining with anti-CD90 (red) and anti-laminin (white) antibodies and DAPI (blue). Scale bars = 50 µm. (C) Representative images of CD206+ cells in human tibialis anterior (TA) and cricopharyngeus (CP) muscles. Merged images show immunostaining with anti-CD206 (green) and anti-dystrophin (red) antibodies and DAPI (blue). Scale bars = 130 µm. (D) The quantified number of CD206+ cells per 100 myofibers. n = 3–4. (D) Relative mRNA expression level of Hgf, Pdgfra, Mrc1 in mouse gastrocnemius (GA) and extraocular muscles (EOM) n = 6. Statistical significance was determined by student’s t-test (A, D, E). The value represents mean ± SEM. Asterisks indicate statistical significance (*p < 0.05 and **p < 0.01).
Like pharyngeal muscles, mouse extraocular SCs exhibit high levels of proliferation and differentiation in vivo (McLoon and Wirtschafter, 2002) and in vitro (Stuelsatz et al., 2015). To determine if HGF provided by FAPs and CD206+ macrophages contributes to the proliferation and differentiation of SCs in extraocular muscles, we interrogated mouse extraocular muscles. We detected high levels of Hgf mRNA and markers for FAPs (Pdgfra) and CD206+ macrophages (Mrc1) in mouse extraocular muscles (Figure 4E). Taken together, these data suggest that elevated levels of HGF could be a common factor promoting the unusual activities of pharyngeal and extraocular SCs.
Pharyngeal Muscles Contain Increased Levels of Active Hepatocyte Growth Factor
HGF exists in a biologically inactive form in the extracellular matrix (ECM) of uninjured tissues (Gak et al., 1992). To actively mediate signaling, HGF is converted from an inactive precursor (pro-HGF) into a processed active form of HGF (active HGF, αHGF). To elucidate whether HGF is active in pharyngeal muscles, we used immunoblotting to measure active HGF by size as compared to mouse HGF standard proteins (Figure 6A, right side of blot). We detected activated HGF in pharyngeal and 3 day-injured TA muscles but not in gastrocnemius muscles (Figures 5A,B). Given that activation of HGF depends on cleavage by proteases, we measured multiple proteases in pharyngeal muscles. In injured muscles, urokinase plasminogen activators (PLAU) (Sisson et al., 2009) activate quiescent SCs and HGF activators (HGFAC) process HGF to promote the SC Galert state in distant uninjured muscles (Rodgers et al., 2017). The tissue-type plasminogen activator PLAT activates HGF but has not been studied in the context of injured muscles. However, elevated Plat transcript levels were detected in pharyngeal SCs compared to limb SCs in previously published microarray data (Randolph et al., 2015). To determine which proteases likely generate active HGF in pharyngeal muscles, we measured the levels of Plau, Plat, and Hgfac mRNAs. The levels of Plat and Hgfac mRNAs were increased in whole pharyngeal muscles relative to gastrocnemius muscles (Figure 5C), indicating that HGF in pharyngeal muscles could be activated by PLAT or HGFAC rather than PLAU. In addition, Plat mRNA levels were increased in isolated FAPs (CD31-/CD45-/PDGFRα+), but Hgfac mRNA levels were broadly detected among the different cell types (Figure 5D). As we observed in mouse pharyngeal FAPs, human CP muscle also contain higher PLAT transcript levels compared to limb muscle but PLAU transcript levels are similar between human CP and limb muscles (Figure 5E). Taken together, these data suggest that pharyngeal FAPs are a major cell source of the HGF-activating enzyme PLAT and of HGF, which likely is responsible for the increased activation of pharyngeal SCs in vivo.
[image: Figure 5]FIGURE 5 | Pharyngeal muscles contain an increased level of active HGF. (A) Western blot analyses of the active form of HGF (αHGF) protein, and GAPDH in gastrocnemius (GA), pharyngeal (PH), and 3-day BaCl2-injured tibialis anterior (Inj) muscles. n = 3. (B) Normalized band intensity of the active form of HGF (αHGF) to GAPDH in gastrocnemius (GA) and pharyngeal (PH) muscles. 3-day BaCl2-injured tibialis anterior muscles are included as a positive control. n = 3. (C) The relative mRNA expression level of urokinase-type plasminogen activator (Plau), tissue-type plasminogen activator (Plat), and HGF activator (Hgfac) in gastrocnemius (GA) and pharyngeal (PH) muscles obtained from 3 months old C57BL/6 mice. n = 3–4. (D) The relative mRNA expression level of tissue-type plasminogen activator (Plat) and HGF activator (Hgfac) in myofibers and sorted CD31+, CD31−/CD45+, CD31−/CD45−/PDGFRα+, and CD31−/CD45−/PDGFRα− cells obtained from muscles of 3 months old C57BL/6 mice. n = 3–4. Statistical significance was determined by 1-way ANOVA (B, D), by student’s t-test (C except Hgfac, (E), or by Mann-Whitney test (Hgfac in C). For all graphs, the value represents mean ± SEM. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, and ***p < 0.001).
Fibroadipogenic Progenitors are Responsible for Pharyngeal Satellite Cell Proliferation Through Hepatocyte Growth Factor
Our data revealed that elevated numbers of FAPs are responsible for the high levels of HGF detected in pharyngeal muscles (Figure 3B). To investigate if pharyngeal FAPs indeed secrete more HGF protein compared to gastrocnemius FAPs, we measured Hgf mRNA levels and secreted HGF protein levels. We found that Hgf mRNA levels are trended towards higher (p = 0.11) in FAPs derived from pharyngeal muscle compared to FAPs derived from gastrocnemius muscle (Figure 6A). Conditioned medium from pharyngeal FAPs (FAPs CM) also contained 3-fold higher levels of HGF protein compared to conditioned medium from gastrocnemius FAPs as measured by ELISA (Figure 6B). To confirm the contribution of FAPs to HGF-mediated pharyngeal SC proliferation, we generated FAPs-ablated mice using PDGFRα CreERT-DTA mouse, which allows for the specific and conditional depletion of FAPs following tamoxifen-induced expression of diphtheria toxin (Figure 6C). Following tamoxifen treatment, pharyngeal muscles from PDGFRα CreERT-DTA mice contained −80% less Pdgfra transcript in the pharyngeal muscle, confirming the effective FAPs ablation (Figure 6D left). Levels of Hgf mRNA (Figure 6D right) and HGF protein (Figures 6E,F) were significantly lower in FAPs-ablated pharyngeal muscles, suggesting that FAPs provide the majority of HGF in pharyngeal muscles. Furthermore, the percentage of BrdU+ proliferating SCs was significantly lower in FAPs-ablated pharyngeal muscles compared to the control group (Figure 6G), indicating that FAPs promote the proliferation of uninjured pharyngeal SCs. However, basal proliferation of gastrocnemius SCs was not reduced by FAPs-ablation (Figure 6H).
[image: Figure 6]FIGURE 6 | Depleted FAPs reduce HGF expression and the proliferating SC population in pharyngeal muscles. (A) Relative mRNA expression level hepatocyte growth factor (Hgf) in freshly sorted CD31−/CD45−/PDGFRα+ fibroadipogenic progenitors (FAPs) from gastrocnemius (GA) and pharyngeal (PH) muscles by MACS. n = 4–5. (B) Concentration of HGF in cultured medium (CM) of the gastrocnemius (GA) and pharyngeal (PH) muscles-derived fibroadipogenic progenitors (FAPs). HGF was measured by ELISA and the amount of HGF was normalized with cell number. n = 3. (C) Scheme of strategy for FAPs ablation using Pdgfrα CreERT-DTA mouse. Tamoxifen (Tm). We used control (Pdgfrα CreERT−/− -DTA) and Pdgfra-DTA (Pdgfrα CreERT+/− -DTA) mice after 30 days of Tm injection. (D) The relative mRNA expression level of Pdgfra, and Hgf in pharyngeal (PH) muscles obtained from Pdgfrα CreERT -DTA mouse compared to control mice. n = 3–4. (E) Western blot analyses of the active form of HGF (αHGF) protein, and GAPDH in pharyngeal muscles of control and Pdgfra-DTA mice. n = 3–4. (F) Normalized band intensity of the active form of HGF (αHGF) to GAPDH in pharyngeal (PH) muscles. n = 3–4. (G, H) Normalized percentage of BrdU+ pharyngeal or gastrocnemius satellite cells (CD31−/CD45−/Sca1−/Intergrin α7+) isolated from Pdgfrα CreERT -DTA mice compared to control mice. n = 3 or 8. Statistical significance was determined by Mann-Whitney test (A) or by Student’s t-test (B, D) (F–H). The value represents mean ± SEM. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, and ***p < 0.001).
Fibroadipogenic Progenitors are Critical for Pharyngeal Muscle Function and Homeostasis
We next measured how FAPs depletion affected pharyngeal muscle function and homeostasis. In addition to their function in HGF secretion and SC proliferation, FAPs have been shown to play a key role in muscular regeneration via follistatin (Iezzi et al., 2004; Mozzetta et al., 2013) and muscle maintenance via BMP3B (Wosczyna et al., 2019; Uezumi et al., 2021). We performed pharyngeal muscle functional assays on 6-month old tamoxifen-treated PDGFRα CreERT-DTA (FAPs-ablated) mice at 1, 2, and 3 months after FAPs depletion (Figure 7A). Depletion of PDGFRα+ cells was confirmed by immunofluorescence staining using PDGFRα antibodies on pharyngeal muscle sections (Figures 7B,C). FAPs-ablated mice showed significantly reduced lick rates at both 2 and 3 months after ablation (Figure 7D), suggesting they have reduced liquid swallowing ability. Along with a reduced lick rate, food consumption was significantly decreased in FAPs-ablated mice at all time points measured (Figure 7E). Water consumption was increased after 2 months of FAPs ablation (Figure 7F), which may represent compensatory consumption due to the reduced food intake. As a consequence, FAP-ablated mice showed decreased body weight (Figure 7G). Consistent with the functional deficits, the pharyngeal muscle cross-sectional area was significantly decreased in FAPs ablated mice (Figures 7H,I). In addition to loss of the established BMP3B-mediated mechanism of FAPs-regulated muscle homeostasis and neuromuscular integrity (Uezumi et al., 2021), the reduced food intake in FAP-ablated mice likely contributed to further limb muscle loss after FAPs depletion (Figures 7J,K) (Wosczyna et al., 2019; Uezumi et al., 2021). Although we detected reduced SCs proliferation after FAPs ablation (Figures 6G,H), loss of SC activity was not responsible for defective pharyngeal muscle function since SCs ablation had minimal effect on cricopharyngeal muscle size and swallowing function (Supplementary Figure S6C–G). Taken together, these results show that depletion of FAPs impairs pharyngeal muscle function and homeostasis thus demonstrating the importance of FAPs in pharyngeal muscles along with the detrimental role of FAPs in fibrotic pharyngeal muscles of OPMD patients (Bensalah et al., 2022).
[image: Figure 7]FIGURE 7 | FAPs are critical for pharyngeal muscle function and maintenance. (A) Scheme of strategy for satellite cell ablation using Pdgfra CreERT+/−-DTA (Pdgfra-DTA, n = 3–4) and Pdgfra Cre ERT−/−-DTA (sex- and age-matched control, n = 3–4). Both groups were injected with Tamoxifen (Tm). Lick assay was performed at 1, 2, and 3 months post tamoxifen injection using the same cohort. Mice were sacrificed at 3 months of FAPs ablation for muscle harvest. (B) Representative images of PDGFRα+ cells in pharyngeal (PH) muscles of control and Pdgfra-DTA mice after 3 months of tamoxifen injection. Merged images show immunostaining with anti-PDGFRα (Red) and anti-laminin (green) antibodies and DAPI (blue). Scale bars = 70 µm. (C) The quantified number of PDGFRα+ cells per 100 myofibers. n = 4. (D) The number of tongue protrusions per second was counted when a mouse lick the water sipper using video analysis. (E, F) Each mouse was housed in a single cage to measure daily food (gram) and water (ml) consumption. (G) Bodyweight was measured at each month. (H, J) The cross-sectional area of CP or GA muscle fibers was measured between FAPs-ablated mice and control mice. (I, K) The average cross-sectional area of CP or GA muscle fibers. n = 3–4. Statistical significance was determined by Student’s t-test (C, I, K), by multiple unpaired t-test for each size (H, J) or by 2-way ANOVA and Sidak’s multiple comparison test (D–G). The value represents mean ± SEM. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, and ***p < 0.001).
DISCUSSION
Although craniofacial muscles, including pharyngeal muscles, differ from limb and trunk muscles in embryonic origin and core genetic programs (Tajbakhsh, 2009), most of what we know about SCs, FAPs, and other cell types comes from studies in limb muscles. Studies of SCs and FAPs in craniofacial muscle are difficult due to the small size of craniofacial muscles, the difficult dissection, and the lack of functional assays. We employed genetic mouse models to reveal the distinct characteristics of pharyngeal SCs and to demonstrate the role of FAPs for pharyngeal SC proliferation and pharyngeal muscle homeostasis. To explain the highly proliferative and differentiative properties of pharyngeal SCs in vivo, we characterized pharyngeal SCs and investigated the role of the pharyngeal muscle environment for SC proliferation. Our study provides new evidence to explain how niche factors, such as HGF, and neighboring cells including FAPs and resident macrophages, govern the unique state of craniofacial SCs (Figure 8).
[image: Figure 8]FIGURE 8 | (Graphic abstract). FAPs induce proliferation of pharyngeal satellite cells by HGF and maintain pharyngeal muscle mass and function. In pharyngeal muscles, the increased number of CD206+ macrophages and fibroadipogenic progenitors (FAPs) secrete HGF. HGF is converted to the active form (α-HGF) by tissue-type plasminogen activator (PLAT) or HGF activator (HGFac). Therefore, FAPs mediate proliferation of SCs in pharyngeal muscles via HGF. In addition, FAPs maintain pharyngeal muscle mass and function. Created with BioRender.com.
Hepatocyte Growth Factor Contributes to the Activation of Pharyngeal Satellite Cells
Neighboring cells and SC contribute to the muscle microenvironment via soluble factors or direct cell-to-cell contact. HGF is one such auto/paracrine factor involved in SC activation in response to muscle injury, overuse, or mechanical stretches (Tatsumi et al., 1998; Miller et al., 2000; Sheehan et al., 2000; Tatsumi, 2010). HGF is secreted into the extracellular matrix of uninjured muscles as pro-HGF and is activated by proteolysis mediated by urokinase-type plasminogen activator (PLAU) (Sisson et al., 2009) or by circulating HGF activators originating from a remote muscle injury (Rodgers et al., 2017). Cleaved HGF, in turn, activates SCs (Stoker et al., 1987; Bernet-Camard et al., 1996; Sisson et al., 2009). In pharyngeal muscles, we detected high levels of the transcripts encoding both HGF activator (Hgfac) and tissue-type plasminogen activator (Plat), which is similar (identity 32.8% and similarity 43%) to the urokinase plasminogen activator that cleaves pro-HGF (Mars et al., 1993). However, the transcript encoding urokinase plasminogen activator (Plau) was not increased in pharyngeal muscles. This result indicates that uninjured pharyngeal muscles use a mechanism of SC activation, that is, distinct from that of the limb. Our previous microarray data comparing pharyngeal SCs with limb SCs (Randolph et al., 2015) revealed increased levels of the Plat transcript, suggesting that pharyngeal SCs also contribute to pro-HGF processing. Interestingly, extraocular muscle SCs, which also proliferate and differentiate without injury, also contain high levels of Plat mRNA relative to limb SCs (Pacheco-Pinedo et al., 2009). In addition, extraocular muscles express high levels of Hgf mRNA. Thus, HGF is likely an important signal that modulates both pharyngeal and extraocular SC activity. Additional studies are needed to better define the unique mechanisms of pro-HGF processing and HGF-mediated craniofacial SC activation.
Fibroadipogenic Progenitors Release Hepatocyte Growth Factor in Pharyngeal Muscles
Muscle is a heterogeneous tissue that contains myofibers, SCs, blood vessels, peripheral nerves, mesenchymal cells, and resident macrophages (Bentzinger et al., 2013; Tedesco et al., 2017). To identify the major source of HGF, we sorted myofibers, endothelial cells, immune cells, and others using MACS. We also ruled out the autocrine secretion of HGF from pharyngeal SCs using SC-ablated mice, which is consistent with the previous microarray analysis showing that pharyngeal SCs contain comparable Hgf mRNA levels to limb SCs (Randolph et al., 2015). We found the highest levels of Hgf mRNA in the CD31−/CD45−/PDGFRα+ fraction isolated by MACS. Considering that FAPs are the main population of the CD31−/CD45−/PDGFRα+ fraction, we focused on FAPs as the likely source of HGF in pharyngeal muscle niche. Pharyngeal muscles contain a high number of FAPs, which may be a result of pro-proliferative HGF autocrine signaling (Rodgers et al., 2017). Importantly, we discovered that FAPs are the major source of elevated HGF detected in pharyngeal muscles and are responsible for the active proliferation of pharyngeal SCs in FAPs ablation experiments. In addition to results obtained from mice, we confirmed an increased HGF, PDGFRa, and PLAT transcript levels and CD90+ FAPs in human CP muscles. The increased HGF levels in CP is consistent with a previous report examining several craniofacial muscles, including CP muscles from 14 cadavers (Rhee et al., 2016). These data indicate the translational potential of our data generated in mice. Like SCs, FAPs are more proliferative in pharyngeal muscles compared to limb muscles in mouse and human (Bensalah et al., 2022), which could be related to the high level of extracellular matrix (ECM) found in pharyngeal muscles compared to limb muscles in healthy humans (Gidaro et al., 2013; Bensalah et al., 2022). Future studies are needed to probe how FAPs are activated and differentiated in pharyngeal muscles, whether this activation involves interaction with CD206+ macrophages or HGF autocrine effects, and whether this regulation is disturbed in pharyngeal muscle-specific pathologies with excessive ECM like OPMD (Gidaro et al., 2013; Bensalah et al., 2022).
In regenerating muscles, the majority of HGF is secreted by macrophages (Sisson et al., 2009) that infiltrate the skeletal muscle niche after injury (Pillon et al., 2013). Indeed, a large number of CD206+ macrophages in pharyngeal muscles are detected and contribute to the high level of Hgf transcript, but these are likely tissue-resident rather than infiltrating macrophages because pharyngeal muscles show no signs of injury (Randolph et al., 2015) and have low levels of infiltrating Cx3cr1+ macrophages. Resident macrophages in skeletal muscles express CD206, as well as CD45, CD11b, F4/80, and CD64, and exhibit distinct transcriptional profiles when depending on whether they were isolated from limb versus diaphragm muscles (Wang et al., 2020). It is unclear why CP muscles contain high numbers of FAPs and CD206+ macrophages, but the pharyngeal muscle niche may play a role in the recruitment of both cells. We did not detect any signs of injury, such as clusters of immune cells, in pharyngeal muscles. However, pharyngeal muscle contains relatively high levels of centrally nucleated fibers, which we previously interpreted as a sign of continuous satellite cell fusion. Alternatively, centrally nucleated fibers may be a result of muscle turnover in pharyngeal muscles that promotes FAPs and macrophage proliferation and proliferates satellite cells. Although we did not observe embryonic myosin heavy chain+ myofibers, neonatal myosin heavy chain protein was detected in pharyngeal muscles using immunoblotting (Randolph et al., 2015). Given the known role of resident macrophages in skeletal and cardiac muscles (Brigitte et al., 2010; Bajpai et al., 2019; Theret et al., 2021), we speculate that CD206+ macrophages may regulate pharyngeal muscle homeostasis and its responses to inflammation.
Role of Fibroadipogenic Progenitors in Craniofacial Muscles
Similar to the distinctive embryonic origins of craniofacial muscles and SCs, craniofacial FAPs are derived from cranial neural crests, while FAPs in limb/trunk muscles arise from lateral plate mesoderm-derived somites (Sefton and Kardon, 2019). Neural crest-derived muscle connective tissues, precursors of FAPs, are required for craniofacial muscle development and morphogenesis (Noden and Trainor, 2005; Rinon et al., 2007). Although less well studied, FAPs were thought to have a profound role in craniofacial muscle homeostasis and regeneration (Cheng et al., 2021). Interestingly, HGF is one of the critical factors that induce migration of muscle progenitor cells that express cMET as an HGF receptor for muscle development (Bladt et al., 1995; Dietrich et al., 1999). Given the role of muscle connective tissues during development, they influence the migration of muscle progenitor cells via HGF. Although we identified that FAPs are responsible for high levels of HGF and unusual SC proliferation in pharyngeal muscles, we still do not understand the functional importance of the proliferating SCs in adult pharyngeal muscles. We speculate that a subset of proliferating SCs could be influenced by HGF and other factors secreted by local FAPs. While we can not exclude intrinsic factors of SC for pharyngeal muscle homeostasis, we found satellite cell-ablated mice present normal swallowing function and pharyngeal muscle size, the role of satellite cells for pharyngeal muscles may not be critical at least in physiologic conditions. However, their distinct behaviors, such as proliferation without injury and continuous fusion to pharyngeal and extraocular muscles, should be analyzed in craniofacial muscle-specific diseases, such as oculopharyngeal muscular dystrophy (OPMD). In contrast to the dispensable role of SCs for pharyngeal muscle function, we found FAPs to be critical for pharyngeal muscle function and maintenance. Impaired pharyngeal muscle function may explain rapid loss of body weight and muscle mass following FAPs depletion in our study and previous study (Wosczyna et al., 2019; Uezumi et al., 2021). However, heterogeneous origins and a lack of specific markers are challenges in investigating craniofacial FAPs. In this study, we used a PDGFRα CreERT-DTA mouse model to investigate the role of FAPs in the basal proliferation of SC in pharyngeal muscles. While pharyngeal SCs showed less proliferation with FAPs depletion in PDGFRα CreERT-DTA mouse, we cannot exclude the influence of removed stromal cells in other tissues of this mouse model. Localized FAPs-depletion (Wosczyna et al., 2019) would not be feasible due to the deep location and thin structure of pharyngeal muscles that would make impossible to access with locally-injected AAV.
In conclusion, this study is the first report to identify niche/environmental factors associated with the highly proliferative features of pharyngeal SCs. While it is not clear whether the unique embryonic origins of pharyngeal muscles lead to the differences in proliferative and myogenic properties of SCs, this study demonstrates that the pharyngeal muscle niche, such as FAPs and HGF from FAPs, is capable of proliferating pharyngeal SCs without injury. Although the role of highly active SCs in pharyngeal muscle function is still ambiguous, we propose that unique properties of pharyngeal SCs and FAPs would provide useful information to understand pharyngeal muscle-specific pathologies, such as oculopharyngeal muscular dystrophy and dysphagia.
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Telomerase activity is essential for the self-renewal and potential of embryonic, induced pluripotent, and cancer stem cells, as well as a few somatic stem cells, such as human urine-derived stem cells (USCs). However, it remains unclear how telomerase activity affects the regeneration potential of somatic stem cells. The objective of this study was to determine the regenerative significance of telomerase activity, particularly to retain cell surface marker expression, multipotent differentiation capability, chromosomal stability, and in vivo tumorigenic transformation, in each clonal population of human primary USCs. In total, 117 USC specimens from 10 healthy male adults (25–57 years of age) were obtained. Polymerase chain reaction amplification of a telomeric repeat was used to detect USCs with positive telomerase activity (USCsTA+). A total of 80 USCsTA+ (70.2%) were identified from 117 USC clones, but they were not detected in the paired normal bladder smooth muscle cell and bone marrow stromal cell specimens. In the 20–40 years age group, approximately 75% of USC clones displayed positive telomerase activity, whereas in the 50 years age group, 59.2% of the USC clones expressed positive telomerase activity. USCsTA+ extended to passage 16, underwent 62.0 ± 4.8 population doublings, produced more cells, and were superior for osteogenic, myogenic, and uroepithelial differentiation compared to USCsTA−. Importantly, USCs displayed normal chromosome and no oncological transformation after being implanted in vivo. Overall, as a safe cell source, telomerase-positive USCs have a robust regenerative potential in cell proliferation and multipotent differentiation capacity.
Keywords: telomerase, urine-derived stem cells, longevity, tissue regeneration, differentiation
1 INTRODUCTION
Telomerase activity (TA) is closely related to the longevity of pluripotent stem cells (Huang et al., 2014; Li et al., 2020), embryonic stem cells (ESCs) (Hiyama and Hiyama, 2007), induced pluripotent stem cells (iPSCs) (Wang et al., 2012), and tumor cells (Hiyama and Hiyama, 2007). In normal somatic cells, the activity of telomerase extends telomeric repeats and is usually reduced after birth. Interestingly, TA often cannot be detected in most human mesenchymal stem cells (MSCs) (Zimmermann et al., 2003; Hiyama and Hiyama, 2007), whereas low levels of telomerase are identified in some somatic stem cells from the hematopoietic system (Thongon et al., 2021), intestinal mucosa, and epidermal basal layers (Hiyama and Hiyama, 2007). Human MSCs, such as bone marrow-derived stem cells (BMSCs) (Bernardo et al., 2007; Hiyama and Hiyama, 2007), adipose-derived stem cells (ASCs) (Nava et al., 2015b), and skeletal muscle progenitor cells (SMPCs), often display telomerase negativity, although these stem cells have the MSC phenotype (SH2+, SH3+, SH4+, CD29+, CD44+, CD14−, CD34−, and CD45−) and can differentiate into adipocytes, chondrocytes, and osteoblasts (Zimmermann et al., 2003). A possible reason for the negative telomerase result is the occurrence of alternative lengthening of telomeres (ALT) in MSCs, which is an alternative telomere length-maintaining mechanism (Lafferty-Whyte et al., 2009).
Our previous study was the first to demonstrate that progenitor/stem cells exist in the urine, thus we proposed the name urine-derived stem cells (USCs) (Zhang et al., 2008; Bodin et al., 2010; Wu et al., 2011; Bharadwaj et al., 2013). These cells can be easily isolated from urine samples via a non-invasive approach (Kang et al., 2015), which offers clear advantages over the stem cells harvested from other sources, like bone marrow or adipose aspirates. Clonal USC populations can be readily generated from a single cell by limiting dilution of the starting mixed culture. Each micro-colony will proliferate into a clonal population with many cells (approximately 6.4 × 107 cells) within 4 weeks. Urine collected over 24 h from one individual will generate approximately 140 clones (or 10 clones/200 mL urine), which will expand to greater than 1 × 108 cells by passage three within 3 weeks. Cells do not require tissue dissociation procedures with digestive enzymes, which help to preserve cell viability (Lang et al., 2013). Despite their proliferative capacity, USCs display low expression of gene markers of stem cells (SOX2, OCT3/4, c-MYC, and KLF4) (Bharadwaj et al., 2013) whereas providing a robust proliferative potential reaching up to p16 in a >60-day culture. Understanding the impact of TA on cellular proliferation in vitro and the potential regenerative capacity in vivo is essential to evaluate the suitability of using USCs for tissue repair, disease modeling, and drug development.
It is well known that telomerase activity is critical for the self-renewal or cell proliferation capacity in stem cells, however, the role of TA in multiple differentiation potential is controversial. The aim of this study was to determine the role of TA in maintaining stemness with cell longevity, proliferation capacity, multipotent differentiation potential, cell surface marker expression, karyotype stability, and the risk of in vivo teratoma formation in human primary urine-derived stem cells (USCs).
2 MATERIALS AND METHODS
2.1 Collection and Culture of Urine-Derived Stem Cells
This study was approval by the Wake Forest University Health Sciences Institutional Review Board. A total of 50 urine samples were collected from 10 healthy male individuals ranging from 25 to 57 years of age and divided into four age groups (20, 30, 40, 50 years of age). A total of 117 USCs clones were isolated, expanded, and characterized as previously described (Zhang et al., 2008; Bodin et al., 2010; Wu et al., 2011). Briefly, USCs were grown in culture media composed of keratinocyte serum-free medium (KSFM) and embryonic fibroblast medium (EFM) mixed at a ratio of 1:1 (Zhang et al., 2008). Only wells in 24 plates that contained single cell were scored and used for further experimentation.
2.2 Telomerase Activity Assay
Telomerase activity levels were measured with the Telo TAGGG Telomerase PCR ELISA plus kit (Roche Applied Science, Mannheim, Germany), according to the manufacturer’s recommendations. HEK 293 cells were used as a positive control, and human BMSC and smooth muscle cells (SMC) were used as negative controls. Briefly, 2 × 105 cells at passage two were collected after being trypsinized and washed with cold PBS. Telomerase added the telomeric repeats (TTAGGG) in the kit to the 3’ end of the biotin-labeled synthetic P1-TS primer. These elongated products, and the internal standard (IS) included in the same reaction vessel, were amplified by PCR using the primers P1-TS and the anchor-primer P2. The PCR products were divided into two aliquots, denatured, and hybridized separately to digoxigenin (DIG) labeled detection probes specific for the telomeric repeats and for IS (P3-Std). The resulting products were immobilized via the biotin label onto a streptavidin-coated microplate. Immobilized amplicons were detected with an antibody against digoxigenin that is conjugated to horseradish peroxidase (Anti-DIG-HRP) and the sensitive peroxidase substrate TMB. Absorbance values were measured as the A450nm reading against a blank (reference wavelength A690nm) by using a spectrophotometer. Relative telomerase activity (RTA) within different samples in an experiment were obtained using the following formula (Kim et al., 1994; Kim and Wu, 1997):RTA = [(AS–AS, O)/AS, IS]/[(ATS, 8–ATS8, 0)/ATS8, IS]] × 100.
AS: absorbance of sample; AS, 0: absorbance of heat-treated sample; AS, IS: absorbance of Internal standard (IS) of the sample; ATS8: absorbance of control template (TS8); ATS8, 0: absorbance of lysis buffer; ATS8, IS: absorbance of Internal standard (IS) of the control template (TS8). The kit included the IS and TS8.
To further determine the influence of time on telomerase activity, the RTA of two pairs of USCs (age group 20–50 years), telomerase activity positive (TA+) and telomerase activity negative (TA−), after every five passages or the end passage were measured by the above protocol (Kim et al., 1994).
2.3 Cell Proliferation
The USCs in passage three were seeded in 96-well plates at a density of 2,500 cells/well. The culture medium was replaced every second day. Cell proliferation was determined on days 1, 3, 5, and 7 using an MTS cell proliferation assay kit (CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega) according to the manufacturer’s instructions. Briefly, the MTS reagent was incubated with the cells in the dark for 1 h at 37°C. Following incubation, the absorbance was measured at 490 nm using a spectrophotometer (Molecular Devices Inc., Sunnyvale, CA, United States ). Triplicate measurements were conducted for each time point. The population doubling (PD) and doubling time (DT) calculations were determined based on single USCs at p0 up to the maximum passage (p16) for each clone. The USCs were trypsinized when they reached 70–80% confluence, and the cells were counted manually using a hemocytometer. The PD and DT were calculated using the following formula (Bharadwaj et al., 2011; Bharadwaj et al., 2013):
PD = ln (Nf/Ni)/ln (2) and DT = Ct/PD
Nf is the final number of cells, Ni is the initial number of cells, and Ct is the culture time.
2.4 Flow Cytometry
Flow cytometry analysis for the USCs involved staining the USCs with specific labeled anti-human antibodies: CD25-PE, CD31-FITC, CD34-FITC, CD44-FITC, CD45-FITC, CD73-PE, CD90-FITC, CD105-PerCP-CY5.5, CD117-PE, CD140b-PE, and CD146-PE (BD Pharmingen™). Briefly, USCs (p4) were trypsinized, and 5.0 × 105 cells were washed with pre-chilled PBS containing 1% bovine serum albumin (BSA). The fluorescence conjugated antibodies listed above were incubated with USCs on ice for 30 min in the dark. IgG1-PE, IgG1-FITC, IgG2b-FITC, and IgG1-PerCP-CyTM5.5-conjugated isotype control antibodies were used to determine background fluorescence. Cells were washed twice with wash buffer, passed through a 70 µm filter, and analyzed using FACSCalibur™ flow cytometry (BD Biosciences, Franklin Lakes, NJ, United States).
2.5 Multipotent Differentiation of USCs In Vitro
To determine the differentiation capacity difference between USCsTA+ and USCsTA−, cells were subjected to the following induction described below, and their changes in morphology and/or histochemical staining for specific components were recorded.
Smooth muscle cell induction: Three pairs of USCsTA+ and USCsTA− (p3) from different age groups were plated at 2,000 cells/cm2 in smooth muscle differentiation media containing equal amounts of DMEM (high glucose) and EFM with 10% fetal bovine serum (FBS) and 2.5 ng/mL TGF-β1 and 5 ng/mL PDGF-BB (R&D Systems, Minneapolis, MN, United States). Cell morphology was recorded before and after growth factor additions for up to 14 days.
Uroepithelial induction: Three pairs of USCsTA+ and USCs TA− (p3) were plated at 3,000 cells/cm2 in a medium containing equal amounts of KSFM and EFM with 2% FBS and 30 ng/mL EGF (R&D Systems, Minneapolis, MN, United States ) mixed with the conditional medium of urothelial cells (UC, 1:1) for 14 days.
Osteogenic induction: USCs (p3) were seeded at a density of 4,000 cells/cm2 and cultured in serum containing DMEM low-glucose medium with 100 nM dexamethasone, 10 mM β-glycerophosphate and 50 mM ascorbic acid-2-phosphate (Wako Chemicals, Richmond, VA, United States ) for 28 days. The induced cells were harvested after 28 days and fixed in 95% ethanol before histochemical staining. For detection of calcium secreted by the osteogenic-differentiated cells, Alizarin Red S staining was conducted. Briefly, the fixed cells were incubated with 0.5% Alizarin Red S dye (pH 4.1) to sufficiently cover the cell layer for 3–5 mins. Excess dye was removed with distilled water before photo documentation.
2.6 Western Blotting
Proteins of SMC and UC-induced USCsTA+ and USCs TA− and were extracted using RIPA lysis buffer with a proteinase inhibitor cocktail (Complete mini; Roche Applied Sciences). Protein samples (15–30 µg) were analyzed on a 6–12% SDS-PAGE, and after electrophoresis the proteins were transferred to PVDF membranes (Millipore, Billerica, MA, United States ). The membranes were blocked with skimmed milk and incubated with the primary antibody at an appropriate dilution overnight at 4°C. After secondary antibody incubation, hybridization was detected using the Western Lightning Chemiluminescence reagent (PE, Waltham, MA, United States).
2.7 Permeability Assay
To assess the barrier function of urothelial-differentiated USCsTA+ and USCsTA−, non-induced USCsTA+ and USCsTA−, SMCs, and ureter UCs, these cells were cultured on 0.4 µm Transwell inserts (353,090, Becton Dickinson) placed in 6-well dishes as previously reported (Cross et al., 2005) with minor modifications. Briefly, the inserts were coated with collagen IV (3 µg/cm2) and air-dried in a laminar hood. Cells (1 × 105/cm2) were plated in 1.5 mL of 1 mg/mL tracer-containing medium (FITC-dextran, 4 kDa, Sigma, FD4) in the insert (top chamber) and 3 mL tracer-free medium in the bottom well. Phenol-free medium was used to avoid interference from the indicator in the assay. A day before the tracer was added, the media were supplemented with 2 mM CaCl2 solution. After 3 h, 100 µL media aliquots were removed for fluorescence measurements (excitation at 490 nm and emission at 520 nm). Results were plotted as a percentage relative to the “no cell” control.
2.8 Karyotype Analysis
To determine the chromosomal stability of cultured USCs, the karyotypes of early (p4) and late passage (TA+ clone at p12, TA− clone at p8) cells were measured (Ge et al., 2011). Cultured cells were trypsinized with a 0.25% Trypsin-EDTA solution, resuspended in hypotonic solution (0.075 M KCl) and then fixed with methanol/acetic acid solution in a 3:1 proportion. The metaphase spread on glass slides was digested by trypsin and then stained with Giemsa stain to generate G bands along each chromosome. Standard cytogenetic analysis was performed under microscopy. Chromosomal image capture and karyotyping were performed using CytoVision®, version 3.7.
2.9 Soft Agar Assay in Vitro
Agar assays are often used to distinguish tumor cells from non-transformed or normal cells because normal cells cannot undergo anchorage-independent growth or thrive on an agar substrate. To evaluate whether both USCsTA+ and USCsTA− induce tumorigenicity, USCs were tested on agar gels. HeLa cells and SMC were used as positive and negative controls, respectively. Briefly, 0.35% upper agar layer and 4% base agar layer were prepared in 35 mm tissue-treated dishes. Cells were seeded at the top of the upper agar at a density of 5,000 cells/well. Culture medium was changed twice a week. Cell morphology, proliferation rate, anchorage-independent growth, and cell colony formation were observed under a phase contrast microscope. After culturing for 2 weeks, all the samples were stained with 1 mL of 0.05% nitroblue tetrazolium (NBT) prepared in PBS and sterilized (0.2 micron). This was incubated overnight at 37°C. The cells that took up NBT and showed a violet color were determined to be live cells.
2.10 Spontaneous Transformation In Vivo Assay
Experiments using nude mice were approved by the Wake Forest University Health Sciences Institutional Animal Care and Use Committee. To further determine the non-tumorigenicity of USCsTA+ in vivo, two USCsTA+ (p5) were implanted in the kidney subcapsular region of NSG (NOD.Cg-Prkdcscid-Il2rgtm1Wjl/SzJ) mice. H9 (human embryonic stem cell line) was used as a positive control. A total of 12 six-week-old female NSG mice (Jackson Labs, Bar Harbor) were used and divided into two groups: USCTA+ (3 mice/clone) and H9 groups (6 mice/group). In total, 2 × 106 cells in 20 µl of PBS were injected into the subcapsular region of the right kidney. After 8 weeks, the mice were sacrificed and bilateral kidneys were fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin. For evaluation of general graft histology and teratoma formation, routine hematoxylin and eosin (H&E) staining was performed.
3 RESULTS
3.1 Telomerase Activity Detected in USCs at Early Passage
A total of 80/117 USC clones (p2) from 10 individuals showed detectable TA (70.2% were USCsTA+). There were no significant differences in the positive rate for TA in the 20–40 years age group: 20 s: 30/39 (76.9%), 30s: 14/19 (73.7%), and 40s: 16/22 (72.7%) represented USC clones, respectively, but the RTA notably decreased to 16/27 (59.2%) in the 50 years age group, as shown in Figure 1 and Table 1. TA could not be detected in human BMSCs at p2.
[image: Figure 1]FIGURE 1 | Distribution of human USCsTA+ in different age groups. Most USCs (76.9–72.7%) retained telomerase activity in donors at age 20–40 years of age, but the ratio of USCsTA+ significantly dropped to 59.2% in the donors over 50 years. Cell extracts were prepared from 2 × 105 cells and assayed for telomerase activity, according to the manufacturer’s instructions (Telo TAAGG ELISAPLUS kit Roche). TS8 was provided as a representative positive control lysate prepared from HEK-293 cells. BMSC; human mesenchymal stromal cells of bone marrow, SMC; smooth muscle cells as controls, and A, B, C, D, E, F, G, H, J, K; individual USC clones from different aged healthy individuals (20–50 s), at passage 2 (p2). RTA is the percentage (%) of TS8 (internal positive control) after being normalized.
TABLE 1 | The rate, mean, and highest telomerase activity of the isolated USCsTA+ clones for individual donors (p2) in the four different age groups.
[image: Table 1]To determine if the TA in human USCs decreased as the passage progressed, we measured the TA of two pairs of USCsTA+ and USCsTA− at early passage (p2) and late passages (p7, p11 or the last passage for USCsTA+) from the 20s and 50s groups. The strength of RTA of USCTA+ clones decreased gradually with passage (Figure 2), which seems to make a formerly TA+ clone equivalent to a TA−clone. The RTA remained at undetectable levels through all the passages of USCTA− clones.
[image: Figure 2]FIGURE 2 | Strength of telomerase activity declined over passage of cultured USCs. Telomerase activity of USCTA+ clones (A35 and J29) from donors of 20 and 50 years of age were determined in different passages (p2, p7, p11, and the last passage). The relative telomerase activity (RTA) of USCTA+ clones declined gradually in the passages during culture in vitro.
3.2 Self-Renewal Ability of USCsTA+ Generated More Cells
The USCTA+ and USCsTA− paired clones from a single donor were tested in parallel to prevent other factors from affecting the results of the comparison. The USCTA+ clone A35 which was isolated from a 27-year-old male donor, could be passed more than the USCsTA− clone A42 which was isolated from the same donor, and consistently maintained the original “rice-grain like” morphology until they reached cell senescence at p16. Similarly, the USCTA− clones steadily displayed the similar cell morphologic appearances and finally displayed a larger, flattened, and the typical “fried egg” morphology of quiescent cells at p9 (Figure 3).
[image: Figure 3]FIGURE 3 | Changes in the morphologic appearance of USCsTA+ and USCsTA− at different passages. A USCTA+ clone (A35, RTA: 45.6, from the donor at 20 years of age) maintained the “rice-grain”-like appearance up to p16; a USCTA- clone (A42, RTA: negative, from the same donor at an age of 20 years of age) showed a flattened cell shape or cells of larger size, and stopped growing (cell senescence) at p9, assessed by phase contrast microscopy. Magnification, ×100.
According to the cell growth curve data (Figure 4), the USCTA+ clones grew more rapidly than the USCTA− clones. Consequently, the PD of USCTA+ clones increased significantly compared to that of the USCTA− clones, regardless of the individual’s age (p < 0.001). The mean DTs of USCTA+ clones were significantly shorter than those of the USCTA− clones (Table 2; Figure 5) (p < 0.001).
[image: Figure 4]FIGURE 4 | Cell growth curve of USCsTA+ vs. USCsTA−. Cell proliferation was measured as the USCs were cultured for 7 days. Six individual USCTA+ clones (n = 6, p3, A35, B36, G1, E37, J29, and K5) generated significantly more cells and grew faster than USCTA− clones (n = 6, p3, A42, B31, G12, E34, J18, and K6).
TABLE 2 | Population doubling and doubling time of USCTA+ vs USCTA− in the 20 and 50 years age groups in early and late passages to determine if there was a difference in telomerase activity with increasing age.
[image: Table 2][image: Figure 5]FIGURE 5 | Population doubling, doubling time, and in vitro survival time course of USCsTA+ vs USCsTA−. (A) Population doubling significantly increased for USCsTA+ compared to USCsTA−. (B) Doubling time was significantly shorter in USCsTA+ than in USCsTA−. (C) Cellular senescence in USCsTA− occurred earlier than that in USCsTA+ upon cell expansion. These data indicate that USCsTA+ proliferates more rapidly, generates more cells, and survives longer than USCsTA−. USCs from healthy individuals (n = 12) were cultured following plating at a single cell/well. Six individual USCTA+ clones (n = 6, p3, A35, B36, G1, E37, J29, and K5) generated significantly more cells and grew faster than USCTA− clones (n = 6, p3, A42, B31, G12, E34, J18, and K6). USCTA+ clones survived longer and had longer population doubling times. The suffixes A, B, G, C, H, D, E, F, J, and K represent the ten healthy individuals who participated in the study.
However, the relative TA of USCs was not completely coordinated with the cell proliferation capacity (PD, DT, and passage) (Table 2).
3.3 Both USCTA+ and USCTA− Clones Showed Similar Cell Surface Markers
To identify the cell surface markers of USC clones, six pairs of USCsTA+ and USCsTA− were subjected to flow cytometry analysis. All the USC clones showed strong positive MSCs markers including CD44, CD90, CD73, CD105, and CD146 and were negative for hematopoietic stem cell markers including CD25, CD31, CD34, CD45, and CD117 (Figure 6; Table 3). However, there was no significant difference in the CD105 expression between USCsTA+ and USCsTA−.
[image: Figure 6]FIGURE 6 | USCs expressing mesenchymal stem cell surface markers. USCTA+ clones (A35, B36, G1, E37, J29, and K5) and USCTA− clones (A42, B31, G12, E34, J18, and K6) both displayed sets of mesenchymal stem cell (MSC) surface markers (CD44, CD90, CD73, CD105, and CD146), positive at similar levels, whereas both USCsTA+ and USCsTA− did not express sets of haemopoietic stem cell markers (i.e., CD31, CD34, CD45, CD25, and CD117). However, three of five USCsTA+ displayed CD105 expression, but no or weak expression in all the four USCTA− cell clones. MSC surface markers of USCs at p4 were detected via flow cytometry.
TABLE 3 | Cell surface markers of USCTA+ and USCTA− clones at passage four detected using fluorescence-activated cell sorting.
[image: Table 3]3.4 Potent Differentiation Capacity of USCsTA+
The USCTA+ and USCsTA− paired clones from a single donor were tested in parallel to prevent other factors from affecting the results of the comparison. To test the difference in differentiation capability between USCsTA+ and USCsTA−, both USCsTA+ and USCsTA− (p3) were induced to osteogenic, myogenic, and uroepithelial differentiation (Table 4). Both the USCsTA+ clone A35 that was isolated from a 27 year-old male donor, and the USCsTA− clone A42 that was isolated from the same donor (p3) differentiated into the smooth muscle lineage and the urothelial lineage (Figures 7A,B). Urothelial-differentiated cells developed a cobblestone-like morphology (Figure 7Ai) and expressed the urothelial-specific proteins uroplakin-Ia and uroplakin-III and the generic epithelial cell markers CK7, CK13, and AE1/AE3 (Figure 7Aii). Furthermore, the expression of these proteins was significantly higher in the UC-induced USCsTA+ clones [A35 and J29 (from another male aged 55 years)] than in the UC-induced USCsTA− clones (A42 and J18 [from the same male aged 55 years as clone J29]) and uninduced USC clones. In an assay of cellular barrier function, the UC-induced USCsTA+ clone-A35 showed increased expression of specific tight junction protein markers (E-cadherin) compared to the UC-induced USCsTA−clone-A42 and uninduced USC clones (Figure 7Ai). In barrier function assays, both the urothelial-differentiated USCs (USCTA+ 41.0% ± 1.7% and USCTA− 44.8% ± 0.4%) showed significant reduction in leakage of fluorescent tracer through the insert in vitro (p < 0.01 and p < 0.001, respectively), which means lower permeability and higher tight junction property, compared to the non-differentiated USCs (USCTA+ 63.1% ± 4.3%, USCTA− 62.2% ± 1.1%) (Figure 7Aiii) at day 3; and similar results received at day 7 (p < 0.01), the leakage percentage of urothelial-differentiated USCs (USCTA+-A35 35.5% ± 1.2% and USCTA−-A42 38.9% ± 4.3%), less than the non-differentiated USCs (USCTA+-A35 54.8% ± 2.6%, USCTA−-A42 59.6% ± 0.5%). However, there was only a slight difference in leakage protection at day 3 between the UC-induced USCTA+-A35 and USCTA−-A42 clones (p < 0.05). In addition, no significant differences between them, although reduce in leakage, were noted in UC-induced USCTA+-A35 clone on day 7.
TABLE 4 | Induced and non-induced multipotent differentiation potential of USCs.
[image: Table 4][image: Figure 7]FIGURE 7 | USCs undergo multi-potential differentiation in vitro. (A). Morphology of USCs after induction with USC induction media for 14 days. Cell morphology changed from “rice-grain-like” to a cuboidal morphology appearance. Human ureter urothelial cells (UC) were included as a positive control. Urothelial-specific proteins (Uroplakin-Ia, -III, AE1/AE3, E-cadherin, Cytokeratin 7, and Cytokeratin 13) were detected via western blotting. Specific signals (bands) were observed in lanes with proteins from induced USCsTA+ and UCs. Barrier function analysis was performed on both USCsTA+ and USCsTA− differentiated to UC-like cells for 3 and 7 days. FITC-dextran was incubated with cells grown on the insert, and media in the bottom chamber was analyzed after 3 h. Results were plotted as a percentage relative to the “no cell” control. Positive leakage prevention was observed in both urothelial-induced USCsTA+ and USCsTA− when compared to the negative control SMCs. (B) Morphology of USCs after induction with SMC induction media for 14 days. Cells were spindle-shaped after induction. Human ureter SMCs served as the positive control. Smooth muscle-specific proteins (calponin and smoothelin) were detected via immunoblotting. Specific signals (bands) were observed in lanes with proteins from the induced USCsTA+ and SMC control. (C) USCs cultured in osteogenic differentiation media were evaluated for osteogenic cell lineages. Osteogenic differentiation-day 21, positive von Kossa staining for bone minerals was observed in the induced USCsTA+ and USCsTA− D). Summary of the differentiation capacity of USCTA+ vs USCTA− clones. A35-clone (USCsTA+, RTA: 45.60) and A42 clone (USCsTA−, RTA: negative) were both isolated from one donor (male, 27 year-old); J29 (USCsTA+, RTA:46.6) and J18 (USCsTA−, RTA: negative) were isolated from another donor (male, 55 year-old).
Both myogenic differentiated USCsTA+ and USCsTA− became elongated and spindle-shaped (Figure 7Bi) and expressed smoothelin, a smooth muscle-specific protein marker, and calponin (Figure 7Bii). Moreover, the expression of smoothelin and calponin of SMC- differentiated USCsTA+-A35 were higher than the SMC-differentiated USCsTA−-A42 confirmed by western blotting (Figure 7Bii). Finally, both USCsTA+-A35 and USCsTA−-A42 were also induced to differentiate into the osteogenic lineage using our previous protocols. USCsTA+-A35 could be induced to osteocytes but not USCsTA−-A42, as confirmed by Alizarin S Red staining (Figure 7C). Moreover, both USCsTA+-A35 and USCsTA−-A42 were difficult to differentiate into adipocytes, as evidenced by Oil Red-O staining (data not shown).
3.5 Karyotype Remains Stable in USCsTA+
To investigate the potential susceptibility of USCsTA+ to malignant transformation, cells were tested via cytogenetic analysis, agar culture in vitro, and teratoma formation in vivo, and the results were compared to those of USCsTA− and controls.
Both TA+ and TA- USC clones in the early (p4) and late passage (USCsTA+-A35, J29 clone in p12 and USCsTA−-A42, J18 clone at p8) displayed a normal karyotype of 1 X and 1 Y chromosome, as expected for a male donor, and a normal diploid (2n = 44) complement of autosomes and a pair of sex chromosomes (Figure 8A; Table 5). No multiploidy or obvious chromosomal rearrangements in metaphase were detected by Giemsa bandings at p4 or late passage of both USC clones.
[image: Figure 8]FIGURE 8 | Spontaneous transformation assays of USCTA+ clones. (A) Karyotypes of USCTA+ vs. USCTA− clones. Both USCTA+ (n = 2, A35, RTA:45.6; and J29, RTA:46.6) and USCTA− (n = 2, A42 and J18) clones in the early passage (p4) and late passage (TA + clone in p12, TA-clone at p8) displayed normal complement of diploid (2n = 46). (B) In vitro agar assay of USCs. The size of the cell clones (seeded at a density of 5,000 cells/well) of USCTA+ clones (A35 and J29) and USCTA− clones (A42 and J18) remained the same between days 1 and 14 after plating on soft agar gel. However, clone size of the cancer cell line HeLa cells, as the positive control, at 14 days were significantly increased compared to that at the first day. Normal bladder smooth muscle cell clones were used as the negative control. Images were captured using a phase contrast microscope. Cell clones were stained with nitro blue tetrazolium and photographed using bright field soft agar assays for anchorage-independent cell growth of USCTA+ in vitro. (C) In vitro transformation assay of USCs. No teratoma formation was observed under the microscope 2 months after USCTA+ (two million cells/graft, n = 2, white arrow) were implanted into the capsules of the kidneys of NSG mice. There was no teratoma observable grossly (i, ii) or microscopically (iii, iv). In contrast, H9 cells as the positive control formed derivatives of all the three embryonic germ layers (v, vi). A35-clone (USCsTA+, RTA: 45.60) and A42 clone (USCsTA−, RTA: negative) were both isolated from one donor (male, 27 year-old); J29 (USCsTA+, RTA:46.6) and J18 (USCsTA−, RTA: negative) were isolated from another donor (male, 55 year-old).
TABLE 5 | Conventional karyotypes of USCTA+ and USCTA- clones in the 20- and 50-years age groups at early and late passages.
[image: Table 5]3.6 No Tumorigenic Transformation of USCsTA+ Was Observed
USCTA+ clones-A35, J29 remained the same size on day 14 as that on day 1, after being cultured in soft agar, like colonies of SMCs. However, HeLa cancer cells formed large colonies on day 14 (Figure 8Bi). These single cells (SMC and USC) or colonies (HeLa cancer cells) were viable, which was confirmed by NBT staining (Figure 8Bii). Furthermore, no teratoma was formed when all USCsTA+-A35 were implanted in the subcapsular region of the kidney of NSG mice after 8 weeks. All human ES cell lines (H9) formed derivatives of the three embryonic germ layers (Figure 8C).
4 DISCUSSION
We characterized the stemness features of human USCs, including long-term survival with self-renewal capacity, multi-lineage differentiation, MSCs surface markers, expression of telomere maintenance mechanisms (TA) in in vitro culture time frames, and capacity to form teratomas. USC clones in the same individual urine sample displayed telomere heterogeneity, which could be due to USCs at different stages of the telomerase activation processes.
Stemness refers to the molecular processes underlying the fundamental stem cell properties of self-renewal and the generation of differentiated daughter cells. The stemness properties of adult-derived stem cells decline after birth, compared to those of ESCs (Hofmeister et al., 2015). Most human somatic or stem cells do not express OCT4/SOX2/KLF4/MYC. Forced expression of OCT4/SOX2/KLF4/MYC in somatic cells such as fibroblasts can reprogram cells to a pluripotent stem cell fate. USCs are multipotent, rather than pluripotent, and express low levels of OCT4/SOX2/KLF4/MYC (Bharadwaj et al., 2013). Our previous studies demonstrated that USCs possess limited stemness properties including self-renewal and multiple differentiation capacity but do not induce teratoma formation. This is different from iPSC that have higher expression levels of OCT4/SOX2/KLF4/MYC and form teratoma. In summary, USCs are multipotent and thus do not express the higher levels of OCT4/SOX2/KLF4/MYC that are observed in pluripotent stem cells.
Two methods are predominantly used to track the in vitro age of a cell culture or cell proliferation capacity. 1) The passage number implies the number of times a cell has been passaged, which is most commonly used in the laboratory. However, the cell passage number is imprecise because different laboratories may use different initial cell seeding densities, which affects the number of times cells divide in culture. 2) The PD indicate the number of cell generations the cell lineage has undergone—the number of times the cell population has doubled. PD of primary cells is a better practice for reporting cellular age in vitro, which is often used to set an acceptable upper limit for cell production, or the maximum number of cells generated in culture. In this study, we used both terms (passage number and PD number) to present cell lifespan, and there was good agreement between the two measures. USCsTA+ with higher TA could reach higher PD number or passage number, a shorter DT which indicates faster cell division or more rapid cell growth, and better proliferation capacity which indicates more cells generated than those of USCsTA+ with lower TA strength and USCsTA−. Furthermore, the TA of USCsTA+ declined with passage; thus, the proliferation potential with PD and DT of USCs gradually decreased, with the cells finally reaching senescence within 8 weeks in 2D culture and 10 weeks in 3D culture models (data not shown).
Telomerase is activated and maintains cellular immortality in ESCs or iPSCs, which plays an import role such as to protect the genome from nucleolytic degradation, unnecessary recombination, repair, and intrachromosomal fusion (Hiyama and Hiyama, 2007); however, the level of TA is low or absent in most MSCs and ASCs (Zimmermann et al., 2003; Hiyama and Hiyama, 2007) regardless of their proliferative capacity. Numbers of BMSCs are low in bone marrow nucleated cells with a frequency of colony-forming unit-fibroblasts (CFU-F) of 1: 35,700 (Lu et al., 2006). In addition, small amounts of stem cells are mixed with a large amount of stromal cells in the bone marrow, which makes it challenging to isolate true stem cells and measure their levels of TA. In contrast, USCs start with a single stem cell that forms cell clones and expands to a large number of stem cells of which most display TA. There are a couple of studies comparing hUSC to hBMSC (Sun et al., 2021) and ASC (Kang et al., 2015). In in vitro experiments, hUSC presented with better capacity for proliferation than hBMSC, while hBMSC had greater chondrogenic ability than hUSC. However, hUSC and hBMSC had similar cartilage repair effects in vivo. Results indicated that hUSC can be a stem cell alternative for cartilage regeneration, provide a powerful platform for cartilage tissue engineering, and clinical transformation (Sun et al., 2021). Similar outcomes are achieved in studies of comparison between hUSC and hASC (Kang et al., 2015). TA levels can be detected or consistently expressed in most human USCs (>70%) obtained from healthy middle-aged donors, although levels of this enzyme were lower than those of ESC. Most USCs express TA however, along with the aging process in individuals, a reduction in USC regenerative capacity occurs in the 50s age group, which also means a decrease in cell proliferation capacity along with the reduced number of USCsTA+ (59%), and relatively lower PD and DT and a decline in telomere reserve with associated lower TA. Furthermore, the number of USCsTA+ declined with increasing passage during cell proliferation. Thus, the levels of TA decreased with an increase in donor age and cell passage but did not show an increase again after long-term culture, demonstrating the safety of USC implantation with retaining chromosome stable and no oncological transformation. The TA of USCsTA+ declined with passage in vitro or throughout individual age, providing a mechanism that restricts cell over-proliferation and any tumor development.
Human MSCs as a heterogeneous cell population are confirmed by a set of cell surface makers, instead of a single marker. MSCs often maintain their immunophenotypic characteristics stably throughout the culture term. The ASCs did not show immunophenotypic alterations with passage and retained a consistently high expression level of MSC surface markers and were negative for HSC at early (p4) and late passage (p8) markers (Nava et al., 2015a). In this study, we observed there were USCs at different stages of activation. One was the activating USCs with positive telomerase activity; one is activated cells (relatively old) with negative TA; but both USCsTA+ and USCsTA− in p4 showed the most MSC surface markers (CD44, CD73, CD90, CD105, CD146, and HLA-A, B, C) and lacked hematopoietic markers (CD25. CD31, CD34, CD45, HLA-DR/DP/DQ, and HLA-G). Our data demonstrated that USCs are a good starting population because of their lack of immunological reactivity. Importantly, through the most exhaustive head-to-head characterization of multiple clones that each start a single USC clonal population from multiple donors, these results allow us to highlight the intrinsic differences between commonly used starting cell sources.
In addition, CD105 is one unique marker associated with differentiation potential (Dominici et al., 2006). For example, CD105+ ASCs were more prone to differentiation into chondrocytes than CD105− ASCs (Ishimura et al., 2008; Jiang et al., 2010). CD105+ MSCs were also more efficient in the infarcted heart (Gaebel et al., 2011), with stronger proliferative and colony formation abilities than CD105− MSCs (Lv et al., 2012). However, CD105− ASCs were more osteogenic (Jiang et al., 2010) and showed strong immunomodulation capacity (Anderson et al., 2013). Interestingly, five of the six USCTA+ clones strongly expressed CD105, and four of the six USCTA− clones either did not express CD105 or were weakly positive. Compared to other CD markers, CD105+ appeared to correlate with stemness. The correlation between CD105+ USC and USCTA+ of stem cells appears to have different capabilities. It is worth further investigation into the mechanism of correlation in both TA and CD105 marker cells with such different capabilities.
Telomerase and telomeres are strongly associated with cell renewal and proliferation, but it is controversial whether telomerase is associated with cell differentiation in MSCs (Zimmermann et al., 2003; Hiyama and Hiyama, 2007). The epigenetic nature of telomeres appears to depend on different human cell linages (Dogan and Forsyth, 2021). In adult human stem cells, both BMSCs and ASCs lack telomerase, but can retain their functional characteristics and multiple differentiation potential (Zimmermann et al., 2003; Hiyama and Hiyama, 2007). Interestingly, overexpression of telomerase resulted in telomere elongation, and TERT-transfected cells continued to proliferate and formed bone in vivo (Simonsen et al., 2002). However, mouse MSCs with their TA knocked down failed to differentiate into adipocytes or chondrocytes, even at early passage (Liu et al., 2004). Similarly, increased TA enhanced self-renewal ability, proliferation, and differentiation efficiency in TERT-overexpressing ES cells (Armstrong et al., 2005). High TA or the expression of TERT can therefore be regarded as a marker of undifferentiated ES cells. Downregulation of TA in differentiating EC cells was reported to be closely correlated with histone deacetylation and DNA methylation of the TERT gene (Lopatina et al., 2003). In this study, USCsTA+ performed better in terms of multiple differentiation capacity in osteogenic, myogenic, and uroepithelial differentiation than USCsTA-, indicating that telomerase is required for not only cell proliferation but also multiple differentiation in human USCs, which is a guarantee for future studies to determine whether USCTA+ induce better in vivo tissue regeneration than USCTA−.
As telomerase is related to both normal stem cells and tumor stem cells, it is necessary to determine the alteration of karyotypes, with the in vitro agar assay and the in vivo risk of tumor formation of telomerase-positive cells for their safe transplantation application. Giemsa-based chromosomal banding and staining techniques are important for cytogenetics. USCs maintain a normal diploid chromosome recognized as 46 during long-term culture or overexpansion for up to p16 or 68 PD (268). Cytogenetic analyses showed USCs can safely expand in vitro (p4, p8, and p16) with no sign of immortalization or development of chromosomal abnormalities.
Cloning techniques with semisolid medium, such as agar gel for evaluating cell growth, are commonly used to study the biology of cancer cells due to their anchorage-independent growth requirements. The ability of cancer cells to proliferate without firm attachment (i.e., anchorage independence) is one of the best in vitro indicators of tumorigenicity. Importantly, USCsTA+ do not present a propensity for spontaneous oncogenic transformation 60 days after in vivo implantation. The tumorigenic potential of USCsTA+ was not found in vitro or in vivo. Thus, USCs as a new source of seed cells, which are non-invasive, highly proliferative, and abundant, can be used for tissue engineering and regenerative medicine.
TA appears to be related to the stemness of USCs (Table 6). USCsTA+ survived for a significantly longer period with intact morphological appearance, rapid proliferation, and ample cell generation, and possessed more potent differentiation capacity than USCsTA−. Both human USCsTA+ and USCsTA− can be safely expanded in vitro maintaining normal karyotype and showed tumor-free formation after in vivo implantation, which makes them appropriate sources for cell-based therapies. Thus, TA could be an independent predictive factor for the regenerative capacity of USCs. In addition, human USCsTA+ provides sufficient cell numbers for drug testing. TA is a good indicator of stemness (cell renewal and differentiation potential) of human adult stem cells, but a collection of primary cultured cells is required, which is cumbersome. Therefore, simpler and low-cost methods of measuring TA and telomeres in stem cells are highly desired.
TABLE 6 | Feature summary of human USCs with telomerase activity in USCTA+ and USCTA− clones.
[image: Table 6]5 CONCLUSION
This study demonstrated that human primary urinary stem cells with positive TA act as a distinct subpopulation with potential regeneration capacity in both cell proliferation and multiple differentiation. USCsTA+ can more efficiently give rise to osteogenic, skeletal myogenic, smooth muscle, and urothelial cell lines than USCsTA−. Importantly, despite that USCs display TA, they do not form teratoma, which provides a safe cell source for clinical application. In addition, the number of USCsTA+ decline with increasing age. Future investigations should focus on understanding the role that physiological factors play in regulating both the temporal pattern of USCsTA+ and their influence on the ability of these cells to participate in better tissue repair. Determining the requirements for the effect of TA on the paracrine effect of USC has important implications for understanding the anti-inflammatory, fibrosis inhibition, and redox effect of USCsTA+. It will be beneficial to better understand alterations in this cell subpopulation throughout the human lifespan, and how they translate into, aging, renal dysfunction, drug-induced nephrotoxicity, or cancer, among others.
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As an evidence-based performance, the rising incidence of various ischemic disorders has been observed across many nations. As a result, there is a growing need for the development of more effective regenerative approaches that could serve as main therapeutic strategies for the treatment of these diseases. From a cellular perspective, promoted complex inflammatory mechanisms, after inhibition of organ blood flow, can lead to cell death in all tissue types. In this case, using the stem cell technology provides a safe and regenerative approach for ischemic tissue revascularization and functional cell formation. Limb ischemia (LI) is one of the most frequent ischemic disease types and has been shown to have a promising regenerative response through stem cell therapy based on several clinical trials. Bone marrow-derived mononuclear cells (BM-MNCs), peripheral blood CD34-positive mononuclear cells (CD34+ PB-MNCs), mesenchymal stem cells (MSCs), and endothelial stem/progenitor cells (ESPCs) are the main, well-examined stem cell types in these studies. Additionally, our investigations reveal that endometrial tissue can be considered a suitable candidate for isolating new safe, effective, and feasible multipotent stem cells for limb regeneration. In addition to other teams’ results, our in-depth studies on endometrial-derived stem cells (EnSCs) have shown that these cells have translational potential for limb ischemia treatment. The EnSCs are able to generate diverse types of cells which are essential for limb reconstruction, including endothelial cells, smooth muscle cells, muscle cells, and even peripheral nervous system populations. Hence, the main object of this review is to present stem cell technology and evaluate its method of regeneration in ischemic limb tissue.
Keywords: stem cell therapy, limb ischemia, state-of-art, perspective, molecular mechanism, endometrial-derived stem cells, regeneration
INTRODUCTION
Peripheral arterial disease (PAD) results in a wide range of organ dysfunction and organ failure in humans. It has been reported that over 200 million PAD cases had been diagnosed just in 2017 globally (Fowkes et al., 2017). Meanwhile, limb ischemia (LI) in particular leads to a large number of these types of disorders (Torbjörnsson et al., 2021). Among these, acute limb ischemia (ALI) and critical limb ischemia (CLI) are considered the most common diagnostic cases of LI, which occur when there is a sudden lack of circulation to limbs due to occlusion of a peripheral artery or bypass graft (Shoji et al., 2020; Torbjörnsson et al., 2021). Through limb ischemia, peripheral arterial disorders, atherosclerotic peripheral vascular disease, and embolic occlusion can directly arise by reducing the blood perfusion into the limb tissues (Narula et al., 2018). Pain in the ischemic regions, thickening of the toenails, skin infections, and limb ulcers are considered the main symptoms of LI (Lambert and Belch, 2013). Interventions such as vascular and endovascular surgery are commonly used as standard approaches to help regulate and promote circulation to ischemic limbs (Almasri et al., 2019). Despite prescribed treatments, a significant number of patients with LIs have to undergo a major lower limb amputation (Fowkes et al., 2017); hence, the development of a safe, minimally invasive, and effective strategy for regenerating degenerated tissues is regarded as the primary strategy for the treatment of the LI.
Nowadays, the undeniable advantage of using stem cell technology is widely acknowledged as a reliable, safe, and effective method for generating mature cells (Khodayari et al., 2021a; Khodayari et al., 2021b) and regenerating injured tissues and organs (Emadedin et al., 2012; Rigato et al., 2017; Khodayari et al., 2019; Hashemian et al., 2021). From a developmental and physiological view throughout the animal’s lifetime, stem cells play a vital role in the hemostasis, healing, and regeneration of the organs (Ghazizadeh et al., 2018; Khodayari et al., 2019; Beeken et al., 2021). Based on diverse experimental and clinical studies, stem cell-based therapies have been deemed suitable for managing the damaged limb tissues and improving the LI’s symptoms (Zafarghandi et al., 2010; Molavi et al., 2016; Gao et al., 2019).
So far, various types of multipotent stem/progenitor cells have been successfully tested as potential candidates for limb regeneration. The therapeutic potential of BM-MNCs, MSCs, CD34+ MNCs, ESPCs, EnSCs, and neural stem cells (NSCs) has been tested on LI patients with different criteria (Supplementary Table S1). Our clinical trials have shown promising results in terms of safety, long-term advantages, and feasibility of the BM-MNC and MSC therapies for limb tissue regeneration/reconstruction targets (Zafarghandi et al., 2010; Emadedin et al., 2012; Molavi et al., 2016). Promoting neovascularization, myogenesis, and neurogenesis, as well as secretion of different paracrine/autocrine factors into the injury microenvironment (Table 1), would be the main therapeutic benefit for the damaged limbs resulting from these transplanted stem cells. In this case, inducing therapeutic angiogenesis into the ischemic regions is the chief regenerative mechanism that is promoted by the stem cells (Johnson et al., 2019). This therapeutic response is triggered through the stem cell differentiation to endothelial cells and secreting various types of pro-angiogenic factors into the injured tissue microenvironment (Khodayari et al., 2019). Based on experimental observations, the MSCs, EPCs, and EnSCs are the cells that show both the responses after transplantation (Shamosi et al., 2015; Bouland et al., 2021), while the MNCs have no significant differentiation potential, and it seems their efficacy is induced via regulating the ischemic tissue environment (Li et al., 2006). These facts raise the possibility that releasing pro-angiogenic factors can be the main factor for inducing therapeutic angiogenesis into the injured limb.
TABLE 1 | Characteristics, biological activity, and main clinical applications of the approved stem/progenitor cell types for treatment of limb ischemia.
[image: Table 1]The EnSCs’ biology, differentiation, and regeneration potential have been thoroughly studied during our investigative process. In this regard, we could track the neurogenic, angiogenic, and myogenic potential of the mouse and human EnSCs in both in vitro and in vivo conditions (Ai and Ebrahimi, 2010; Mobarakeh et al., 2012; Tabatabaei et al., 2013; Khademi et al., 2014; Tehrani et al., 2014; Shamosi et al., 2017). In addition to the basic and clinical observations we have summarized in Table 1, Supplementary Table S1, our studies could reliably conclude that the EnSCs may be a novel and useful source for regenerating various types of ischemic disorders, along with other stem/progenitor cells (Ai and Ebrahimi, 2010).
Although different clinical examinations report the benefits of cell therapy on the ischemic organs, there are multiple challenges and barriers to achieving satisfactory regeneration in practice. In 2019, Khodayari et al. (2019) hypothesized that the creation of a stressful inflammatory microenvironment following the acute phase of myocardial infarction can be a potential inherent factor in blocking the outcome of cell therapy in this ischemic region. We believe creating this type of natural restriction would be a destructive factor for stem cell therapy goals, not only for infarcted myocardium but also for all other types of ischemic disorders. It seems that 1) developing modern technologies to reduce the cost of manufacturing stem cells at the highest level, 2) creating next-generation stem cells compatible with the ischemic microenvironment, and 3) presenting new available stem cell sources with greater regenerative potential will be the adequate targets to achieve more efficient tissue regeneration in practice. The scope of this review article is to first describe the molecular mechanisms of pathogenesis of limb ischemia. After summarizing our clinical experiences and the other latest clinical trials on LI stem cell therapy, we will present our group’s obtained evidence that could illustrate the EnSCs’ therapeutic impacts on limb regeneration. Finally, we will outline the limitations and perspectives of the cell therapy approach for the regeneration of limb ischemia.
LIMB ISCHEMIA PATHOGENESIS: PATHWAYS AND MECHANISMS
Based on recent studies, peripheral arterial disorder is the main factor in the progression of hind limb ischemia (HLI). Chronic and acute arterial occlusions are caused primarily by occlusive arterial diseases and could block the blood perfusion into the limbs, as well as related tissues and organs (Heo et al., 2017). During the ischemia pathogenesis, decreasing the hypoxic cell’s metabolism, increasing the level of intracellular free radicals, and forming a stressful inflammatory network in the ischemic tissue microenvironment can negatively disturb the cellular population’s viability and function (Khodayari et al., 2019).
It is reported that oxidative stresses, which interfere by increasing intracellular levels of reactive oxygen and nitrogen species (ROS and RNS), are the primary disruptive factors in the ischemia pathogenesis path (Schröder et al., 2012; Bagheri et al., 2016). Meanwhile, all limb tissue cell types, including endothelial cells, skeletal myocytes, fibroblasts, and peripheral neurons, have been shown to present identical pathogenic responses to intracellular ROS and RNS generation (Steiling et al., 1999; Wang et al., 2015; Cheng et al., 2016). Activation of reactive species can directly cause cell damage through DNA sequence alteration, gene amplification, and expression of some proto-oncogenes and tumor suppressor genes (Bagheri et al., 2016; Qiu et al., 2019). In most cellular populations, mitochondria organelles are the main targets of ROS-mediated signaling in the path of HLI pathogenesis. In more detail, production of ROS is directly controlled by the ischemic cell’s mitochondria electron transport chain (ETC) overactivity (Indo et al., 2007). Moreover, ROS directly switches cytoplasmic Ca2+ accumulation. This mechanism leads to interference of the injured cell’s mitochondrial permeability transition pore (mPTP) opening and affects the mitochondrial membrane potential (Batandier et al., 2004). This mitochondrial mechanism immediately stimulates apoptosis cell death in the ischemic tissues by releasing cytochrome-c protein into the injured cell’s cytoplasm, which, in turn, progresses the caspase cell death cascade (Figure 1). Aside from the cytochrome-c accumulation, some other harmful function cascades are caused by the ROS/mitochondia interaction with the injured cells. The cytoplasmic expression of apoptotic factors like B-cell lymphoma 2 (BCLl-2), BCL-2-associated X protein (BAX), BCL-2-associated death promoter (Bad), and glycogen synthase kinase 3β (GSK-3β) are the other main factors involved in this path (Perrelli et al., 2011) (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic representation of the main molecular mechanisms involved in limb ischemic pathogenesis. Two types of apoptotic skeletal muscle cells with fragmented nuclei under hypoxic stress and skeletal muscle cells are shown. Following ischemia, endogenic ROS production is induced early after injuries. Cytoplasmic ROS via chains of mPTPs opening of the mitochondrial membrane, releasing of the cyto c into the cells’ cytoplasm, and activation and intra-nucleus accumulation of Nf-kB through MAPK signaling stimulation, leads to the muscle cells’ apoptosis and necrosis. In addition to, stimulation of the TNF-R1/2, IL-1R, and TRAIL-R, as the main death ligands, by activation of the caspase cascades has a dominant role in developing the muscle cell’s injuries. Abbreviations: Cyt-C, cytochrome-C; ERK, extracellular signal-regulated kinases; Fas, apoptosis antigen 1 (APO-1 or APT); IL-1R, interleukin-1 receptor; IL-1β, interleukin-1β; MAPK, mitogen-activated protein kinase; NFκB, nuclear factor kappa-light-chain enhancer of activated B cells; ROS, reactive oxygen spices; TNF-R, tumor necrosis factor receptor; TNF-α, tumor necrosis factor-α; TRAIL, TNF-related apoptosis-inducing ligand; TRAIL-R, TNF-related apoptosis-inducing receptor. Figure created with BioRender.com.
In contrast with the apoptotic mechanisms, several protective pathways can be initiated by the stressed mitochondria in response to ROS (Stein et al., 2017). The protein kinase C (PKC) signaling pathway is one of the main types of these protective mechanisms, which also plays multiple roles in the development and hemostasis of organs (Stein et al., 2017; Khodayari et al., 2019). In addition to the mitochondrial electron transport chain (ETC), the PKC and nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, other main cell protective factors could be broadly released from different origins, including the xanthine oxidase, cyclooxygenase, and lipoxygenase (Leslie et al., 2004). In this regard, the generated ROS can directly target the PKC release into the injured cell cytoplasm through stimulation of the mitochondrial function. From another path, the activated PKC directly generates ROS production through NADPH phosphorylation (Lee et al., 2004). The activated NADPH improves cells’ survival and function inside the stressful environment through activation of protective signaling pathways, including the apoptosis signal-regulating kinase-1 (ASK1) and AKT pathways (Cosentino-Gomes et al., 2012) (Figure 1).
In addition to PKC, the mitogen-activated protein kinases (MAPKs), stress-activated protein kinases (SAPKs), phosphoinositide 3-kinase (PI3K), and ataxia-telangiectasia mutated (ATM) pathways can also serve as cell protective mechanisms which become activated as a result of ROS activity (Cosentino-Gomes et al., 2012). It has been identified that progression of both MAPK and SAPK activation of Janus kinase (JAK)/signal transducers and activators of transcription (STAT) signaling can protect the injured cells from the disruptive impacts of oxidative stress. In this described cascade, activated PIK3 can significantly protect injured cells as well as distant cells by promoting 3 phosphoinositide-dependent protein kinase-1/Akt (PDK1/Akt) signaling (Cosentino-Gomes et al., 2012). The aforementioned pieces of evidence intensively prove this hypothesis, which states that ROS can directly act as a “double-edged sword” in the HLI pathogenesis process (Figure 1).
In addition to the described mitochondrial-associated mechanisms, non-mitochondrial ROS-mediated cell death plays a major role in limb tissue oxidative stress. In this process, generation and activation types of well-known inflammatory network elements including tumor necrosis factor-α (TNF-α) and its downstream targets have a central role in evolving the cellular death and limb tissue degeneration (Seekamp et al., 1993). It seems that this referred pro-inflammatory cytokine stimulates the same pathological responses for all organs and tissues, as well as the HLI (Khodayari et al., 2019). It has been shown that in following the limb tissue ischemia, the TNF-α production is directly initiated by overexpression of some adhesion molecules from ischemic tissue’s vascular endothelial cells (Simon et al., 2018). According to contemporary observations, TNF-α is the initial and primary pro-inflammatory paracrine factor that directly switches the cytokine changes in the ischemic microenvironment (Heath et al., 2018). TNF-α, through the stimulation of leukocytes, initiates the inflammation process and recruitment of the inflammatory immune cells into the ischemic injured limb tissue. Subsequently, as a result of this mechanism, the expression of other types of pro-inflammatory cytokines, including interleukin-1β (IL-1β), interleukin-6 (IL-6), and interleukin-8 (IL-8), occurs in infarcted tissues (Khodayari et al., 2019). It should be noted that this complex and stressful environment is considered the main reason for different inflammatory/degenerative disorders (Figure 1).
Furthermore, following the TNF-α associated pathogenicity, stimulation of the TNF-α receptors (TNF-Rs) as one of the main inflammatory cell death ligands can play the pivotal role in tissue degeneration (Sedger and McDermott, 2014). Promoting nuclear factor-kappa B (NF-κB) cascade, following TNF-R activation, can induce the cellular death process (apoptosis and necroptosis) into the injured cells (Kim et al., 2011). Like TNF-α, IL-1β-induced NF-κB activation is another pathogenic factor that occurs after the HLI process (Khodayari et al., 2019). The expressed NF-κB, through the activation of other pro-apoptotic factors including the inducible nitric oxide synthase (iNOS), BH3 interacting domain death agonist (Bid), and c-Jun N-terminal kinases/P38 (JNK/P38), can conduct the limb cells toward apoptosis (Cnop et al., 2005). Finally, it should be mentioned that all of the aforementioned adverse mechanisms are just a meager part of the pathogenic and progressive process that is activated in the ischemic limb tissue microenvironment.
STEM CELL THERAPY APPROACHES FOR LIMB ISCHEMIA IN PRACTICE
In the past decade, stem cell-based therapy approaches have become extremely useful facilitators for the regulation of different types of human disorders, including acute and chronic limb ischemia (Zafarghandi et al., 2010; Mardanpour et al., 2019). From a translational and practical view, the performance of some multipotent stem/progenitor cells, including the BM-MNCs, CD34+ MNCs, MSCs, and ESPCs, has been approved and deeply studied in different clinical trials (Supplementary Table S1). Furthermore, the therapeutic effects of EnSCs and NSCs are investigated in some published and ongoing clinical trials on limb lesions (Supplementary Table S1). Generally, the therapeutic benefits from these stem cells can be used in all phases of limb ischemia (Jaluvka et al., 2020). However, types of signs include patient survival rate lower than 6 months, history of malignancy, chronic renal disorders on dialysis therapy, or ALI cases with an advanced inflammatory reaction considers as the contraindication of the LI stem cell therapy (Jaluvka et al., 2020).
In this section, we will briefly review the biological function and regenerative outcomes of the aforementioned stem cells based on the latest clinical observations. Finally, at the end of this section, we will present the EnSCs as an “all-in-one” therapeutic approach for limb regeneration, based on our findings.
Bone Marrow-Derived Mononuclear Cells
Generally, the BM-MNCs, as a heterogeneous cell population, are carefully characterized through the positive expression of CD34, CD45, CD133, and stromal precursor antigen-1 (STRO1) markers from bone marrow aspirated cells (Liang T. W. et al., 2016). It has been reported that the injected BM-MNCs, through the release of various anti-inflammatory cytokines and growth factors (Table 1), could regulate the ischemic region’s pathogenic mechanisms. In addition, the vasculogenic, myogenic, and neurogenic differentiation potentials of these cells have been clearly recognized by numerous investigations (Table 1). According to these complementary features, the BM-MNCs are considered to be a major population in the target regeneration. However, some main drawbacks, such as the high possibility of contamination leading to a long time to culture and mainly decreased cell volume and regenerative capacity due to the increasing age of patients, can affect the use of the BM-MNCs for limb regeneration (Laurence et al., 2015).
So far, different studies have been conducted in order to evaluate the benefits of BM-MNC transplantation as a means of managing limb ischemic injuries (Supplementary Table S1). From 2008 to 2011, we launched two separate clinical trials (phases I/II randomized control trials) for the autologous BM-MNC therapy of patients with CLI (ClinicalTrials.gov identifiers: NCT00677404 and NCT01480414). In those continued clinical observations, we focused on the most pressing questions, including 1) is autologous transplantation of the BM-MNCs safe in patients with CLI, 2) how much simultaneous injection of granulocyte-colony stimulation factor (G-CSF) with the transplantation of BM-MNCs would increase the efficacy of cell therapy in CLI patients, 3) can interval implantation of the BM-MNCs improve the treatment efficacy, and 4) can the BM-MNCs interval injection increase collateral vessel formation in patients with limb ischemia? Following these trials, we stated that the administration of BM-MNCs is a safe and feasible approach for the treatment of patients. Our evaluations additionally showed that the intervention hand was able to improve some patients’ clinical indexes, including pain-free walking distance and Wagner stage, besides reduction in ulcer size (Zafarghandi et al., 2010; Molavi et al., 2016).
In a successful study, Tateishi-Yuyama et al. (2002) published an article titled “therapeutic angiogenesis for patients with limb ischemia by autologous transplantation of bone-marrow cells.” Their clinical trial has shown that direct intramuscular injection of CD34+ BM-MNCs not only is able to induce an angiogenic response but can also significantly improve the patient’s limb function and ankle-brachial pressure index (ABI) 6 months after cell therapy (Pignon et al., 2017). Similar to the aforementioned study, current clinical observations are also displaying an identical therapeutic impact that occurred from the BM-MNCs administration on the limb ischemia cases. Pignon et al. (2017), through intramuscular injection of the CD34+ BM-MNCs on patients with CMI, observed a suitable and remarkable therapeutic response within 6 months after cell therapy. Finally, they concluded that “BMSC therapy reduced the risk of major amputations in patients presenting with nonrevascularizable CLI” (Pignon et al., 2017).
Similarly, autologous bone marrow mononuclear cell (ABMNC) therapy is another approach that improves measures of limb perfusion, rest pain, wound healing, and amputation-free survival at 1 year in patients with CLI. As an example, Tateishi-Yuyama et al., in a retrospective study, evaluated the incidence of cardiac, malignant, and other medical events relevant to the safety of cell therapy. They found that none of the patients developed tumorigenesis or clinically significant retinopathy. Mainly, they found that in arms treated with ABMNC, the rates of amputation-free survival, major amputation, and major adverse limb events were significantly higher than in the control group (Tateishi-Yuyama et al., 2002).
Although in recent years, scientists have announced some remarkable therapeutic methods for regenerating the limb ischemia cases based on the administration of BM-MNCs, various gaps and problems have already existed in this path (Liang T. W. et al., 2016). It seems that there was a correlation between the reputation and numbers of the implanted BM-MNCs and regeneration outputs in the IL cases. Hence, our observation in 2016 has been compared with the therapeutic output that resulted from a single and repeated (4 step) intramuscular injection of 1–2×105 BMDC/kg on CLI patients (Figure 2). The results of this study revealed a significant improvement in the repeated treated cases “ABI, visual analog scale, pain-free walking distance, and Wagner stage as well as a reduction in ulcer size” in comparison with the single-injected CLI patients (Zafarghandi et al., 2010). However, it should be noted that the BM-MNCs are also showing satisfactory efficacy in ischemic limb regeneration (Supplementary Table S1). The achievement, compared to the other heterogeneous and high-potent stem cell populations with a suitable regenerative potential, can be presented as an effective approach along the lines of managing limb ischemia regeneration.
[image: Figure 2]FIGURE 2 | Outcome of simultaneous autologous BM-MNC and G-CSF administration to patients with limb ischemia. First part: a brief representation of the flowchart for the clinical trial design and assessments. The study was a phase I randomized controlled trial on fifteen patients with severe CLI. The intervention’s safety and efficacy were evaluated by laboratory analysis, clinical evaluation, and imaging. Second part: (A) qRT-PCR analysis of the expression of angiogenesis markers in two arms, BM-MNC alone vs. BM-MNC plus G-CSF. (B) Improvement in limb salvage after autologous BM-MNC therapy. Zafarghandi, Mohammad Reza, et al. Cytotherapy 12.6 (2010): 783–791.
Mesenchymal Stem Cells
Based on several hypotheses, presenting a large level of MSCs into the BM-MNC population introduces a key method in order to manage an effective therapeutic strategy for the regeneration of ischemic disorders (Wang et al., 2018; Khodayari et al., 2019; Mardanpour et al., 2019). Moreover, among the BM-MNC cellular population, the MSCs have shown more effectiveness for improving the ischemic limb tissues based on the particular observations in comparison with the other stem cells (Mafi et al., 2011; Gupta et al., 2013). In addition to the bone marrow, the MSCs can be isolated from different origins like fatty pads, synovium, and cord blood (Khodayari et al., 2019). Secreting a high level of paracrine factors, increased proliferation and differentiation potential, ability to utilize as an allogeneic source, elevated resistance to inflammation as well as lower teratogenic/carcinogenic potential considers the main advantages of the MSCs for the regenerating targets (Khodayari et al., 2019; Khalighfard et al., 2021). In contrast, the requirement to use invasive methods for getting a biopsy sample, the dependence of the cells’ proliferative and differentiation capacity with age, and the need to use various markers for producing a homogeneous population are the cells’ main disadvantages (Matsiko et al., 2013). Phenotypically, in humans, the BMSCs are a fibroblast-like cell population that is generally distinguished by the positive expression of STOR1, CD73, CD90, and CD105, besides the negative expression of CD11b, CD14, and CD34. Also, as negatively marked, CD79a and HLA-DR can be noticed in the MSCs (Khodayari et al., 2019). In addition to the bone marrow, human MSCs can be isolated from different niches, including the adipose tissue (Yañez et al., 2006), umbilical cord blood (Hong et al., 2005), and dental tissue (Xu et al., 2020).
There are several successful clinical methods for evaluating the regenerative impacts of MSCs on limb ischemia disorders. Gupta et al. (2013) have shown that intramuscularly injected BM-MSCs not only were safe but also decreased the CLI patient’s limb pain and improved their ABI and ankle brachial pressure index (ABPI). Also, they have shown that the numbers of the administrated CM-MSCs are able to positively change the cell therapy output in CLI cases (Gupta et al., 2013). Das et al. (2013), via an intra-arterial allogeneic MSC infusion into CLI patients, could recognize a safe and effective response in their study. Based on their reports, not only did the MSCs treated group show significant pain relief, but it also greatly improved the other clinical indexes, including the visual analog scale (VAS), ABPI, and transcutaneous oxygen pressure (TcPO2) (Das et al., 2013). Other clinical observations have only shown an unstable and limited regeneration response from the MSC subtype implant. Adipose-derived stromal/stem cells (ADSCs) are introduced as a mesenchymal stem-like population with the same molecular phenotype as MSCs (Zannettino et al., 2008). Moreover, Bura et al. (2014), through their phase I clinical trial on nonrevascularizable CLI patients, observed that even though intramuscularly injected ADSCs in the ischemic tissue were feasible and safe, the case’s clinical index was not sufficiently improved after the cell therapy (Bura et al., 2014). This variation and huge difference between the MSCs and the MSC-like regenerative responses may be dependent on the variations of the cell’s niches, paracrine/autocrine activity, and differentiation potential.
Generally, stimulating the angiogenic mechanisms in the MSCs seems to be a powerful approach for improving the neovascularization response from the implanted MSCs (Yu and Dardik, 2018; Goodarzi et al., 2020; Khalighfard et al., 2021). The upregulation of hypoxia-inducible transcription factor-1α (HIF-1α), as a chief angiogenic regulator, could be used as a feasible and effective procedure that could achieve this result. During this process, as the main downstream target of HIF-1α, activation of remarkable angiogenic signaling pathways including the vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), transforming growth factor-β (TGF-β), and small mothers against decapentaplegic 3/4 (SMAD 3/4) can greatly improve the human MSCs’ endothelial differentiation in the ischemic limb microenvironment (Huang et al., 2016). This hypothesis has been successfully proven by Wang et al., 2015), following their preclinical observations (Huang et al., 2016). Through intramuscular injection of 1×106 HIF-1α upregulated human MSCs, they recorded a meaningful angiogenic response and observed the injured limb tissue regenerate early after the cell transplantation (Howangyin et al., 2014).
CD34-Positive Mononuclear Cells
As a population of MNCs, the CD34+ mononuclear cells present a non-hematopoietic stem cell with an innate potential for tissue regeneration (Johnson et al., 2020). Different origins such as umbilical cord blood, bone marrow, and peripheral blood are utilized for the isolation of high-potent CD34+ MNCs to be used as a therapeutic factor (Bender et al., 1994; Johnson et al., 2020). In this case, BM and PB-CD34+ MNCs are the most commonly trialed cells for the treatment of ischemic limbs in practice (Supplementary Table S1). Generally, these cells can be isolated by positive expression of CD34 markers along with negative expression of CD14 and CD45 transmembrane proteins (Table 1). Different experimental observations have concluded that the PB-CD34+ MNCs could directly generate types of cellular lineages like myocytes (Avitabile et al., 2011), endothelial cells (Krenning et al., 2009), and neural cell lineages (Reali et al., 2006) that are vital for injured limb regeneration. In addition to their differentiation potential, the release of different therapeutic factors, including 1) cytokines and immune suppressors, 2) growth factors and morphogens, 3) chemokines and surface regulatory markers, and 4) extracellular vesicles, can be used as other therapeutic effects resulting from the PB-CD34+ MNCs implantation. A list of the main PB-CD34+ MNCs secretomes is categorized in Table 1.
In order to increase the mobilization of the CD34+ MNCs into circulation, the most common approach is to administer G-CSF days before cell isolation (Kawamoto et al., 2009). It has been shown that the pharmacological effects of G-CSF on BM stem cell populations are directly promoted via activation of signal transducer and activator of transcription 3 (STAT3) and rat sarcoma (RAS)/rapidly accelerated fibrosarcoma (RAF) signaling (Kamezaki et al., 2005). These pathways serve as types of central mechanisms which promote cellular proliferation and migration from bone marrow to transmission. So far, different experimental and clinical trials have evaluated the safety and effectiveness of the PB-CD34+ MNCs in the various types of LIs (Kawamoto et al., 2009). Wahid et al. (2018) wrote in their meta-analysis for evaluating the “efficacy and safety of autologous cell-based therapy in patients with no-option critical limb ischemia” that the MNCs, mainly bone marrow-driven cells, are safe stem cells with more therapeutic potential for the regeneration of CLI (Wahid et al., 2018). In one of the earliest clinical trials, Kinoshita et al. (2012) examined the long-term clinical outcome of IM G-CSF-mobilized CD34 MNC injection in patients with CLI (Kinoshita et al., 2012). Their observation demonstrated that the IM injection of PB-CD34+ MNCs had favorable and long-term clinical benefits in these types of patients. As a result, they have recorded an improvement in brachial pressure index and transcutaneous partial oxygen pressure up to 6 months after cell therapy (Kinoshita et al., 2012).
It seems that in addition to using a sufficient number of a viable and homogenous population of CD34+ MNCs, the characteristics of subjects can be a determining issue for performing efficient cell therapy in LI patients. Pan et al. (2019), phase I/II clinical trial, showed that the total number of transplanted cells, patient’s age, blood fibrinogen, arterial occlusion level, and TcPO2 directly affected the outcome of PB-CD34+ MNCs therapeutic angiogenesis for no-option CLI cases (Pan et al., 2019). Moreover, the different observations identified suitable outcomes of the PB-CD34+ MNC therapy in CLI patients with atherosclerotic peripheral arterial disease and Buerger’s disease (Supplementary Table S1).
Endothelial Progenitor Cells
Endothelial progenitor cells (EPCs) have been utilized to generate various cell types that have a key role in endothelial lining regeneration and neovascularization (Esquiva et al., 2018). Generally, EPCs are generated in the bone marrow environment by the CD34+/CD45+/CD133+ hematopoietic stem cells (HSCs) and non-hematopoietic bone marrow cells, including the MSCs (Urbich and Dimmeler, 2004). EPCs are collected within the positive expression of CD133, CD34, and vascular endothelial growth factor receptor-2 (VEGFR2) directly from the bone marrow or circulating blood cells (Urbich and Dimmeler, 2004; Friedrich et al., 2006). It has been reported that in addition to neovascularization into the injured tissues, utilized EPCs can modulate the stressful organ’s microenvironment through expression of diverse types of angiogenic growth factors like VEGF, hepatocyte growth factor (HGF), and insulin-like growth factor 1 (IGF-1) (Abe et al., 2013).
In the past, some clinical observations have considered the use of EPC’s regenerative potential for patients with limb ischemia. As a primer clinical observation, Kudo et al. (2003) stated that intramuscular injection of the autologous CD34+ EPC can be a powerful method for regenerating ischemic limb tissues. The results they presented after EPC therapy read “transcutaneous oxygen pressure in the foot increased and clinical symptoms improved.” Newly visible collateral blood vessels were directly documented by angiography (Kudo et al., 2003). The important physiological function of the EPCs on the limb ischemia patient’s therapeutic response rate has already been discovered. Based on this hypothesis, the lower neovascularization rate into the limb ischemia patients who are showing a minor therapeutic response to the treatments may be related to their EPC defect. Flow cytometry and EPC quantitative molecular analysis on ischemic limbs patients with a moderate risk of neovascularization, showed that not only the number of their circulating EPCs was lower but also the proliferation and differentiation potential of their collective EPCs was not as high as it was in the control cases (Yamamoto et al., 2004).
It has been found that stimulation of the EPCs with pro-inflammatory cytokines, like IL-1β, IL-3, and TNF-α, significantly decreases the proliferation and angiogenic potential of the cell. Accordingly, to perform an effective cell therapy on the ischemic limbs, based on using the EPCs, production of them at a large level are required (Peplow, 2014). We believe that this is the main disadvantage that leads to the reduction of this regenerative method’s cost-effectiveness.
Neural Stem Cells
Peripheral neuropathy associated with limb ischemia is one of the prevalent pathogenesis that is commonly observed in patients with vascular disease (Uccioli et al., 2018). “Chronic pain, foot ulcers, foot infections, and amputations” manifest as chief complications caused by peripheral neuropathy (Hicks and Selvin, 2019). Nowadays, using stem cell technology for regeneration of the damaged peripheral neural system (PNS) presents an applicable, safe, and efficient method (Sullivan et al., 2016). This discovery of NSCs was an impactful development for the sake of eventually achieving a regenerative method for the injured PNS. The NSCs are a population of undifferentiated cells that naturally persist in the mammalian ventricular-subventricular zone (V-SVZ) and the subgranular zone (SGZ) (Fuentealba et al., 2012). In humans, this cellular population is noted by positive expression of CD184, CD24, nestin, fibroblast growth factor receptor (FGF-R), glial fibrillary acidic protein (GFAP), SRY-box transcription factors 1/2 (SOX1/2), forkhead box O3 (FOXO-3), and orphan Nuclear Receptor TLX, as well as negatively expressed CD271 and CD44 markers (Table 1). Different observations proved the neural linage differentiation potential of NSCs in both in vitro and in vivo conditions (Harbom et al., 2018). In addition to the release of various paracrine and growth factors, these stem cells can also express types of chemokines and cell migration receptors (Table 1).
The large-scale production of NSCs for managing an effective cell therapy in patients with PNS disorders presents a principal challenge. Extreme risks of taking a biopsy from a patient’s SVZ and SGZ, the presence of small numbers of NSCs in the received tissue, and finally, the poor proliferative potential of the hNSCs primary cultures are some of the limitations presented in this approach (Kaneko et al., 2011). However, like the EPCs, resistance to the ischemic organ inflammatory responses along with the high cost of the NSCs’ isolation, culture, and purification prevents the widespread use of these cells in the practice (Pluchino et al., 2020). Nowadays, using gene transfection technology to generate off-the-shelf NSCs lines serves as a feasible and satisfactory approach. As a pioneer product, the human NSC-line CTX (CTX0E03) created with the MYCL proto-oncogene (c-myc)-ERTAM transfection performs as an off-the-shelf allogeneic stem cell for the CNS and PNS regeneration targets, in practice (Yoon et al., 2020). Results of the Muir et al. (2020) clinical trial on twenty-three patients with stroke confirmed that intracerebral implantation of the CTX cells was not only a feasible approach for nerve regeneration but also had a positive outcome on the subject’s motor recovery up to 12 months after implantation (Muir et al., 2020). A phase I, randomized, controlled trial has been launched in order to investigate the safety of CTX0E03 cell line implantation in patients with “insulinized diabetic patients type 2 with CLI in the lower limb” (ClinicalTrials.gov Identifier: NCT02287974). Although results have yet to be posted from this ongoing study, evidence raised from Muir et al. (2020) study may suggest that using these universal cell lines could be a safe and efficient cell therapy method for patients with LI.
ENDOMETRIAL-DERIVED STEM CELLS: ALL-IN-ONE FOR LIMB REGENERATION
As we explained, different stem cells have been utilized in many preclinical and clinical experiments over the past 5 decades due to their extraordinary capacity for differentiation into multiple lineages, immunomodulation, and angiogenic properties (Supplementary Table S1). During the past few years, our team’s extensive observations into EnSCs have displayed this stem cell’s potential for regenerating ischemic organs as well as limb tissue. The presence of stem cells in the endometrium was first speculated upon by Prianishnikov (1978) (Prianishnikov, 1978). Chan et al. (2004) also confirmed the presence of clonogenic stem cell populations in the endometrium tissue (Chan et al., 2004). We already proved that this mentioned regenerative capacity in the endometrium tissue is due to the presence of EnSCs that were demonstrated to be immuno-privileged in comparison with other cell types (Shamosi et al., 2015), shedding new light on cell-based therapies and rendering these cells a promising resource in limb tissue regeneration (Figure 3). The human endometrium is a highly regenerative tissue due to the fact that a complete regeneration of the uterus can be achieved after almost total resection of the endometrium, with the renovated endometrium still maintaining its ability to support gestation (Murphy et al., 2008). Monthly cyclical endometrial growth, differentiation, and regression are governed by a fine-tuned interplay between ovarian sex steroid hormones and numerous cell types. It has been shown that estrogen replacement therapy can regenerate atrophied endometrium (Evans et al., 2016). The endometrial tissue is composed of epithelial stem cells (0.22%), mesenchymal stem cells (1.25%), and side population stem cells (Sasson and Taylor, 2008). During menstruation, all of these cells could be found as menstrual stem cells or endometrial regenerative cells (ERC) (Verdi et al., 2014). Like the other sources, endometrial MSCs have recently emerged as a promising alternative source of therapeutic MSCs due to their unique ability to undergo smooth muscle differentiation (Rink et al., 2017), angiogenic (Cabezas et al., 2018), adipogenic (Ye and Yuan, 2007) and robust immunomodulation properties (Cortés-Araya et al., 2018). In vitro analysis reported that the EnSCs positively express stage-specific embryonic antigen-4) SSEA-4 (and octamer-binding transcription factor 4 (OCT4) markers and decrease OCT4 expression with increasing passages that confirm its stemness (Piccinato et al., 2015). The EnSCs also expressed high levels of CD73, CD90, CD105, and CD166, but they lacked CD14, CD34, and CD45 expression, which are very similar to the minimum characteristics of MSCs defined by the committee of the International Society for Cellular Therapy (Piccirillo et al., 2013). The EnSCs also have a high proliferation, multidirectional, and differentiation capacity that is indicative of the potential for tissue regeneration (Ai and Ebrahimi, 2010).
[image: Figure 3]FIGURE 3 | Schematic representation of the endometrial stem cells possible impact on the limb ischemia regeneration subjects. The endometrial stem cells can be directly isolated from an endometrium biopsy through exposure of endometrial, mesenchymal, and endothelial specific markers. It seems that implantation of the in vitro expanded endometrial stem cells into the ischemic regions is able to protect the damaged cells from cellular death through a powerful paracrine/autocrine activity. In addition to, as a multipotent stem cell, the endometrial stem cells can generate the main limb linage cells, which may promote effective regeneration in the ischemic limbs. Figure created with BioRender.com.
As an advantage, the EnSCs have been shown to have the same immunophenotype as the MSCs. These cells express MHC class I (HLA-ABC) but not MHC II (HLA-DR). They have the capability to modulate immune system functions, reduce proinflammatory cytokines including the TNF-α and interferon gamma (IFN-γ), and have been shown to inhibit mixed lymphocyte reactions (MLR) in different experiments (Cheng et al., 2017). As a result, EnSCs have been shown to have low immunogenicity and various in vivo experiments have been performed without the occurrence of immune rejection (Giudice, 1994). Moreover, as well as the MSCs, the EnSCs can directly synthesize and discharge several types of paracrine factors, including the TGFα, EGF, and IGF-I (Figure 3). IGF-I, TGFα, epidermal growth factor receptor (EGFR), basic fibroblast growth factor (bFGF), and platelet-derived growth factor-β (PDGFβ) receptor, which are expressed in epithelial cells, are upregulated during expeditious growth in the proliferative stage of stem cells. Leukemia inhibitory factor (LIF), hepatocyte growth factor (HGF), and stem cell factor (SCF) have an essential contribution to endometrial regeneration (Chegini et al., 1992). All of the EnSC paracrine factors have an essential role in ischemic limb regeneration.
The novel hypothesis considers angiogenesis as the most remarkable regenerative approach, along with stem cell therapy for limb ischemia patients. We strongly believe, due to the high similarity between the EnSCs and the MSCs, that evaluating the MSCs’ angiogenic responses in the ischemic tissue’s microenvironment can be an accurate model to study for the EnSCs’ angiogenic behaviors (Ai and Ebrahimi, 2010). The MSCs exhibit angiogenic properties by not only paracrine signaling but also by regulating this response through direct cellular involvement. An array of angiogenic factors secreted by MSCs, for example, VEGF, SDF1, FGF2, HGF, angiopoietin-1 (ANG1), and monocyte chemoattractant protein-1 (MCP-1), act as key growth factors for primary vessel formation and its stabilization (Tao et al., 2016). Moreover, in vitro and in vivo studies showed that the microvesicles (>200 μm) and exosomes (∼50–200 μm) secreted by MSCs transport proangiogenic growth factors and miRNA (Phinney and Pittenger, 2017). A proteomic analysis showed that enhanced therapeutic angiogenesis, resulting from the secretion of MSC-derived exosomal proteins (PDGF, FGF, EGF, NF-κB pathway-affiliated proteins, etc.) into the ischemic region, has been observed after MSC therapy (Anderson et al., 2016). X.Liang T. W. et al., 2016) demonstrated that adipose MSC-derived exosomes transfer miR-125a to endothelial cells and promote angiogenesis (Liang X. et al., 2016). Also, Gong et al. (2017) have investigated whether the proangiogenic exosomal miRNA (miR-424, miR-30c, miR-30b, let-7f, etc.), derived from MSCs, can be transferred into endothelial cells (Gong et al., 2017).
Many investigations have shown that BM-MSCs have a strong capability for angiogenesis induction (Kinnaird et al., 2004). Clearly, the EMSCs and BM-MSCs share some common cell surface markers like CD90 and CD105, while lacking CD45 and CD34 (Keating, 2012). A series of experiments have been performed in vitro and in vivo to assess the proof of an angiogenic concept on endometrial derived stem cells, and they showed that EnSCs could stimulate angiogenesis (Murphy et al., 2008). Results from our team’s studies have shown that human EnSCs could proliferate and sprout new blood vessels in 3D fibrin matrix supported culture (Esfandiari et al., 2007a; Esfandiari et al., 2007b; Esfandiari et al., 2008). Similarly, in 2013, we were able to prove the EnSCs’ direct potential to generate CD34+ endothelial cells (Ai et al., 2013). In addition, according to data from one of our in vitro experiments, human EnSCs have shown that they can be differentiated into endothelial-like cells in the presence of FGF-2 and VEGF on a nanofibrous scaffold (Shamosi et al., 2017). Following this discovery, in 2004, we demonstrated the vascular network formation and the angiogenic potential of EnSCs through an in vitro examination (Esfandiari et al., 2008). It is important to note that EnSCs are found to be clonogenic mesenchymal-like cells (Gargett et al., 2009), which express pericyte markers and are localized in the perivascular space of endometrial small vessels (Berger et al., 2005). These cells play a central role in the formation of endometrial stromal vascular tissue and vascularization through the secretion of pro-angiogenic and growth-supporting factors. Canosa et al., 2017) concluded that the EnSCs could support the endothelial cell’s ability to differentiate by taking information from the endothelium and new blood vessels (Canosa et al., 2017). Due to these findings, we believe that the EnSCs can be considered as an impactful stem cell for managing effective regenerative angiogenesis in the injured limb tissue microenvironment (Figure 3).
Aside from angiogenesis, reconstructing the failed myocytes into the ischemic limb area is introduced as another target along with limb tissue regeneration. In this regard, our team’s remarks claimed that the EnSCs seem to be a suitable cellular source for regulating myogenesis in addition to the other well-trialed sources like the MSCs. Various experimental study showed that MSCs could differentiate into skeletal muscle cells and could be a feet source for repair (Gang et al., 2004; Sassoli et al., 2014). Gang et al. (2004) isolated MSCs from umbilical cord blood and induced them to differentiate into skeletal muscle cells. They recommended this stem cell phenotype as a useful tool for muscle-related tissue engineering (Gang et al., 2004). A few years later, Toyoda et al. (2007) described the EnSCs derived from menstrual blood have the remarkable myogenic potential that could allow “rescue” dystrophied myocytes in the MDX model through cell fusion and transdifferentiation (Toyoda et al., 2007). In their work, Cui et al. (2007) showed that endometrial progenitors and menstrual blood-derived mesenchymal stem cells could efficiently transdifferentiate into myoblasts/myocytes, both in in vitro and in vivo experiments. They expected that the EnSCs could be a major advancement toward cell-based therapies for chronic muscular diseases and muscle injury (Cui et al., 2007). However, based on our investigations, we have a more transcendent view of EnSCs as a powerful tool for myocyte regeneration. In 2009, we carefully hypothesized that EnSCs could be a more suitable option for muscle regeneration cell therapy, based on the properties of EnSCs, including easy accessibility, easy purification, clonogenicity, and maintenance of normal karyotyping in extended passages (Cui et al., 2007). Also in 2014, one of our lab’s investigations showed that the EnSCs could serve as a potent myogenic cell source, having a superior differentiation capacity over that of BM-MSCs that was fully supported by Real-Time polymerase chain reaction (PCR) and immunocytochemistry to detect myogenic markers and quantitative-PCR for the upregulation of desmin, myoblast determination protein 1 (MyoD), and troponin T transcripts (Faghihi et al., 2014). All the presented pieces of evidence illustrate that the EnSCs could serve as a proper target for achieving an effective myogenic response in the ischemic limb tissue like the MSCs (Figure 3).
The stressful conditions that form early after ischemia has been able to cause cellular death cascades in all limb cell populations as well as neurons. Recreating the degenerated PNS within patients with a large limb injury could be an impactful method for recovering their lost limb functions. This cell therapy research has been focusing on finding a suitable source of stem cells to regenerate the PNS after limb ischemia. Considering the ethical grounds, purity, viability, and tumorigenicity, EnSCs can potentially be a promising source of easily accessible, substantial, and multipotent adult stem cells. In this endeavor, the EnSCs could be used as an alternative source (Figure 3). It is well understood that human EnSCs have provided new and effective approaches for neural cell programming. Our experiments reported that neuron-like cells were differentiated from EnSCs by different in vitro methods (Navaei-Nigjeh et al., 2014; Mirzaei et al., 2016; Hasanzadeh et al., 2021).
During the course of their research, Meng et al. (2007) have shown that the EnSCs, during their neurogenic differentiation, could express cytoskeletal proteins that include neurofilament-light (NF-L), class III b-tubulin (b3-tub), microtubule associated protein 2 (MAP 2), and oligodendrocyte transcription factor 1 (olig1) as mature markers in the differentiated neuronal-like cell (Meng et al., 2007). Moreover, in 2012, we were able to successfully make neuronal-like cell phenotypes from the EnSCs. Our flow cytometric analysis demonstrated the positive expression of cell surface markers including CD90, CD105, OCT4, CD44, and negative for CD31, CD34, and CD133. Moreover, our q-PCR and immunocytochemistry evaluation shown expression of the nestin, c-aminobutyric acid (GABA), MAP2, class III β-tubulin (b3-tub), and neurofilament light polypeptide (NF-L) in the EnSCs (Mobarakeh et al., 2012). Following our subsequent projects, Ebrahimi-Barough et al. (2013a) could generate oligodendrocyte progenitor cells (OPCs) from human EnSCs and Asmani et al. (2013) differentiated the OPCs in a 3D culture system (fibrin hydrogel) from EnSCs (Ebrahimi-Barough et al., 2013a; Ebrahimi-Barough et al., 2015). Due to these results, we hypothesized that the activation of the miR-338 cascade plays a central role in the generation of oligodendrocyte cells from the EnSCs (Ebrahimi-Barough et al., 2013b).
To further our studies, we carefully investigated and compared the differentiation potential of the BMMSC and EnSCs to motor neuron-like cells on a nanofibrous scaffold (poly ε-caprolactone) using signaling molecules. Immunostaining and real-time PCR demonstrated expression of beta-tubulin III, islet-1, motor neuron and pancreas homeobox 1 (MNX1), neurofilament-H (NF-H), paired box 6 (Pax6), and choactase-positive motor neurons. We finally concluded that both cells had potential in the differentiation of motor neuron-like cells, but EnSc was superior to BM-MSC (Shirian et al., 2016). During the course of the study, our team was able to differentiate Schwann cells from EnSCs for the first time, using fibrin gel as a 3D culture environment by induction media. Immunocytochemistry confirmed the indicative markers (S100 and P75) for Schwann cells (Bayat et al., 2016). Also, our more recent in vivo examination of animal models with PNS disorders (sciatic nerve injury) demonstrated nerve regeneration in rats after the sciatic transaction followed by human EnSCs treatment in a defined nanofiber conduit (Mohamadi et al., 2018). As a result, the motor and sensory integrity were significantly improved in EnSCs-treated animals. All the pieces of evidence given before are able to display the feasibility and efficacy of the EnSC therapy to regenerate the injured limb’s PNS networks (Figure 2).
CHALLENGES AND SOLUTIONS
In an effort to develop a more efficient method of stem cell transfusion, scientists have spent more than 13 years doing clinical research on the subject (Lobo et al., 1991). After numerous observations, trial-and-error, and analysis, we have finally reached a breakthrough for stem cell-based therapy approaches, mainly for ischemic disorders. Proper understanding of the most common barriers and challenges is key to achieving an effective stem cell therapy method that could assist in the regeneration of ischemic regions. Based on our experience, these aforementioned barriers can be summarized into three separate steps: 1) stem cell manufacturing, 2) choosing the fittest stem cells based on disease characteristics, and 3) mechanisms of ischemia pathogenesis. In this section, we focus on these main challenges and then explain some practical solutions for overcoming those challenges. Figure 4 briefly displays the different limitations of ischemic disorder stem cell therapy and presents some efficient solutions for each issue (Figure 4).
[image: Figure 4]FIGURE 4 | (A) Spiral diagram of challenges and solutions toward an effective stem cell therapy for ischemic disorder. (B) Complex biological outcome resulting from the ischemia inflammatory microenvironment on the implanted stem cells based on the stem cell type.
Stem Cells Manufacturing
Nowadays, developing technologies for the large-scale production of viable stem cells, and/or cellular products is a determining factor for the expansion of stem cell-based therapy in practice (Ausubel et al., 2011). Utilizing these types of technologies not only has a positive impact on reducing the price of cell therapy for each case, but can also be a solution to overcome ethical and logistical issues found with autologous stem cell therapies (Ausubel et al., 2011). Assuring good quality standards for biopharmaceutical production is done by following the good manufacturing practice (GMP) regulations (Jo et al., 2020). Accordingly, the GMP standards must be considered when manufacturing different cell products, including stem cells and differentiated cells. In this regard, GMP’s quality management system is largely used to monitor all the phases of the biopharmaceutical manufacturing process. Based on the GMP instructions, the purpose of the quality control (QC) section of a medical production factory is to guarantee product quality. It is based on a clear association between accurate assessment and critical quality features of the product of interest, including having an identity, being safe, pure, and potential (Viganò et al., 2018). Particular guidelines like the U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA) identify and explain the as-mentioned matters (Halme and Kessler, 2006; Emea, 2008). Some crucial steps in safety assessments are the evaluation of any microbial contamination (viral, bacterial, and fungal), teratogenic potential, and any biological abnormality in the final cell product (Viganò et al., 2018). These types of accurate quality controls and potentiometry of cell products make GMP guidelines a very powerful tool for the production of safe and efficient stem cells for a cost-effective stem cell therapy approach.
Selection of an Efficient Stem Cell Type
Identifying and utilizing the most proper types of stem cell production, dosage, and implantation methods is another main issue for managing effective stem cell therapy in ischemic tissues. Achieving this mentioned target is directly related to having a suitable awareness of the ischemia intensity, phase of inflammatory reactions, reperfusion status, and several additional characteristics that appear in ischemic organs (Khodayari et al., 2019). After reviewing the collected information that can be found in Supplementary Table S1, it is hypothesized that this recorded controversial outcome, resulting from the stem cell administration, may be linked with a shortage of accurate awareness of the disease status and its possible feedback on the implanted cells. Nowadays, guideline-based medicine has become the mainstay of ischemia treatment (Zabel et al., 2020). Presenting these types of practical, evidence-based guidelines for stem cell therapy of ischemic disorders can be a solution to overcoming this challenge. The availability of clinical data, in particular from randomized controlled clinical trials (RCTs) for a specific query generally leads to the guidelines with overwhelming evidence (de Clercq, 2003). Concisely, the RCTs of ischemia stem cell therapy should meet inclusive and exclusive requirements. These criteria provide a wide and enriched study population, leading to expected goals along with different results from statistical and clinical points of view (Burns et al., 2011). Subgroup analyses on the predetermined ones and other post hoc analyses can assist with the identification of the features linked with more advantages, without benefit or damage from stem cell-based therapy, in the study population (Tanniou et al., 2016). So far, the FDA has released some guidelines for cellular and gene therapy approaches (Corsaro et al., 2021); however, none of them refer to ischemia disease treatments. Presenting an evidence-based guideline in order to administer the most efficient stem cell therapy treatment based on the patient’s characteristics can be an evolutionary achievement in the field of cell therapy for ischemic diseases.
Ischemia Pathological Mechanism Adverse Effects
The process of ischemia pathogenesis explains a complex and dynamic biological mechanism that eventually terminates in organ familiarity and dysfunction, as we previously explained in section one, “limb ischemia pathophysiology: pathways and mechanisms.” In this regard, the formation of these types of complex biological reactions following ischemia disrupts the implanted stem cells (Khodayari et al., 2019). That means that the development of these mechanisms will not only promote cell death and tissue degeneration in the ischemic organ but can also have a negative biological effect on the implanted cells. In 2019, we hypothesized that the creation of an intense inflammatory response during the acute phase of myocardial ischemia can be a confounding factor in the reduction of efficacy for cell therapy in patients with acute myocardial infarction. Hence, employing types of efficient paraclinical testings in order to obtain an accurate recognition of the disease features and failure characteristics can be an effective approach in future cell therapy measures. In addition to this approach, reducing inflammation before cell therapy as well as stem cell concomitant injection with anti-inflammatory drug therapy or cells with immunoregulatory potential, like MSCs, can be an efficient approach to solving this challenge (Khodayari et al., 2019).
Instead of direct implantation of stem cells, it has been suggested that using extracellular vesicles (exosomes) can be a new perspective on regenerative medicine and cell-free therapy in ischemia subjects with active inflammation (Anderson et al., 2016; Liang X. et al., 2016; Phinney and Pittenger, 2017). This type of stem cell product is entirely resistant to inflammation pathogenesis (Xia et al., 2019). Direct cell-cell micro-communication is commonly mediated by exosomes through the use of critical functional molecules including nucleotides, proteins, as well as bioactive lipids. Different SCs, for instance, MSCs, secrete the as-mentioned small membrane vesicles (30–100 nm) (Anderson et al., 2016; Liang X. et al., 2016; Phinney and Pittenger, 2017). It is believed that healing after myocardial infarction might be regulated by MSCs-secreted exosomes. A research study was conducted on rat models with acute myocardial infarction (AMI) and proved that MSC-derived exosomes improve the function of the myocardium just after heart injury. This is related to inflammatory microenvironment reprogramming in AMI. Our ex vivo investigation in 2019 has suggested that the EnSCs-derived exosome could regulate angiogenesis and vessel formation in the endothelial progenitor cells (Taghdiri Nooshabadi et al., 2019). As a result, we found that this EnSCs-derived exosome angiogenic outcome operates by a dosage-dependent action (Taghdiri Nooshabadi et al., 2019), as evidenced by the dual results observed in drugs and agents as well as atorvastatin (Goodarzi et al., 2020). In summary, once EnSC-derived exosomes hold biological effects similar to their source cells, they could be deemed as new, cell-free, therapeutic candidates. Generally, as angiogenesis increases, the exosomes derived from EnSC indicate the possibility for use in regenerative medicine, particularly for ischemic disorders (Taghdiri Nooshabadi et al., 2019). So far, in addition to targeting treatment of acute ischemic stroke (NCT03384433), different clinical studies have been launched to evaluate the safety and efficacy of stem cell-derived exosomes on different disorders like acute respiratory distress syndrome (NCT04602104, NCT04798716), depression, anxiety, dementias (NCT04202770), periodontitis (NCT04270006), and metastatic pancreas cancer (NCT03608631).
CONCLUSION AND FUTURE PERSPECTIVE
Destruction of all cellular populations soon after the initiation of ischemia is an inevitable outcome in the ischemic limb regions. Recreation of vascular networks in a stressed tissue or organ is introduced as the first line of stem cell therapy for these patients. However, it appears that through neovascularization, improving blood circulation is not therapeutic enough to recover the ischemic limb function. Theoretically, utilization of a safe stem cell variety with the potential to generate other limb tissue’s cellular niches in addition to the endothelial cells, such as the myocytes and PNS cells, dramatically enhances the stem cell therapy effectiveness to promote the limb ischemia patient’s function. According to these criteria, although stem cell therapy has offered a closely acceptable output in various experimental and clinical trials, taking advantage of new and more proper stem cell sources will provide us with a suitable treatment for injured limb regeneration. Throughout the last decade, our lab’s efforts were to clarify the EnSCs’ biology and regeneration potential for improving several degenerative disorders. We remark that although the EnSC niche is derived from an inappropriate tissue, the high potential to generate an array of cellular populations alongside their low immunogenicity will make this lineage a new source of LI regeneration. Using this method, designing translational studies and then measuring the direct regenerative effects of EnSCs on the failed limb are one of our main approaches. However, different limitations and unsolved barriers prevent us from performing an effective regeneration therapy on ischemic diseases using life and autologous stem cells. Nonetheless, to overcome this challenge, researchers should move to develop modern approaches according to prior experiences.It seems to be an adequately safe, efferent, and cost-effective regeneration therapy method for different types of human disorders by: 1) designing a practical evidence-based guideline for stem cell administration, 2) utilizing next-generation regenerative methods, including off-the-shelf universal stem cell and cell-free exosome therapy, and 3) moderating the ischemic limb tissue inflammatory response before cell injection by using common therapeutics seems to be an adequately safe, efferent, and cost-effective regeneration therapy method for different types of human disorders.
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ABBREVIATIONS
ANGPT2, angiopoietin-2; BDNF, brain-derived neurotrophic factor; BM-MNCs, bone marrow mononuclear cells; CCL-2, C-C motif chemokine ligand 2; CCL5, C-C motif chemokine ligand 5; CD34+ MNCs, CD34-positive mononuclear cells; C-Kit, tyrosine protein kinase Kit; CXCL1, X-C motif chemokine ligand 1; CXCL5, X-C motif chemokine ligand 5; CXCL8, C-X-C motif chemokine ligand 8; EGF, epidermal growth factor; ESCS, endometrial stem cells; ERC, endometrial regenerative cells; ESPCs, endothelial stem/progenitor cells; GATA2, GATA-binding factor 2; HLA-DR, human leukocyte antigen—DR; ANGPT2, angiopoietin-2; ICAM-1, intercellular adhesion molecule 1; IL-10, interleukin-10; KDR, kinase insert domain receptor; MSCs, mesenchymal stem cells; NMPB-ACPs, non-mobilized peripheral blood angiogenic cell precursors; NO, nitric oxide; NOS, nitric oxide synthase; IL-8, interleukin-8; PDGF, platelet-derived growth factor; PDGFB, platelet-derived growth factor subunit B; PGPC, Escherichia coli K-12; PROM1, prominin 1; SDF-1, stromal cell-derived factor 1; SGPC, streptogrisin-C; TGF-β, transforming growth factor-β; VCAM-1, vascular cell adhesion protein 1; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor. GFAP, glial fibrillary acidic protein; SOX, SRY (sex-determining region Y)-Box 1; FOXO-3, forkhead box O3; TLX, orphan nuclear receptor TLX; IGF-1, insulin-like growth factor-1; GDNF, glial cell-derived neurotrophic factor; NGF, nerve growth factor.
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Tissue expansion is a commonly performed therapy to grow extra skin in vivo for reconstruction. While mechanical stretch-induced epidermal changes have been extensively studied in rodents and cell culture, little is known about the mechanobiology of the human epidermis in vivo. Here, we employed single-cell RNA sequencing to interrogate the changes in the human epidermis during long-term tissue expansion therapy in clinical settings. We also verified the main findings at the protein level by immunofluorescence analysis of independent clinical samples. Our data show that the expanding human skin epidermis maintained a cellular composition and lineage trajectory that are similar to its non-expanding neighbor, suggesting the cellular heterogeneity of long-term expanded samples differs from the early response to the expansion. Also, a decrease in proliferative cells due to the decayed regenerative competency was detected. On the other hand, profound transcriptional changes are detected for epidermal stem cells in the expanding skin versus their non-expanding peers. These include significantly enriched signatures of C-FOS, EMT, and mTOR pathways and upregulation of AREG and SERPINB2 genes. CellChat associated ligand-receptor pairs and signaling pathways were revealed. Together, our data present a single-cell atlas of human epidermal changes in long-term tissue expansion therapy, suggesting that transcriptional change in epidermal stem cells is the major mechanism underlying long-term human skin expansion therapy. We also identified novel therapeutic targets to promote human skin expansion efficiency in the future.
Keywords: skin regeneration, mechanical stretch, tissue expansion, single cell RNA sequence, epithelial to mesenchymal transformation, c-fos, AREG–EREG ligands
INTRODUCTION
As the outmost barrier of our body, skin has a high demand for renewal and regeneration during physiological growth stimuli and following injury (Biggs et al., 2020). Mechanical stretch-mediated tissue expansion is the epitome of capitalizing on skin’s mechanobiological characterization to repair defects and scar reconstruction in plastic and reconstructive surgery (Zöllner et al., 2013). Ordinary routine expansion includes procedures such as surgically inserting expanders beneath the skin, weekly filling expanders by serial injection of sterile isotonic saline solution over a period, and gradually generating extra skin in situ (Huang et al., 2011; Zhu et al., 2018; Topczewska et al., 2019). Thus, we demonstrated that human skin expansion therapy follows a moderate constant volume skin expansion paradigm (MCVSE), in which a moderate stretching force is applied progressively and the skin is maintained in an expanded stage throughout the whole treatment process. It is a very slow process to induce skin regeneration that usually takes at least 8–12 weeks to achieve 3-fold skin growth, but this gradual expansion permits better tissue tolerance. Notably, the clinical expansion is usually capped at about 4-fold while parts of the skin become extremely thin, implicating exhaustion of skin regeneration competency during long-term expansion (LTE) therapy (Li et al., 2016; Huang et al., 2021, 1; Tepole et al., 2012).
Additionally, the rapid skin expansion process (RSE) based on a self-inflating tissue expander is also used in clinical therapy to avoid multiple injections and reduce expansion-related discomfort (Obdeijn et al., 2009). However, once the expansion has begun, there is no possibility to adjust the expansion speed, and difficulties are presented if there are any problems with the overlying skin viability (Lohana et al., 2012). Therefore, choosing between slow or rapid expansion, and small or large inflation volumes, remains controversial, and gold-standard procedures for reconstructive surgery are still under debate (Lee et al., 2018). Recently, a seminal study (Aragona et al., 2020) focusing on the RSE process employed a subcutaneous rapid inflating hydrogel mouse model to explore the mechanism of stretch-mediated skin expansion in vivo. Their findings include that stretch induces major changes in epidermal lineage trajectory, including the emergence of a stem cell-like “stretch” cell population that is distinct from regular epidermal basal cells and tips the renewal-differentiation balance to accelerate the production of more stem cells. Also, stretch changed stem cells at the molecular level involved in cell-cell adhesion, actomyosin cytoskeleton, and induced a network of regulatory genes, such as the activation of MEK-ERK–AP1 and YAP-MAL signaling. However, we assume that the mechanistic study of skin therapy based on the RSE model is not enough to closely mimic the changes in human skin in MCVSE clinical settings. Further characterization of the relevance of the main findings from the RSE model to the clinical MCVSE process was warranted. Moreover, exactly how human long-term expansion therapy changes skin phenotypes at the single-cell level in a living organism has not been known, and a better description of LTE would be of absolute importance to the field.
In this study, after a combination of single-cell RNA sequencing (scRNAseq) analysis and two paired long-term expanded skin samples and immunofluorescent (IF) staining of more samples from four individuals from surgical discards, we found that although epithelial lineage identity remains unvaried, numbers of proliferative epithelial cells after long-term expansion decline. Furthermore, they did exhibit prevalent transcriptional changes, particularly in C-FOS, EMT, and mTOR networks, and these were accompanied by skin’s adaption and balance capacity to maintain homeostasis under LTE. Moreover, marked expansion-upregulated genes including AREG and SERPINB2 were found. We also identified that LTE triggered three common pairs of ligand-receptor networks including CD96-NECTIN1, AREG-EGFR, and LAMININ-CD44, and three signaling pathways, including EGF, LAMININ, and NECTIN based on CellChat analysis. Overall, our data present a single-cell atlas of human epidermal changes in long-term tissue expansion therapy, suggesting that transcriptional change in epidermal stem cells is the major mechanism underlying human long-term skin expansion therapy. Our findings also revealed promising therapeutic targets for promoting skin regeneration clinically in the future.
METHODS
Ethics Statement
The humans expanded and their nearby samples were obtained from discarded plastic surgery specimens in Shanghai’s 9th People’s Hospital (Shanghai, China). Individuals with more than 5 months of the expanded duration were enrolled in the study (n = 6). Specifically, samples used for transcriptomic analysis were from two female donors and were collected from different skin areas. They experienced full facial reconstruction with total autologous tissue transplantation and 10-month saline injection. Informed consent from all patients and/or guardians was signed before sample collection in accordance with the Declaration of Helsinki and with approval from the Human Research Ethics Committee of Shanghai Jiao Tong University School of Medicine (Shanghai, China). Detailed patient information is summarized in Table 1.
TABLE 1 | Clinical information of patients whose samples were used in this study.
[image: Table 1]Tissue Dissociation and Cell Isolation
Skin samples were collected and stored in ice-cold phosphate buffer saline (PBS, Sigma-Aldrich) after surgery. For epidermis isolation, subcutaneous tissues were removed from samples and the epidermis was enzymatically dissociated from the dermis with dispase digestion (90% DMEM, 10% Fetal Bovine Serum, 2 mg/ml dispase II, 1% penicillin-streptomycin solution) incubation at 37°C overnight. Epidermal sheets were then manually separated from the dermis and then dissociated into single cells with trypsin-versene (Lonza) incubation at 115 rpm for 10 min at 37°C. The generated single-cell suspensions in 50 ml of 0.04% bovine serum albumin (BSA, Gibco) in PBS were used for ×10 Genomic sequencing.
Single-Cell RNA Sequencing
The cell suspense dissociated above was loaded into ×10 Chromium controller to generate GEMs with gel beads. The GEMs first reversed transcript to cDNA and then further processed into single-cell 3′ gene expression libraries according to the manufacturers’ instruction manual. In short, the GEMs were reverse transcribed to ss-cDNA first. The single-strand cDNA was purified by beads and amplified by PCR to generate the ds-cDNA. Next, ds-cDNA was fragmented, end-repaired, and further ligated with an adaptor. Lastly, index PCR was performed before sequencing. Sequencing was performed on the Illumina Nova-seq platform.
Single-Cell Transcriptomic Analysis
Raw FASTQ files were first trimmed by TrimGalore with the parameter “-q 30–phred33–stringency 3–length 20-e 0.1”. Clean FASTQ was processed by the Cell Ranger (v4.0.0) pipeline. After obtaining the UMI matrix, Seurat (v4.0.5) was used for filtering and preprocessing the data. Quality control was performed using the subset function using the threshold of nFeature_RNA larger than 800 and less than 10,000, as well as the percentage of expressed mitochondrial genes less than 20% to filter out low-quality cells and potential doublets. To visualize the data in UMAP and clustering cells, we set the final resolution to 0.5 (testing a range from 0.2–1.0) and dims to 34 (testing a range from 10–50).
Data Integration
To compare the single-cell RNA-seq data from the adjacent expansion and nearby skin samples, data integration was performed using the CCA algorithm. 2,400 features were selected to find anchors between samples. Further downstream analyses such as dimensionality reduction and clustering were all performed as described.
Trajectory Analysis
The pseudotime analysis was done by Monocle3 (Cao et al., 2019) and scVelo (Bergen et al., 2020) to reconstruct the epidermal cell developmental trajectory. According to prior knowledge of differentiation from basal cells to spinous cells, the “root” cell is chosen at the very beginning of basal cell in Monocle3. The IFE cells were further divided into three stages according to the pseudotime and defined as “EDC”, “MDC,” and “LDC”. To map the differentiation trajectory directions, scVelo was used to calculate the RNA velocity. The cell filter mentioned above was used to calculate the transcriptional dynamics of splicing kinetics. The standard dynamical modeling workflow was used to obtain the stream plot of velocities.
Gene Ontology Analysis
GO analysis of DEGs was performed by Metascape (version 3.5, http://metascape.org/) and visualized with the ggplot2 R package (https://github.com/tidyverse/ggplot2) and prism 9. Representative terms of biological processes (BP) selected from the top 20 ranked GO terms or pathways (p < 0.01) were displayed.
Gene Set Enrichment Analysis
The gene set enrichment analysis was performed using the single seqgset R package (https://arc85.github.io/singleseqgset/), which uses a simple underlying statistic (variance inflated Wilcoxon rank-sum testing) to determine the enrichment of gene sets of interest across clusters. The 50 hallmark genesets are downloaded from MSigDB Collections. Other self-defined genesets were listed in Supplementary Table S1.
Cell-Cell Communications
To infer the intercellular communication network between clusters, the CellChat R package was used to quantitatively measure networks through the law of mass action based on the average expression values of a ligand by one cell group and that of a receptor by another cell group, as well as their cofactors. Significant interactions are identified on the basis of a statistical test that randomly permutes the group labels of cells and then recalculates the interaction probability. We also compared the cell–cell communication probability between the Exp and Nby samples. The DEGs calculated by the identifyOverExpressedGenes function were mapped onto inferred cell-cell communications to subset the significantly changed ligand-receptor pairs. Furthermore the upregulated pairs were shown in the bubble plot.
Immunofluorescence Staining
For IF staining of sections, cryosections were made from frozen tissues embedded in OCT compound (Tissue Tek). The paired tissues were prepared on the same slide to ensure the same staining conditions. Slides were fixed for 10 min in 4% paraformaldehyde and blocked for 1 h in blocking buffer (2.5% normal donkey serum+2.5% normal goat serum+1% BSA+0.3% Triton X-100). Sections were then incubated with primary antibodies at 4°C overnight and with fluorochrome-conjugated secondary antibodies at room temperature for 1 h. Slides were then washed in PBS and mounted with Fluoromount-G mounting media (Invitrogen). Images were taken by Zeiss LSM 880 upright confocal multiphoton microscope. The following antibodies dilutions were used: KRT14 (chicken, Biolegend, 1:500), KRT15(mouse, Santa Cruz, 1:500), KRT10 (rabbit, Abcam, 1:500), KI67 (rabbit, Abcam, 1:500), PCNA(mouse, Servicebio, 1:200), BCL-2 (mouse, Biolegend, 1:200), CD45 (mouse, Biolegend, 1:200), E-CAD (rat, eBioscience, 1:200), Phospho-mTOR (Ser2448) (rabbit, CST, 1:50), FOS (rabbit, Abcam, 1:200), P63 (rabbit, Abcam, 1:200), AREG (rabbit, Abcam, 1:200), SERPINB2 (mouse, Novusbio, 1:200), NECTIN1(rabbit, Thermofisher, 1:100), CD96 (mouse, Santa Cruz, 1:50).
Immunofluorescence Intensity Measurement
All photographs were taken at the same exposure time. To quantify the intensity of the immunostaining for E-CAD at the adherens junctions, we used the pseudo-color Fire from ImageJ, a well-established method of measuring fluorescence intensity that accounts for differences in the area of the signal (Ellis et al., 2019; Aragona et al., 2020), and the integrated density signal was shown in the figures.
Statistical Analysis
For quantification of the thickness of the epidermis and papillary dermis (PD), we used the total area divided by the length of the basal membrane to get the average thickness. For quantification of the staining intensity, the expanded and their nearby counterparts were cut and placed on the same slice. They were photographed with the same exposure duration and light intensity on the same microscope mentioned before. All the results were analyzed with ImageJ software (National Institutes of Health, Bethesda, MD). Comparisons across multiple groups were made using a two-way ANOVA with the Sidak’s multiple comparisons post hoc test. Differences were regarded as significant at p < 0.05. The quantitative data shown is expressed as mean ± standard error of the mean (SEM, represented as error bars). Graphpad Prism 9 software was used to assess statistical significance. The statistical significance level was set at p < 0.05.
RESULTS
scRNA-Seq Analysis Revealed Similar Cell Type Compositions Under Long-Term Expansion at Single-Cell Resolution
To date, seminal studies have focused on the instantaneous responses of mechanical stretch (Le et al., 2016; Aragona et al., 2020; Nava et al., 2020). Although previous research verified that skin regenerative regulation induced by mechanical stretch was time-correlated and 5-month-expansion was defined as LTE (Wang et al., 2021, 2), a detailed analysis of the LTE phenotypes of humans under clinical settings is still needed. To determine the changes in human skin epidermis during long-term (>5 months) tissue expansion therapy, we collected samples of human facial (F) and neck (N) LTE skin, respectively. Each contained paired samples from the expansion (Exp) and nearby non-expansion area (Nby) (Table 1). The epidermis was isolated by dispase digestion from these samples and subjected to 10x Genomics single-cell RNA-sequencing (scRNAseq) (Figure 1A). After stringent cell filtration, 22,223 cells were retained for subsequent analyses. We visualized human epidermal cell populations using uniform manifold approximation and projection (UMAP) (Figure 1B) and identified 8 major cell clusters based on the expression of classic skin lineage markers, including basal cell (BAS, KRT14+, KRT15+, COL17A1+), spinous cell (SPN, KRT10+, KRT1+), granular cell (GRN, FLG+, IVL+), proliferative cell (PC, KI67+), hair follicle (HF, CD59+, CD200+), melanocyte (ME, DCT+, MLANA+), Langerhans cell (LC, CD207+), and T cell (TC, CD3D+) (Figures 1C,D). Besides melanocytes and immune cells, the epidermal compartment contains a clear basal cell group (BAS) that is KRT14+KRT15+KRT10-, a proliferative cell group (PC), several differentiated cell groups, and some intermediate cells between BAS and differentiated cells. Despite the lower number of cells, the individual analysis of each sample generated a similar distribution of clusters and identified the same major cell types, which means there is no distinct “stretch” cell group found in the Exp samples (Figures 1E,F). Overall, no obvious changes in the cellular compositions were detected in Exp samples versus their Nby counterparts.
[image: Figure 1]FIGURE 1 | ScRNA-seq reveals similar cell type composition in epidermal keratinocytes after long-term stretch. (A) Overview of the experimental workflow. Paradigm of single-cell isolation and sequencing strategy (right). White field images of the expanded and nearby skin of humans (left). (B) Uniform manifold approximation and projection (UMAP) cluster of epidermal cells (n = 22223) from exp and its nby skin. Major cell types are classified using marker genes and colors corresponding to cell identity. (C) Heatmap of differentially expressed genes. Selected genes for each cluster are shown on the right. (D) UMAP plots show the representative marker genes of each cell type in human skin. The color key from gray to purple indicates low to high gene expression levels. (E) UMAP plot presents 3,000 cells and the same cell types in each of the four samples. Cells are colored by sample, and the percentage of each sample is annotated to the right. (F) UMAP plot showing similar patterns of cell clustering for each sample.
Epidermal Cells Showed No Overt Signs of Lineage Trajectory Alternation After Long-Term Expansion
Stretch-mediated skin expansion is observed as a temporary increase in stem-cell division and eventually fuels the stem-cell differentiation as extra skin is generated. Furthermore, there exists a “stem cell-like stretch cluster” as a fast-responding population of the basal stem cell (Aragona et al., 2020). To analyze the epidermal differentiation dynamics and lineage trajectory in long-term expanded epidermis, we performed pseudotime analysis using Monocle3, in which an epidermal lineage trajectory that starts with BAS cells (Early Differentiated Cluster, EDC), passes through the intermediate cells (Middle Differentiated Cluster, MDC) and ends in differentiated cells (Late Differentiated Cluster, LDC) (Figure 2A). This prediction was coincident with the classic model for epidermal differentiation by previous scRNA-seq studies of human skin (Cheng et al., 2018). Meanwhile, we performed RNA velocity analysis to predict the potential directionality and transitional state of the epidermal cells (Figure 2B). We can see a branch trajectory with two major branches in EDC, which develop into both PC and MDC. A small fraction of the upper LDC displayed the velocity vectors pointing toward PC as the terminal, indicating that both EDC and upper LDC are capable of proliferation. Furthermore, the trajectory of LDC involves the development of both committed cells and terminally differentiated cells. These findings were consistent with the classic model of epithelial self-renewal and differentiated trajectory (Fuchs, 2008) but highlighted the importance of PC in skin homeostasis under stretch conditions. In contrast to the nby epidermis, cells in expanded groups identified by the differentiated stage showed inconsistent changes in numbers (Figure 2C). Thus, we concluded that long-term expanded human skin epidermis maintained a normal lineage trajectory. Besides, in adult primate skin, it takes ∼4 weeks for a committed epidermal cell to exit the basal layer and be sloughed from the skin surface (Gonzales and Fuchs, 2017). It has “committed progenitors” belonging to basal daughters but expressing dual-differentiated markers. Researchers referred to the dually positive KRT14+KRT10+ cells as differentiated-poised state cells with asymmetric fate outcomes (Asare et al., 2017). The short-term expansion is always accompanied by the thickening of the epidermis, suggesting the activation of the differentiated process of the basal stem cells (Zöllner et al., 2013; Huang et al., 2021, 1). Considering KRT14+KRT10+ cells are the committed cells poised for differentiation, we aim to gain insight into how the differentiation tendency of the epidermal is controlled under LTE at the single-cell level. So, we observed the committed populations based on the transcriptional expression of KRT14 and KRT10. Relative enrichment of committed cells (Krt14+Krt10+) was not observed in Exp vs. Nby comparisons for both sample pairs (Figure 2D). Further double staining of KRT14 and KRT10 also showed the comparable abundance of KRT14+KRT10+ cells in Exp vs. Nby skin (Figure 2E). Together, these data indicate that the epidermal lineage trajectory is not significantly altered and maintains homeostasis behavior in LTE human skin under clinical conditions.
[image: Figure 2]FIGURE 2 | Epidermis maintained a similar lineage trajectory to its counterparts after LTE. (A) Monocle3 pseudotemporal visualization of all the epidermal cell types along differentiation trajectories from dark purple to light yellow. The root cell was indicated in red, and the edges are shown as black line segments. Clusters were defined from early to late according to the rank of pseudotemporal cell ordering. (B) Velocities derived from the dynamical model for epidermal differentiated trajectory are visualized as streamlines in a UMAP-based embedding. Cells are color-coded by clusters. (C) The fraction of redefined clusters in each sample. (D) Two-dimensional scatter plots of KRT14 and KRT10 expression in all cell types. Note that there is no increasing fraction of KRT14high and KRT10high cells located in the right upper quadrant (RUQ) after long-term expansion. (E) Representative IF images of the nearby and expanded skin. KRT14 and KRT10 co-expressed cells (yellow with arrows) and the quantification of their fraction in epidermal cells.
Long-Term Expansion Induced Decayed Proliferative Activities of the Epidermis
In contrast to the nby groups, the fraction of epidermal cells in exp groups identified by clusters showed comparable changes in numbers but displayed strikingly consistent reductions in the proportion of PC clusters (%) (F-Nby vs. F-Exp: 10.26 vs. 7.39 and N-Nby vs. N-Exp: 6.45 vs. 5.01) (Figure 3A), which was reminiscent of cell growth arrest after LTE (Wang et al., 2021). Furthermore, not all samples had a reduction in the number of basal stem cells after LTE, which was different from our expectations (Figure 3A). Proliferating epidermal cells (PC) were further subdivided into three subpopulations (PC1–3) based on the previously defined signature genes(Zou et al., 2021) (Figures 3B,C). Endowed with the largest number of cells, PC1 was defined by the high expression of suprabasal keratins KRT1 and KRT10, which are the earliest markers for keratinocytes’ differentiation, indicating that renewal spinous cells were the most sensitive subpopulation to take on stretch-mediated regenerative state for long-term stretch. Also, the PC1 located in the suprabasal layer possessed the ability to respond to the acute inflammatory response reviewed by the GO enrichment analysis (Figure 3D). Combined with the highest expression of COL17A1 and KRT15, we inferred that PC2 was most likely the basal cells. We noticed that PC2 was enriched in upregulated GO in terms of negative regulation of cell proliferation and apoptosis. These upregulated GO terms were in agreement with the decaying tendency of cell proliferation in long-term expanded epidermis (Figure 3D). PC3 occupied the least proportion of proliferative cells with the highest expression of CALML3, PTN, and CYP27A1 (Figures 3B,D). According to the previous finding, it was regarded as the self-renewing state of the most quiescent basal cell and the inflammation-responsive subpopulation (Zou et al., 2021). Our enrichment confirmed that PC3 participated in epithelial differentiation, response to the cytokine, and energy production (aerobic respiration and the ATP metabolic process). According to previous findings, the daughter cells of proliferative cells discriminate in favor of renewal (KRT14 + KRT10-−) rather than commitment to differentiation (KRT14 + KRT10+) (Aragona et al., 2020). Therefore, further analysis of the PC cell group showed that it contains three subgroups that may represent proliferating cells biased for renewal (KRT14hiKRT10low), differentiation (KRT10hiKRT14low), and committed cells (KRT10hiKRT14hi) (Figure 3E). However, no consistent changes in the relative abundance of the renewal subgroups but a slight increase in the fraction of committed cells was observed in Exp vs. Nby comparisons for both sample pairs after LTE, which is different from the RSE findings (Figure 3E). To verify these findings, we analyzed skin sections from additional independent LTE skin samples. H&E staining and immunofluorescence staining (IF) showed reduced thickness of the papillary dermis (PD) and increased CD45+ immune cells in Exp vs. Nby skin (Figure 3F). These are consistent with the known properties of stretching skin (Zöllner et al., 2013; Aragona et al., 2020). However, the epidermal thickness after LTE was not constantly increased but reached a plateau or even decreased. To testify to the fraction of the PC subpopulation, staining of Ki67 and PCNA showed reduced expression of the proliferation marker in Exp vs. Nby skins (Figure 3F). Also, no comparable change in apoptosis (BCL-2+) was detected, excluding the possibility of stretch-induced damage (Figure 3F). Overall, our finding provides an in-depth understanding of skin’s adaption to long-term stretch-mediated regeneration and hints at the risk factors for complications of long-term expansion therapy.
[image: Figure 3]FIGURE 3 | LTE-induced decayed proliferative activities of the epidermis. (A) The proportion of cells for each of the eight cell types in each sample. Note the decreased fraction of the PC cell. (B) UMAP plots showing the subpopulations of proliferative cells (PC) with the expression of representative genes are shown to the right. (C) The proportion of the proliferative subpopulations in each sample. Note the inconsistent changes in the proportion between the samples. (D) Heatmap showing the scaled expression levels of genes highly expressed specifically in PC1, PC2, and PC3. The color key from blue to red indicates low to high gene expression levels. Cell-type-specific representative genes and GO terms are listed to the right. (E) Two-dimensional scatter plots of KRT14 and KRT10 expression in PC. (F) Representative images of the nby and exp skin. The sections belong to four individuals undergoing long-term tissue expansion. Two-way ANOVA was applied in statistical data analysis and p < 0.05 was considered statistically significant. Scale bars = 50 μM. All parameters were the same in all subsequent figures unless otherwise mentioned. First row: H&E-stained skin nearby, expansion skin, and quantification of the thickness of the epidermis, and papillary dermis (PD). A black bidirectional arrowhead refers to the thickness of the epidermis and a blue bidirectional arrowhead refers to the thickness of PD. Second row: IF staining images of proliferative KI67+ and PCNA+ cells and quantification of their percentage in epidermal cells. Third row: IF staining images of apoptotic BCL-2+ cells and quantification of their percentage in epidermis cells. Last row: The inflammatory CD45+ cells and the quantification of their fraction in dermal cells.
Identification of Transcriptomic Patterns Involved in the Regenerative Process of Long-Term Expansion
By Gene Set Enrichment Analysis (GSEA) analysis for significant enriched Msigdb hallmarks (Wu and Smyth, 2012) in the EDC group of each sample relative to other samples, we found that F-Exp and N-Exp EDCs are transcriptionally similar to each other but are distinct from F-Nby and N-Nby EDCs (Figure 4A), suggesting a specific transcriptional signature for epidermal stem cells under stretching. Among these, Exp EDC was significantly enriched for epithelial-mesenchymal transition (EMT), mTORC1 signaling, DNA repair, hypoxia, MYC targets, protein secretion and TGF-β signaling hallmarks, which partly are reported to be involved in epidermal stretching response (Liang et al., 2014; Zhou et al., 2020). Whereas the inflammatory infiltration during the long-term stretch was not enriched significantly, this was different from the highly inflammatory response of the short-term stretch (Aragona et al., 2020; Ledwon et al., 2020). The previous mouse study identified AP-1, YAP, ERK signaling, and cytoskeleton organization (CO) pathways as key drivers of stretching-induced skin growth in vivo (Aragona et al., 2020). To verify, we performed additional GSEA analysis using reported target genes (TG) of C-FOS (GSE10218, Durchdewald et al., 2008), JUN (GSE119762, Gago-Lopez et al., 2019), YAP1 (GSE137531, Yuan et al., 2020), ERK1/2 (GSE15417, Dumesic et al., 2009) and the GO ontology term of CO (7010, Supplementary Table S1). The results showed visible enrichment of most of these genesets in Exp vs. Nby EDCs (Figure 4B). Among these, C-FOS TGs are most consistently enriched in both Exp samples and also in MDC and LDC cell groups (Figure 4B). To verify these findings, we again performed IF analysis on independent clinical LTE samples. The data confirmed significant reduced E-CAD + expression (a classic EMT marker) (Zeisberg and Neilson, 2009), enhanced phospho-mTOR expression (activated mTORC1 signal marker) (Obara et al., 2015) (Figure 4C), and elevated C-FOS expression in Exp vs. Nby comparisons, while epidermal progenitor marker P63 (Soares and Zhou, 2018) remained unchanged (Figure 4D). Taken together, transcriptomic patterns are indeed altered jointly after LTE despite genetic specificities between the two samples used for scRNAseq.
[image: Figure 4]FIGURE 4 | Changes in the transcriptional profiles of the EDC subpopulation during LTE. (A) Heatmap showing the GSEA results of the MSigDB hallmark terms in EDC in four samples. p < 0.05 is considered statistically significant, same in all following figures unless otherwise mentioned. (B) Heatmap showing the GSEA results in of the previously published TGs of the transcriptional factors JUN, C-FOS, YAP1, and ERK1/2 cascade downstream signatures and GO terms of cytoskeleton organization. (C) Representative images of the E-CAD and p-mTOR staining in nby and exp samples from four other individuals and their quantification. The E-CAD IF staining intensity was shown by the pseudo-color integrated density signal. The color key (right) from purple to yellow indicates low to high integrated density signal levels. A.U, arbitrary units. (D) Representative IF images of the C-FOS and P63 staining in nby and exp skin and their quantification.
Gene Expression Changes in Human Epidermal EDC After Long-Term Expansion
To gain insights into the mechanisms of skin regeneration after LTE, we next examined the Exp vs. Nby changes of individual genes in the EDCs. Since the facial and cervical specimens were from different individuals and anatomic sites, we expected they would endow a high degree of heterogeneity between the samples. Differentially regulated genes (DEG) were considered as having an absolute fold change (|FC|) ≥ 0.5 (Figure 5A). As expected, the facial sample contained more DEGs than the cervical samples. Overlap between the DEGs, including only three upregulated genes and one downregulated gene, was observed in both sample pairs (Figure 5B). Accordingly, the violin plot shows the transcriptomic distribution of the upregulated genes (Figure 5C). IF analysis confirmed significant upregulation of Amphiregulin (AREG) and SERPINB2 in Exp vs. Nby comparison at the protein level (Figure 5D). Notably, S100A8, the downregulated gene, was the damage-associated molecular in skin disorders and will be secreted under inflammatory microenvironment (Defrêne et al., 2021). Its downregulation suggested the degree of inflammatory response was attenuated over time. Generally, whether they are novel regulators of clinical skin expansion would be an interesting topic for future analysis.
[image: Figure 5]FIGURE 5 | Identification of the differentially expressed genes (DEGs) in the EDC subpopulation during LTE. (A) Heatmaps showing the DEGs identified in EDC between the exp and nby groups. The color key from blue to yellow indicates low to high gene expression levels. Representative genes are listed to the left (|FC| ≥ 0.5). (B) Venn diagram showing the overlap between DEGs in Face-EDC vs. Neck-EDC (|FC| ≥ 0.5). (C) Violin plots showing the expression level and distribution of the selected DEGs in subpopulations (BAS, SPN, GRN) and proliferative cells (PC) in four samples. (D) Representative IF images of the AREG and SERPINB2 staining in nearby and expanded skin from four other individuals and their quantification.
Identification of Major Signaling Changes in Long-Term Expanded Human Epidermis
Signaling crosstalk via ligands and receptors is critical in tissue development and cellular decisions (Bhattacharjee et al., 2019). To clarify the underlying intercellular communications that drive skin regeneration for long-term expansion therapy, we analyzed intercellular communication networks among the 8 cell groups from scRNA-seq data using CellChat (Jin et al., 2021). It identified ligand-receptor pairs AREG-EGFR, CD96-NECTIN, and LAMIN-CD44 as the most upregulated significant signaling in exp versus nby counterparts, suggesting that these pathways are essential for stretch and likely contribute to the sustainability of long-term skin regeneration (Figure 6A). The downregulated ligand-receptor pairs are shown in Supplementary Figure S1A. Cellchat revealed that the EGF pathway exhibited abundant signaling interactions. But EGF ligands in F-Exp are dominantly secreted by EDC, LDC, and MC, whereas in N-Exp they are secreted by MDC and TC (Figure 6B). LAMB3 and LAMC2 are the ligands of the laminin pathway that regulate the attachment of the basal membrane (Yap et al., 2019). The laminin-CD44 interaction contributes to the increased migration during wound healing (Michopoulou et al., 2020). Therefore, CellChat prediction suggests that LAMININN signaling in EDC and MDC cells plays a central role in directed migration after mechanical stretch (Figure 6C). CD96-NECTIN has been described as influencing the adhesive and migrative function of T cells and negatively controlling their cytokine responses (Seth et al., 2007; Chan et al., 2014, 96). Therefore, we predicted that epidermis-resident T cells may be activated and interact with the epidermal cells during LTE (Figure 6D). To further elucidate the role of epidermis-resident T cells after LTE, we performed GO biological process enrichment analysis using the upregulated DEGs of T cells (log 2 (FC) > 0.3). The common terms of the two samples were listed in Figure 6E, including positive regulation of T cell activation and proliferation, response to inflammatory and immune responses, and positive regulation of MAPK and ERK cascade. The commonly upregulated genes include FOS and JUND, indicating the inflammatory regulation they may participate in LTE (Supplementary Table S2). We further performed IF staining to verify the bioinformatic analysis on cellular communication. As shown in Figure 6F, CD96-NECTIN1 ligand-receptor pairs from the bioinformatic analyses were verified experimentally. Overall, we predicted the biologically meaningful intercellular communications of human LTE from scRNA-seq data.
[image: Figure 6]FIGURE 6 | Intercellular ligand–receptor prediction. (A) Visualization and comparison of the significant upregulated ligand-receptor pairs in the exp vs. nby groups. Dot color reflects communication probabilities, and dot size represents computed p-values. Empty space means the communication probability is zero. p-values are computed from a one-sided permutation test. (B–D) The inferred EGF, LAMIN, and NECTIN signaling networks. Different cell populations are color-coded. Circle size is proportional to the number of cells in each cell group, and edge width represents the communication probability. (E) GO biological process analysis of T cells. (F) Representative IF images of the NECTIN1 and CD96 staining in nby and exp skin. Arrows denote CD96 positive cells, and the dotted lines denote the basement membrane between the epidermis and dermis.
DISCUSSION
Our study was designed as a paired study with control samples deriving from preferably comparable skin segments of the same subject. The sample size was adequate to yield a convincing conclusion, although the different anatomic sites exhibited distinct features. Our results not only highlighted the similarities across the spectrum of human LTE but also revealed consistently specific markers, including known signaling pathways and some new expansion-related genes. Functional studies are warranted to follow up on some of the unique molecular pathways identified in this work. Also, single-cell ATAC seq to unravel the chromatin landscape of basal stem cells requires further investigation in future analysis. It will also contribute to an enhanced understanding of the mechanisms of the LTE and the strategies to promote skin regeneration clinically.
Of note, Aragona et al. (2020) in Nature observed that increased stem-cell renewal fuels stem-cell differentiation and stretches the renewal-differentiation balance in favor of producing more stem cells. In our study, we investigated the renewal-differentiation balance of the proliferative cell based on the KRT14 and KRT10 expressions. Opposite to their findings, the renewal of proliferative cells did not show signs of increasing but the committed cells poised for differentiation did after LTE. Also, the thickening of the epidermis after the expansion is often accompanied by the activation of the differentiated process of the basal stem cell. However, we did not observe the increased fraction of the spinous cells or the enrichment of the KRT14+KRT10+ committed cells. We also expected the stem cell-like stretch cluster to be the fast-responding cluster once the stretch was applied. So, we performed Monocle3 and RNA velocity to predict whether a differentiation trajectory from basal stem cell to this “stretch” cluster exists in our LTE samples or not. However, our results elucidate that the skin composition remains in homeostasis after LTE. Overall, there are fundamental differences between RSE models and clinical MCVSE processes that need further investigation.
For more than 60 years (NEUMANN, 1957), physicians have taken advantage of the particular response and effective interventions of stretch-induced skin expansion. After years of stagnation, it is exciting to develop targets to promote regenerative competency and diminish the complications of LTE. Our finding showed that EMT was the key regulator to promoting regeneration and maintaining stemness in basal keratinocytes during LTE. It should be noted that the hypoxia (Thiery et al., 2009), DNA repair (Weyemi et al., 2016), TGF-β(Kahata et al., 2018), mTORC1 (Gulhati et al., 2011), MYC signal (Cho et al., 2010) were the upstream inducer that favors the activation of EMT process. All activities converge on the induction of the E-cadherin repressor, which has been verified at the protein level. Plus, the AP-1 transcription factor comprises members of the FOS family (mainly C-FOS) and the JUN family (mainly C-JUN and JUNB) (Eferl and Wagner, 2003). c-Fos was reported to participate in the skin hyperplasia mediated by inflammation, suggesting that inflammation accompanied by LTE may trigger c-fos activation throughout this process (Briso et al., 2013). Additionally, the epidermal growth factor (EGF)-like molecular AREG plays a central role in orchestrating host protection (Zaiss et al., 2015) and epithelial regeneration (Lu et al., 2021). Accordingly, AREG has a huge potential to exert both anti-inflammatory and pro-regenerative effects and minimize the risk of complications during LTE. SerpinB2 maintains the barrier function of the stratum corneum (Schroder et al., 2016), suggesting its positive role in maintaining the integrity of the skin barrier.
It is noteworthy that tissue expansion results in the dermis thinned out (Agrawal and Agrawal, 2012), angiogenesis occurs (Zöllner et al., 2013), altered epithelial-mesenchymal interactions (Zhou et al., 2020, 1), chronic inflammation and fibroblast-myofibroblast differentiation (Kollmannsberger et al., 2018). The latter feature (differentiation of fibroblasts into myofibroblasts) is central to the excessive production of collagen-rich ECM (Tomasek et al., 2002; Tai et al., 2021) and dermal fibrosis (Gao et al., 2019; He et al., 2021) under mechanical stretch. A further study verified that the papillary dermis exerts crucial functions in the favorable prognosis of skin regeneration under stretch (Tan et al., 2022). It is also acknowledged that tissue-resident stem cells are critically important for the development and regeneration of the skin (Gonzales and Fuchs, 2017). Whereas stem cells derived from dermis including neural crest stem cells, MSC-like stem cells, and hematopoietic cells have a lower capacity to participate in the process of skin regeneration compared to epidermal stem cells and hair follicle stem cells (Díaz-García et al., 2021). What’s more, the dermis interdigitates with the epidermis so that both the epithelium and mesenchyme release signal factors that regulate cellular behavior in a reciprocal manner (Russo et al., 2020). However, the presence of keratinocytes tips the balance of skin regeneration by directing ECM remodeling of fibroblasts (Ghaffari et al., 2009) and reconstructing the epithelial appendages (Wu et al., 2014). Thus, we assume that the epidermis plays a more vital role in skin regeneration compared to the dermis and have focused on the phenotypes of the epidermal stem cells in tissue expansion therapy.
However, the selection of the anatomical donor sites for skin expansion can vary considerably depending on different preoperative diagnoses and various operative procedures (Huang et al., 2011; Azzi et al., 2020). Because of the distinct transcriptional programming varied by the anatomical sites (Cheng et al., 2018), it is relatively challenging to exploit a common strategy to enhance the regenerative competency for long-term expansion therapy. Additionally, the expansion treatment process ends when the surface area of the expanded skin equals the sum of the surface area of the donor site plus the area of the adjacent soft-tissue defect, which means the endpoint of treatment meets the needs of surgical therapy rather than ends of the skin’s expanded state. The study on the LTE samples under serial stretch did not reflect the early response of the expansion because any harvesting tissues during the expansion treatment process in the early or in the middle period were not able to meet ethical requirements and affect the patients’ interests, including treatment safety and effects.
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Positive control Induced USC™* Non-induced USC™* Induced USC™" Non-induced USC™-

Myogenic differentiation (4 +) SMC @+)in1/2 on 02 o1
Urothelial differentiation @+ uc @+-44)in24 on o2 o
Osteogenic differentiation (4 +) ASC @+-34in22 N/A o2 N/A

Abbreviation; SMC, smooth muscle cells; UC, urothelal cells; ASC, adipose-derived stem cells. Notes: 1+, 1-25% dilferentiated cells; 2+, 26-50% diferentiated cells. 3+, 51-75%
differentiated cells. 4+, >75% differentiated cells.
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Age at 20s group Age at 50s group
USC clones Karyotypes USC clones Karyotypes

USC™* A5 (p4) 46, XY J29 (p4) 46, XY
A5 (p12) 46, XY 429 (p12) 46, XY
Usc™-  A42 (p4) 46, XY J18 (p4) 46, XY
A2 (p8) 46, XY J18 (08) 46, XY

Notes: A35-clone (USCs™* RTA: 45.60) and A42 clone (USCs ™, RTA: negative) were
both isolated from one donor (male, 27-year-ola); J29 (USCs™, RTA46.6) and J18
(USCs™~ RTA: negative) were isolated from another donor (male, 55 year-old).
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Donor’s ages (no. of Donors
donors) (no. of clones)

20s (1= 3)

30s (1= 2)
40s (1= 2)

50s (n = 3)

No. of USCTA
+ clones (%
in total USC

16 (84.2%)
6 (60.0%)
8(80.0%) 76.9%
6 (66.6%)
8(80.0%) 73.7%
9 (75.0%)

7 (70.0%) 72.7%
7 (41.2%)

9 (90.0%)
4(40.0%) 59.2%

Mean TA = SD (%)

24.38 + 14.41
14.94 +7.93
16.85 + 10.86
12.98 + 528
19.94 + 12.05
17.41 £ 1099
21.69 + 16.03
18.55 + 12.37
26.67 + 1384
16.03 = 14.50

Highest RTA

63.26
25.94
3224
20.56
44.93
34.50
53.75
41.36
47.49
37.12

Notes: Telomerase activity was expressed as a percentage of the RTA, of USCs, to the RTA, of TS8. The suffixes A, B, G, C, H, D, E, F, J, K represent the ten healthy indlivicluals who

participated in the study.
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Individual clones (s)

20s USC™ (n=39)
USC™(n =3)
50s usC™ n=3)
UsSC™(n =3)

‘P < 0.001: USC™* vs USC™~

A35
Gt

B36
A42
G12
B31

E37
J29
K5
E34
J18
K6

in, population doubling at age of 20s, and 50s groups, respectively.

Age (yrs)

27
25
28
27
25
28

50
55
57
50
55
57

RTA (%)

45.6
259
322

414
46.6
371

Population Doubling Doubling Time
PD M= SD DT (hrs) M = SD
675 620+ 48" 27.1 26.1 £ 16"
502 - 243 -

502 - 27.0 -
420 396 £ 26 373 352:24
368 - 357 -

40.1 - 327 -
55.5 56.6 +2.2" 292 285+ 1.3
59.2 N 27.0 -

56.2 - 293 -
356 36.3+09 366 366+25
362 = 342 _
372 — 391 _

*p < 0.01: USC™* vs USC™" in, doubling time at age of 20s, and 50s groups, respectively. The suffixes A, B, G, C, H, D, E, F, J, and K represent the ten healthy individuals who

participated in the study.
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Species

Human

Mice

Localization
Limb buds
Limb bud long bones
Embryonic calvarium
“Third molar dental pulp and
periodontal ligament
Femur growth plate and diaphysis

Forelimb buds

Forelimb buds

Forelimb buds
Hind limb
Femur

Incisor mesenchymal
compartment near the labial
cervical loop

Molar periodontal ligament apical

The resting zone of growth plate

“The periphery of the growth plate
immediately adjacent to the
perichondrium

Metaphysis and diaphysis

Metaphysis and diaphysis

Periosteum in the metaphysis and
diaphysis.

Bone marrow stromal of femur
and tibia

Long bone and calvarium

Age
5 WPC
8 WPC
8 WPC
18-35y0
17 weeks
fetal

E10.5-E10.75

E10.5-E10.75

E10.5-E10.75
El25
Postnatal

2-4 months

Adult
Postnatal

Fetal and
neonatal

3 week
Postnatal
Adult
6-8 weeks

Postnatal

cell
Osteo-chondrogenic progenitorss
Embryonic skeletal stem/progenitor
cells

Neural crest-derived cells
Mesenchymal stem cells
Human-skeletal stem cells
Osteo-chondrogenic progenitors
Transition betweenlimb bud
mesenchymal progenitors and osteo-

chondrogenic progenitors
Limb bud mesenchymal progenitors

Musculoskeletal stem cells
Mouse skeletal stem cells

Mesenchymal stem cells

Periodontal ligament stem cells
Skeletal stem cells

Mesenchymal precursor cells/
chondrocytes

Mesenchymal stromal cells from the
‘metaphysis and diaphysis

Bone marrow stromal cells
Periosteal skeletal stem cells

Mesenchymal stem cells

Periosteal stem cells

Marker

SOX9"“PDGFRa"
PDGFRa™ PDPN"CADM1*

PDGFRa" PDPN"CADM1™

FRZB'NOTCH3 THY1™ MYH11"

PDPN'CD146 CD73°CDI164™
Sox9 PDGFRa™

Sox9 PDGFRa"

Sox9 JAG1"

SexHoxd13"

CD45 Terl19 Tie AlphaV " Thy 6C3 CD105 CD200"

Foxdl”

Glil”
PTHIP

PTHIP

PDGFRa’, PDGFRB
LepR”
Mx1”, aSMA
LepR* Cxell2”

CTSK-mGFP'CD200°CD105

Reference

He et al.
(2021a)
Heetal
(2021a)
Heetal
(2021a)
Pagella et al.
021y

Chan et al.
(2018)
Reinhardt et al
(2019)
Reinhardt et al
(2019)

Reinhardt etal.
(2019)

Yin et al.
(2020)

Chan et al
(015)
Krivank et al.
(2020)

Men et al.
(2020)
Mizuhashi
etal. (2018)
Mizuhashi
etal. (2019)

Sivaraj et al.
@021y

Shu et al.
021y
Sivaraj et al.
021y
Baryawno

et al. (2019)
Debnath et al.
(018)
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Glil-CreERT2;
tdTomato

Pdgfip-CreERT2;
Rosa26-mTmG
Ctsk-cre; mTmG

Cxel 12GFP/+; Cxel12-
creER; R26RtdTomato

Lepr-cre; LoxP-
tdTomato

Representative cre-
marked
cells

Metaphyseal
mesenchymal

progenitor cells
PdgfipBMSCs

Periosteal stem cells

Cxel12-creER +stromal
cells

LepR+ cells

Single-cell sequencing
object

TdTomato’CD45 Terl19°CD31
cells

GFP"cells
Metaphyseal CTSK-mGFP* cells

Cxel12-GFP” cells

Lepr-tdT cells

Subclusters

Osteoblasts, preosteoblasts, chondrocyte-like
osteoprogenitors and marrow adipogenic
lineage progenitors

BMSCs, chondrocytes, smooth m
hematopoietic cells
ristem cells, osteoblast
ing cell
Stromal (reticular cells and pre-osteoblasts),
endothelial, periosteal and cells in cell cycle,
clusters enriched for mitochondrial and
ribosomal genes

Osteo-primed LepR” cells and adipocyti
primed LepR” cells

e cell

Ly6a and

“Time points
of induction

Three consecutive
days at 4 weeks old

Postnatal day 1-3
NA

Postnatal day 21

N/A

Reference

Shi et al.
021y

Bohm et al
(2019)
Debnath et al.
(2018)
Matsushita
etal. (2020)

Tikhonova
etal. (2019)
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JAKT
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EGFR
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CA7

CA6
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CA14
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CA4

CA13
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CASA

CDK2 CCNA1 CCNA2
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Gene Sequence

Runx2 Forward:CTTCAAGGTTGTAGCCCTCG
Reverse:TAGTTCT CATCATTCCCGGC
ALP Forward:CTAGTTCCTGGGAGATGGTA
Reverse:GTGTTGTACGTCTTGGAGAGA
OCN Forward:CATGAGGACCCTCTCTCTGC
Reverse: TGGACATGAAGGCTTTGTCA
ATGS Forward: TGGGATTGCAAAATGACAGA
Reverse: TTCCCCATCTTCAGGATCAA
LC3 Forward: TACCAAGGCAAAAAGGGACG
Reverse: CCCCTGACACTGCTCTTCTAT
P62 Forward:AGCTGCCCTCAGCCCTCT

Reverse:GGCTTCTCTTCCCTCC
GAPDH Forward:CCTCGTCTCATAGACAAGATGGT
Reverse:GGGTAGAGTCATACTGGAACATG
ATG14 Forward: TGCCGAACAATGGGGACTAC
Reverse:AGGCAG GGTTGTTATGCTCC

Atg7 Forward: TTTGTGGACAACGCCAAGATC
Reverse:GAACCCGCTGGCATTCACT
Atg12 Forward:ACCCGGACTGTCCAAGCA

Reverse:ACCATCACTGCCAAAACACTCA
Atg16L1 Forward:CATGGACCGCAGGGTTAAAC

Reverse: CGGCTTGCAAAATCATTTGA
Beclin1 Forward:CCAGACAGTGTTGTTGCTCCAT

Reverse:CGCAAACCCCCAGAACAGTA
mo-miR- Forward:GGCCTCAGTCTCATCTGCAAA
452-3P RT:GTCGTATCCAGTGCAGGGTCCGAGG

TATTCGCACTGGATACGACCTTCTT

mo-miR- Forward:GGGCTTTGGTGGCTTAGTTCTTT

6331 RT:GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC
GACGCACAA

U6 Foward:CGCTTCGGCAGCACATATACTA
RT:GGAACGCTTCACGAATTTGC

Universe R CCAGTGCAGGGTCCGAGGT
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application of
stem cell-based
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Exosomes

Gene therapy

Small molecule
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pretreatment

Hypoxic
preconditioning

Efficacy

Enhance the repair efficiency and vitaiity
of stem cells, improve the inflammatory
microenvironment, avoid immune
rejection, and improve the retention and
survival rate of stem cells

Modulation of signal transduction
between target cels by small molecules

Enhance cell performance and improve
the survival rate of stem cells

Improve the survival rate, proiferation,
migration and paracrine abilty of stem
cells

Improve the tolerance of cells in the
hypoxic environment

Reference: https://ClinicalTrials.gov/.

Limitations

Increases the risk of
tumorigenicity and
exogenous
contamination

Poor bioactivity and
stabiity of smal
molecules or drugs

Completed
or ongoing trials

Safety, tolerabilty and efficacy of
CYP-006TK in adkits with diabetic
foot ulcers

Clinical study to evaluate efficacy
and safety of ALLO-ASC-DFU in
patients with diabetic wagner grade
2 foot uicers

Clinical Study of ALLO-ASC-SHEET
in Subjects with Diabetic Wagner
Grade I Foot Ulcers

Treatment of Chronic Wounds in
Diabetic Foot Syndrome with
Allogeneic Adipose Derived
Mesenchymal Stem Cells

Cinical Study of ALLO-ASC-SHEET
in Subjects with Diabetic Foot Ulcers

Safety and Efficacy study of
neovascuigen (P-VEGF165) gene
therapy in patients with diabetic foot

Interventions

Combination product: CYP-006TK

Biological: ALLO-ASC-DFU|
procedure: vehicle sheet

Biological: ALLO-ASC-SHEET

Biological: application of allogeneic
ADSC stem cells in fiorin gel|
Procedure: standard care in
diabetic foot uicer

Biological: ALLO-ASC-DFU|
procedure: hydrogel sheet (vehicie
contro)

Neovascuigen
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Cell type

ESCs

ESCs

BM-MSCs

BM-MSCs

BM-MSCs

BM-MSCs

BM-MSCs

BM-MSCs/stem cells from
human SHED

hUC-MSCs

hUC-MSCs

hUC-MSCs

hUC-MSCs

hUC-MSCs

UCMSCs

HADSCs

HADSCs

HADSCs

HADSCs

HADSCs

PMSCs

Combined use of ECFCs,
HA, and UBC-MSCs

Combination product of
dermal matrix, timolol (beta-
adrenergic antagonist), and
BM-MSCs

Objective

STZ-induced
THDM in Sprague-
Dawley rats

Db/db mice*

STZ-induced
T1DM in Wistar
rats

STZ-induced
T1DM in Wistar
rats

24/4 diabetic
patients

STZ-induced
THDM in Sprague-
Dawiley rats

Db/db mice; WT
mice; and C57BL/
6 mice

STZ-induced
T1DM in Sprague-
Dawley rats

STZ-induced
THDM in Sprague-
Dawey rats

STZ-induced
THDM in Sprague-
Dawiley rats

STZ-induced
TIDM in Sprague-
Dawley rats

STZ-induced type
1 diabetes in
Sprague-Dawley
rats

15 diabetic
patients

STZ-induced
C57BL/6J female
mice

STZ-induced type
1 diabetes in
Sprague-Dawley
rats

Db/db mice™

20 patients

STZ-induced type
1 diabetes in
Sprague-Dawley
rats

STZ-induced
C57BL/6J male
mice

GK ratst

12 subjects

Db/db mice™

Mode of
administration

Topical appiication

Topical application
of EXTs

Intramuscular
transplantation

Subdermal
injection

Intramuscular
transplantation

Topical application

Intradermal
injection

Topical application

Left femoral artery
injection

Left femoral artery
injection

Subcutaneous
injection

Transfemoral vein
transplantation

Intramuscular
injection

Subcutaneous
injection

Transfemoral vein
transplantation

Systemic
administration

Dermo-epidermal
junction injection

Subdermal
injection

Topical application

Subcutaneous
injection

Topical cellinjection

Scaffold’s
implantation

Changes in
the molecular
level

EGF and VEGFT, fibronectin levelsT

TregsT, proliferating Ki-67* cellsT,
CD31* endothelial cellsT, CD45"
inflammatory cells|, IFN-y|, Th1]

VEGFT, prolferating Ki-67" cellsT,
©D31* endothelial cellsT

CD45], VEGFT, EGFT, prolyl 4-
hydroxylaseT, Ki-67 expression]

Expression levels of MMP-2, EGF,
IGF-1, and pFAKT, the expression
level of MMP-9]

IL-107, TNF-al, the number of M2
macrophages?

Expression levels of VEGF, eNOS,
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expression of IL-1, IL-10, and
TNF-1al

Cytokeratin 191, collagen | and
collagen Iif, the ratio of collagen
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Serum NGFT

Expression levels of PDGFA
and HGFT

Ki-67 + cells], VEGF, bFGF, and
HGFT, IL-1ra, IL-10, GING-1,
CING-2a/§, GING-3, ONTF, CCL3,
COL5, CCL20, CX3CL1, CXCL7,
and LIXT, IL13]

The ratios of Treg/Th17 and Treg/
Th1 celisT, VEGFT, IL-6]

IL-101,IL-1B, TNF-a, and IL-6, the
number of M2 macrophages|

IL-1ra, IL-2, TNF-a, and CNTF, IL-
1B, IL-6, IL-13, CCL3, CINC-1,
CING-2a/, CING 3, CX3CL1,
LECAM-1, and LIX], VEGF, bFGF,
and TGF-p1

Expression of IL-1B and TNF-1al

Collagen | and collagen I, IL-6]

TNF-q, IL-6 and IL-1], IL-10T

CD31 + celisT, CD45 + cells|,

CCL2 expression level, IL-1p, IL-
6, CXCL-1, and CXCL-2|

Changes in
histology/Clinical manifestation

High vascular counts, moderate re-
epithelialization, well-formed
granuiation tissue formation, and
capilary vessels

Re-epithelialization, angiogenesis,
and reduced leukocyte infitration

Angiogenesis, celllar prolieration,
and granulation tissue formation

Proinflammatory reaction, wound
sizes|

Accelerate the healing process, pain
relief, wound size|

Wound size|

Promote angiogenesis and
accelerate diabetic wound healing

Inflammatory cells |, epithelializationT,
well formation of granulation tissue

Numbers of capillryT

Accelerate diabetic wound healing,
angiogenesis, and re-epithelialization

Collagen deposition and vascular
density, closely complete re-
epithelialization, fewer infiltrating
inflammatory cels, and thick
granulation tissue

Skin angiogenesis

Epithelialization?, well formation of
granulation tissue

Reducing chronic inflammation of
peripheral nerves and improving
angiogenesis

Wound size]

Wound size|

Skin angiogenesis

Angiogenesis, collagen deposition
and thick granulation tissue, the
infiftration of macrophagel

Re-epithelalization ratef, wound
sizel

Anti-inflammatory and pro-
angiogenic functionsT
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