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Abstract

:

Cell and gene therapies have been developing dramatically over the past decade. To face and adapt to the development of these new therapies, the Food and Drug Administration (FDA) wrote and updated new guidelines from 2016 and keep updating them. Mesenchymal stem cells (MSCs) are the most used cells for treatment, far ahead from the induced pluripotent stem cells (iPSCs), based on registered clinical trials at clinicaltrials.gov. They are widely used because of their differentiation capacity and their anti-inflammatory properties, but some controversies still require clear answers. Additional studies are needed to determine the dosage, the number, and the route of injections (location and transplantation method), and if allogenic MSCs are safe compared to autologous MSC injection, including their long-term effect. In this review, we summarize the research our company is conducting with the adipose stromal cells in engineering cell sheets and their potential application.
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1. Introduction


Different types of stem cells are used for research and for translational medicine: embryonic stem cells (ESCs) [1], mesenchymal stem cells (MSCs) [2], and induced pluripotent stem cells (iPSCs) [3]. Ethical debates about the use of ESCs make their use more difficult for human application [4], even if clinical trials have been conducted recently with ESCs [4]. The iPSCs can be engineered by the transfection of four different factors into somatic cells [3], but as for the ESCs, the iPSCs have also raised ethical issues [5,6,7], and clinical trials are conducted all over the world, but mainly in the USA, China, Japan, and France [8]. The European Medical Agency approved cell therapies in the past few years: Chondrocelect was the first approved cell therapy in 2009 [9]. This review is not focused on presenting the different types of stem cells used for cell and gene therapies, but it is focused on the MSCs and cell sheet engineering with MSCs.



MSCs are very popular cells used in the research and over sixty-eight thousand publications involving the use of MSCs were published on PubMed, as of January 2021 [10]. MSCs are pluripotent stem cells that were discovered around 30 years ago [2], and they can be isolated from bone marrow, adipose tissue, Wharton’s jelly, periosteum, villous chorion, fetus, and dental pulp [2,11,12,13,14], and there are no ethical issues. In the organism, the function of the MSC is to support the structure of the organs but also to generate cells of the specific organ when it is required. They adhere quickly to the cell culture surface, and their morphology is fibroblastic. They can be cultured easily, and their stemness is characterized by the capacity of the MSC to self-renew and maintain the stemness properties, being passaged many times without karyotype alteration [15]. However, there is always a risk that MSCs could transform into sarcoma [16], requiring a long-term follow-up on preclinical animal studies and clinical trials, up to 15 years based on the Food and Drug Administration guidelines (FDA). MSCs curative properties and advantages can be divided in three different parts:



(a) They can differentiate into different types of cells (before or after transplantation), and the self-renewal property of the MSC is very important, but it is a critical characteristic that must be understood. Even with a self-renewal capacity, the aging of the MSC could be a major problem with an increase of mutation and loss of differentiation capacity [17,18]. In 2006, Dominici et al. published a list of the minimal criteria defining the MSC: MSC must express CD73, CD90, and CD105, and must lack the expression of CD14, CD19, CD34, CD45, and HLA-DR; in addition, MSCs must differentiate into cells originated from the three embryonic stem cell germ layers (endoderm, ectoderm, and mesoderm [19]) such as adipocytes, chondrocytes, and osteoblasts, as the most used [20].



(b) MSCs have anti-inflammatory potential and immune-modulatory properties, and promote cell growth and tissue repair, through the secretion of cytokines and extracellular vesicles [21]. In addition to this, the absence of HLA class II protein is a key factor, because MSCs could be used for allogeneic graft on patients, facilitating the use of MSCs in cell therapies. The activation of the HLA Class II leads to a rejection of transplanted cells or organs [22,23,24,25]. Functional MSCs do not express or express a very low level of HLA-DR (major histocompatibility complex class II, MHC II), meaning that MSCs have a lower immunogenicity than that of other cells [26,27,28,29]. In vitro studies showed that human bone marrow stem cells (BMSCs) are not recognized by T-lymphocytes but can suppress the proliferation of the T-lymphocyte [29]. For the past 20 years, human MSCs were used in animal studies, with successes, on the basis of the low probabilities that the xenotransplantation of human cells in animals will trigger an inflammatory response and the human MSC rejection. Human MSCs (hMSCs) were injected in different animals without any adverse events reported: mouse [30], rat [31], rabbit [32], zebrafish [32], swine [33], and dog [34], and as review for xenotransplantation of hMSCs [35]. This positive characteristic can be used for gene and cell therapy preclinical tests on animals before translational application, by using the MSCs that are planned to be utilized in the clinical trials (e.g., culture media, approved cells for clinical used by Federal Agencies). The absence or low immunogenicity of MSCs will allow their mass production, a better characterization, and the decrease of cost. In the other hand, MSCs act also as immunomodulators, by reducing inflammatory activity [36,37,38], and were used as a racehorse cure with no immunoreaction [39], for the bone repair of rats [40], in a human trial for Crohn’s disease [41,42,43,44,45], and for perianal fistula [46,47], as outlined in a review publication [48].



(c) An additional positive criterion is the large-scale manufacturing of the MSCs, which will provide enough cells for cell therapies [49,50]. Typing the key words “bioprocessing, mesenchymal stem cells” in PubMed, there are only 160 publications referring to the large-scale production methodology of the mesenchymal stem cells. The bioprocessing of any stem cells must be well planned and controlled, including the determination of the donors (inclusion/exclusion criteria), the methodology of isolation, the type of culture media, and the processes for the mass production [49]. Positive and negative outcomes of stem cell therapy for animal studies and clinical trials can be related with the modification in the stem cells’ bioprocessing [50]. It is encouraged to work with MSC providers (or any other cells) that have an approved chemistry, manufacturing, and control for clinical trials, to facilitate the transition from preclinical to clinical trials; but it is also important to determine the cell culture conditions in the preclinical phase that will be used in the clinical trials to ensure that the data obtained in the preclinical studies and the methodologies will be approved by the federal agencies.



MSCs are the most used stem cells in clinical trials, and MSCs have shown promising hope for patients in need of gene and cell therapies [51], and over 1220 clinical trials have been conducted over the world (keyword: mesenchymal stem cell at clinicaltrials.gov). Most of the clinical trials reached phase I and II, and very few of them reached phase III. MSCs can be easily isolated from different tissues. Even if bone marrow stem cells are still the MSCs used most often, the invasive procedure to isolate the bone marrow makes it more difficult and more stressful for the donors [52], compared with the use of adipose stem cells that can be easily isolated from liposuction [53,54]. In addition, the number of isolated adipose stromal cells from the liposuction can be 50,000 times higher than the number of bone marrow stem cells isolated from the bone marrow [55,56,57]. For all these reasons listed above, we decided to study the potential of the adipose stromal cells, a specific mesenchymal stem cell.




2. Mesenchymal Stem Cells Therapies


Engineering of tissues and organs with mesenchymal stem cells involves not only the stem cells but it could also involve biocompatible scaffolds, important for cell signaling stimulation and for transplantation [58,59]. The simplest and most economical methodology to treat patients with MSCs is the injection of isolated MSCs. On the other hand, a more complex approach consists in growing the cells in a 3D structure, using different methodologies for support, such as scaffolds and 3D printing. The efficiency of the cell therapy is based not only on the quality and the stem cell phenotype, but it is also related with the transplantation methodology of the cells.



Our company decided to develop cell sheets using mesenchymal stem cells, to target the cells on the damaged area, in absence of a specific scaffold, for different reasons: cheaper methodology, no additional step is necessary to prepare the culture dish to engineer cell sheet, absence of scaffold will not lead to fibrosis in the empty space left during the scaffold degradation, and harvesting of cell sheet requires strong cell–cell connection and extracellular matrix.



2.1. Injection of Single Cells


The cheapest and easiest way to use cells, for cell therapy, is the injection of single isolated cells. CAR-T cells (Chimeric antigen receptor T cells) were for the first time designed in 1989, by Gross et al. [60], and the T cell chimeric antigen receptor (CAR) technology developed exponentially until the approval for cancer therapy by the FDA in 2017 [61]. CAR-T cells, after their reprogramming, are expanded in isolated cells and injected in the patients. The cells migrate to their target and fight the cancer. In 1999, for the first time, BMSCs treated with 5-azacytidine formed myotube and were injected in rats that had myocardial injury. Injected cells improved the heart function and increased the angiogenesis [62].



The cells can be injected via intravenous, intraperitoneal, intraarterial, intracerebral, intrasplenic, or intramuscular routes or into the superior mesenteric vein. Two major parameters can be controlled for the injection: the posology of MSCs (number of cells injected) and the route of injection. The number of cells injected are calculated by only the absolute value of cells (×10y), which is reported in peer review and is not precise enough because the weight of the animals differs between the studies and between the animals from the same study.



Many publications reported the curative effect of the injected cells. For example, Dos Santos Ramalho et al. reported that the intravenous or intraperitoneal injection of BMSCs did not have a different effect in repairing the spinal cord [63]. In this study, female mice weighing 20–25 g were used, and the same dose of 8 × 105 cells was injected (when the mice weight can vary by 20–25% among the mice). Another study reported the intravenous injection of xenogeneic MSCs (from human Wharton jelly) and mice MSCs. In this study, 1 million cells were injected in the tail vein, and both types of cells had similar effect on controlling the neuroinflammation [64]. Many other studies reported absolute values of the injected number of cells: intravenous injection of 107 ASCs in dogs to treat acute spinal cord injury [65] and intravenous injection of 42 × 106 cells/animal in porcine model improving heart function after an acute myocardial infarction [66]. In all these studies, the results were positive and showed an improvement of the animal health. Another way to estimate the number of MSCs to be injected, and to be reproduced by other laboratories, is to inject a number of cells per kilogram. Indeed, for animal and human studies, the weight of individuals varies, per gender and per age [67].



However, the cons for the injection of single cells are the uncontrolled migration of the cells (cf. Section 2.3 Biodistribution) and the formation of aggregates after their injection. It was reported that injected cells can aggregate rapidly with lymphocytes, which decreases their mobility and access to the needed areas. Among all the MSC properties mentioned in the paragraph 1 Introduction, MSCs tend to aggregate in vitro and in vivo. Even if the MSC attachments on a plastic surface is a criterion for MSC, it was reported for the past decade that the MSCs can form aggregates. From few thousands or more MSCs, MSCs form 3D spheroid structures [68] spontaneously. In order to create spheroids, MSCs cannot be allowed to adhere the surface, which is achieved by using different techniques such as spinning the containers. Once the MSCs form spheroids their properties change, due to a mechano-physical modification and the reorganization of the cytoskeleton [69]. It is well known that modification of the cytoskeleton can modify the expression of genes [70,71]. A comparison of the transcriptome of MSC monolayer with MSC 3D spheroids shows that the expression of 3000 genes was modified: an increase of around 1700 genes and a decrease of around 1300 genes [72]. Many publications report that the differentiation potential of stem cells increases when they form a 3D structure. Bae et al. showed that the 3D structure of MSCs improves their capacity to differentiate into adipocyte and osteoblast, with or without being treated with azacytidine [73]. Our laboratory also noticed that the multilayer cell sheets of adipose stromal cells, which is also a 3D structure, as for the spheroids, differentiate faster than isolated adipose stromal cells (data not reported). The curative properties of the MSCs are also improved. For example, it was reported that the spheroid formation increased some MSC properties, such as their anti-inflammatory activity [68]. However, in vivo studies showed that an injected single MSC forms aggregates [74] in the blood stream, potentially triggering a thromboembolism in the animal or patient. Oeller et al. injected 1.5 million of bone marrow stromal cells (BMSCs), umbilical stem cells (UCMSCs), and adipose stromal stem cells (ASCs) in Fischer rats, in the tail vein. The authors noticed that thromboembolism occurs with the three types of injected cells, but less with the BMSC group [75]. BMSCs express less tissue-factor-mediated procoagulant than the two other types of cells, explaining the difference in the thromboembolism. Other studies reported similar results [76,77]. Such a health issue was also reported in clinical trials, jeopardizing the life of patients [78,79,80], which is a major issue that needs to be overcome to increase the safety for the treated patients.



This single cell injection became popular because of the low cost and the easy protocol. It was used with MSCs, injected as isolated cells, and they migrate over the body [81]. The migration of injected MSC cannot be controlled and their survival rate is low over time. The majority of the publications reported that the injected cells migrate to the lungs [81,82], then disappear very quickly from the lungs. For example, Lee et al. showed that after the intravenous injection of 2 million human MSCs (or of MDA-MB-231 breast cancer cell line) in a mouse, the cells migrated predominantly into lungs (80% of the total cells). They were also detected, in much lower quantity in the liver, spleen, and blood [83]. By measuring the “quantity” of Alu DNA sequences of the human cells, the authors confirmed that only 0.04% of the cells were present in the lungs at 48 h, and only 0.01% at 90 h after injection. The same percentage (0.04%) was found by adding the measured Alu DNA sequence by combining six other organs and fluids (blood, brain, heart, liver, pancreas, spleen, and kidneys). The biodistribution and the detection of the cells after transplantation will be discussed in the paragraph 2.3 Biodistribution.



The survival rate of the injected cells is very low (from 0.01% to 6%), and the cells disappear in a few days or weeks [83,84,85]. Based on the survival rate of the injected cells, although that there is no real evidence, it can be expected that the biological effects of the injected cells (paracrine, cell attachment, and cell differentiation) will occur in a very short time, if the curative effect can be noticed, or will not occur at all. The low survival rate of injected MSCs could be promising for acute/local health problems, while the treatment of chronic/systemic health problems will require a longer survival rate of the cells, and better cell targeting. To improve the survival of the cells, the apoptotic pathway was regulated (e.g., pretreatment of stem cells with ROCK inhibitor (Rho Kinase inhibitor)) and/or the cell adhesion was improved (e.g., use of decellularized organs). After cell sheet harvesting, the cell–cell connection, proteins located at the membrane and the extracellular matrix (ECM) of the cell sheet were preserved. The preservation of the ECM allows the grafting of the cell sheet on the tissues and increases the survival of the cells. The development of the cell sheet technology was a breakthrough to target the cells to the damaged organs that required cell/gene therapy.




2.2. Cell Sheet Technology


To improve cell survival, cell targeting, and cell therapy, different approaches were developed, such as 3D printing, organoids development, and the cell sheet technology. We will focus on the cell sheet technology. Tissue engineering was mentioned for the first time in 1993 by R Langer and JP Vacanti [86]. Transplantation of the stem cells required the use of biodegradable materials [87]; however, after the degradation of the scaffold, the empty space left by the degradation of the scaffold leads to a fibrosis [88]. To outcome this problems, thermoresponsive surface was developed. It allows the detachment of the cells, as a whole cell sheet, without the use of enzymes such as trypsin [89]. The cell sheets can be transferred on to another surface (dishes, organs, or cell sheets), because the extracellular matrix as well as the cell–cell contact were preserved [90,91]. Cell–cell contact and communication are very important for the organs’ function [92,93]. In addition to the thermoresponsive surface, other methodologies were developed to have the cell sheets in one piece: collagenase, amniotic membrane, electroresponsive/photoresponsive/pH-responsive/magnetic-responsive surface, and mechanical harvesting [94]. Instead of injecting single isolated cells, we have focused on engineering cell sheet with adipose stromal cells for different reasons, as explained in the introduction [95].



Adipose stromal cells can be isolated from different fatty tissues. The methodology of ASC isolation is less painful for the donor (compared to the isolation of bone marrow stromal cells), well controlled, and easy to perform [96,97]. The yield in ASC isolation is superior to the number of cells isolated from the bone marrow, but the population is more heterogeneous [98]. Because of the number of cells required for a patient’s treatment (in average, 2 × 106 cells/kg [99,100]), the in vitro expansion of ASCs is necessary. For animal and clinical trials, quality and safety controls of cultured ASCs will have to be performed to ensure the quality of the cells, for the patient safety and to obtain the best outcome on the targeted disease.



We have developed multilayer cell sheets, using adipose stromal cells [95]. Using specific cell culture conditions, the undifferentiated multilayer adipose stromal cell sheets have been engineered as well as differentiated cell sheets. In general, stem cells from the targeted organ are isolated and cultured, and cell sheets are engineered. For example, chondrocyte and synovial cells can be isolated from the articulation, grown in co-culture, on thermoresponsive surface to form a cartilage cell sheet [101]. The harvested cell sheet has been transplanted to patients and improved their cartilage defects. Harvesting of a patient’s stem cells is an approach to perform autologous transplantation. Dr. Sawa’s group successfully engineered and transplanted cardiac cell sheets, to treat cardiomyopathy [102]. The cardiac functions of the patients improved over time. The cell sheets were engineered using isolated stem cells from the vastus medialis, seeded on a thermoresponsive cell culture dish. The advantage of these approaches is that the transplantation will be autologous and the risk of rejection is decreased, even if it could happen since the cells were cultured for a certain period in vitro, before transplantation; this rejection risk might be lower than that of using allogeneic transplantation, but additional studies are required.



A major concern is when the stem cells needed to engineer the cell sheets are absent. ASC cell bank can be a solution because, as part of their primary criterion, ASCs must be able to differentiate into cells from the three different types of dermis (ectoderm, endoderm, and mesoderm) and could be used to treat many diseases. Allogeneic transplantation is an alternative to autologous transplantation for different reasons. Many stem cells can be amplified in a bioreactor and stored until the cells are required for a patient’s treatment. Moreover, by building a master cell bank of the same type of cells, we will know that all the cells are identical, and there are no or few variabilities between the cells [103]. In the contrary, autologous stem cell transplantation is limited by the number of cells available, the outcome of the treatment will vary based on the patients, and it will be more expensive than allogeneic transplantation because stem cells from each patient will have to be tested. Using commercially available ASCs, we succeeded to engineer chondrocyte multilayer cell sheets, harvested and characterized after differentiation treatment, as well as osteoblast cell sheets [95]. Bone marrow stem cells were used to engineer osteoblast cells sheets, using a specific scaffold [104]. For our studies, we did not use a particular scaffold to engineer the cell sheets, but we focused on the use of specific culture media. Cell sheets were harvested mechanically, using forceps and PVDF membrane, in absence of enzymatic treatment or without using a specific surface. There are different advantages to using the cell sheet technology. For example, the extracellular matrix and the cell–cell connection are well preserved, increasing the cell adhesion for transplantation and the cell survival, respectively [105]. In addition, it is possible to compile different types of cell sheets to mimic a functional organ, improving then the curative properties of the cell sheet [106]. Another advantage is to directly target the cell sheet on the damaged area. Transplantation of the cardiac cell sheet was performed directly on the heart damaged area due to the heart failure [102]. More recently, in addition to the biological properties of the cell sheets, different physical/mechanical properties are studied that could be part of the release criteria of the cell sheet before transplantation, such as elasticity of chondrocyte or epithelial cell sheets and the strength of myocardial cell sheets [107,108].



Contrary to the injection of isolated single cells, it is not possible to precisely control the number of transplanted cells. However, while most of the injected isolated single cells disappear in a short time, leading to less efficient treatment of the disease (cf. Section 2.1 Injection of Singles Cells), all the cells from a sheet are targeted on the damaged area, and more than one cell sheet could be transplanted to increase the number of cells [102].




2.3. Biodistribution


Biodistribution after cells injection/transplantation is a major concern for the federal agencies, especially to determine if the cells could be a threat to a patient’s health on a long-term treatment. When medications are absorbed by the patients, the medications are distributed, metabolized, and excreted after a certain period of time [109]. On the contrary, stem cell treatments are expected to or could have a very long-term effect. The timeline for the pharmacokinetics (PK) of cell treatment is different from that of the drugs PK, and cells should be followed up for an extended period, estimated to a year’s level.



Different noninvasive technological approaches were developed to study the biodistribution of transplanted cell, depending on if the final goal is a short- or long-term treatment:



(a) Permanent genetic modification of the cells, which could jeopardize their natural functions as well as patient safety (wrong differentiation, tumorigenicity, ectopic proliferation, impairment of organs functions, etc.) is necessary for a long-term follow-up.



(b) Direct cell labeling was used in animal studies to track the cells after transplantation. However, the cell follow-up will be possible over a short period of time (days to weeks) for animal/human studies because the signal due to the marker used in the direct labeling will decrease by half at each cell division, which will not comply with federal agencies’ expectations. In addition, the detection of the marker will not demonstrate the cell viability.



We will not discuss the short-term follow-up in detail because the federal agencies focus on the long-term effect of cell transplantation. For short-term follow-up (days to weeks), cells could be labeled directly during the cell culture period with agents that can be detected with a noninvasive method. For example, cells could be incubated with a nontoxic superparamagnetic iron oxide particles (SPIO) dose, before their transplantation, and tracked using magnetic resonance imaging (MRI) [110]. Axolotl blastema cells, labeled with SPIO, were detected up to 84 days after transplantation in an Axolotl [110]. Other compounds for direct labeling, such as the 19F-perfluorocarbon, could be used for single cell tracking [111] but it could be more challenging when the goal is to label a multilayer cell sheet [112]. The decreasing rate of the tracker intensity signal is related with the frequency of cell division. It is expected that at each division, the signal will be decreased by half, and the signal might disappear in a short period of time because the survival rate of injected single cells is low. Another aspect of direct cell labeling is that the detection of the tracker does not reflect the cell viability and functionality, which is contrary to the genetic modification of the cells for long-term follow-up.



Even if federal agencies do not have specific guidelines for the follow-up and biodistribution on patients after cell transplantation, they strongly recommend a long-term follow-up during the animal preclinical studies (based on the animal lifespan) to determine if there is a risk or not for the patients during the clinical trials. For example, for transplantation of corneal-like cell sheets on patients with limbal stem cell deficiency, the average time of follow-up was 2 years, with a maximum of 7.5 years [113,114]. Different methodologies were developed to study cell migration and location, after their transplantation (Table 1). To follow up stem cells in small animals (i.e., rats or mice) after transplantation, genetic engineering and genetic modification of the cells with reporter genes can be used, but there are always questions and doubts about the modified stem cells safety after transplantation. In addition, the genetic modification could alter the function of the transplanted cells, and the outcome of the treatment could be different from the outcome obtained using unmodified stem cells. Small animal size allows to detect fluorescent proteins and luminescence [115,116,117]. However, for bigger animals (i.e., pig or dogs) or for human clinical trials, it will not be possible to detect the fluorescence or luminescence of the cells. An alternative was developed for a long-term follow-up in bigger animals or humans. Cells could be transfected with proteins that will modify compounds injected in the body, and that could be detected in big animals or patients. For example, the expression of thymidine kinase (HSC1-tk) in the stem cells is an approach that will phosphorylate the 18F-FEAU ([18F]fluoro-5-ethyl-1-beta-D-arabinofuranosyluracil) injected. The phosphorylated form of 18F-FEAU will be trapped in the cells and accumulate there [118]. The accumulation of 18F-FEAU in the cells will allow the long-term follow-up of the injected cells, and it is a proof that the injected cells are alive and functional. However, the expression of the herpes simplex virus thymidine kinase in cells could increase its cytotoxicity and trigger an inflammatory reaction [119]. In addition, the accumulation of the 18F-FEAU could be toxic for the cells and for the patients in the long term. Transferrin receptor was also used in stem cells to detect the accumulation of iron in the cells. Iron is an important metal for cell function, and it is transported in the cells and out of the cells when the levels of iron are too high. Overexpression of human transferrin in mouse neural stem cells showed an accumulation of extracellular iron in the cells [120]. Using magnetic resonance imaging, the authors showed that overexpressing transferrin receptor cells accumulate more iron than the nonmodified cells. The higher accumulation of iron in the cells shows their functionality. However, if the export of cellular iron is not controlled or sufficient, the high intracellular iron concentration could be harmful for the patient’s safety, because it is related with various pathologies [121].



At the best of our knowledge, there is no approved genetic cell modification to study over a long period of time the fate of the transplanted cells. Side effect of genetically modified cells will be a major concern that will require a large group of patients to determine the safety of the modifications. However, this approach has two advantages: it will be possible to have a long-term follow-up of the cells if the trackers are expressed by the cells and the cell viability could be confirmed.



Migration of injected isolated MSCs can be affected by different factors: adhesion molecules, chemokines, cytokines, and matrix metalloproteinases [142,143,144,145,146,147,148]. It is not clear, but injected MSCs must pass by the lung vascular system, and they are usually retained there for less than 24 h. It is not well reported, but the decrease of the cell number in the lung could be due to the low survival rate or by an extra migration in other organs [149]. The rate of clearance of the MSCs in the lungs was shown to be related to one factor at least: the nature of the membranous proteins. It was shown recently that the nature of the cell surface markers can influence the biodistribution of different types of MSCs. Umbilical cord MSCs are cleared much faster than the bone marrow MSCs, due to the nature of the proteins located at the cellular membrane [150]. As reported above, stem cells tend to aggregate and can clot blood vessels. In addition, MSCs express adhesion proteins that will increase their attachment to the membrane of the endothelial cells. For example, they express CD166 and CD105, which are considered as MSC markers. In addition, other adhesion molecules, such as VCAM-1 [147], ICAM-1 [148], and P-selectin [146], are expressed, and they play a role in the modulation of inflammation by the MSCs. Chemokines receptors are also important to guide MSCs migration towards damaged areas, and it could be used to determine the moment of cell injection to obtain the best curative effect from the injected MSCs [145].



For example, it was shown in many reports that injected MSCs migrate to inflammatory regions that are present in the body. However, when the inflammation is controlled and diminished, migration and differentiation of the MSCs are modified. Pretreatment of MSCs with a conditioned culture media from activated proinflammatory macrophages increased the migration and the attachment of MSCs, in vitro. However, when the MSCs are pretreated with a conditioned culture media from anti-inflammatory macrophages, MSCs have a higher capability to differentiate into osteoblasts and regenerate a bone [151]. As mentioned in the introduction, MSCs tend to migrate more and also to migrate to the inflamed area [152]. This MSC characteristic could be used if the patients need to have an inflammatory reaction decreased or to treat autoimmune reactions [153]. Many clinical trials are conducted over the world to treat inflammation with MSCs, but there is only one stem cell therapy approved in the USA, by the FDA, to treat patients having blood production problems. For the past year, recent studies have been working and testing on using MSCs for COVID-19 treatment, based on MSC/MSC extracellular vesicles anti-inflammatory properties [154,155,156]. However, in other cases, the inflammatory reaction could decrease the efficacy of the MSC treatment. For example, corneal epithelial cell sheets were developed using oral mucosal epithelial cells, and it was reported that to increase the chance of successful transplantation, it is recommended to control the inflammation on the cornea [157].



In addition, it is very important to notice that the cell culture conditions will affect the MSC phenotype [158,159], and the age of the MSC donors can also influence the migration properties of the injected MSCs [81]. Because the phenotype/behavior varies among different MSCs, it is strongly recommended by the FDA to use the MSCs for animal studies as they were manufactured as for clinical trials, to estimate their behavior and the regenerative properties during the clinical trials.



In summary, there is no existing methodology for a noninvasive long-term follow-up of transplanted cells on patients. The only alternative is to ensure that there is no difference between the transplanted patient group with the nontransplanted group on tumor formation rate, impairment of organ functions, and the adverse and severe adverse events. From necropsies or from biopsies, potential approaches to detect the transplanted cells could be as follows: usage of cells from the opposite gender, or long-term follow-up of the animals/patients to ensure that the rate of tumor formation is similar between all groups.





3. Cryopreservation of the Cell Sheets


In parallel with building organ banks [160], the cryopreservation of adult stem cells is increasingly prevalent around the world, anticipating the future needs for adult stem cells for research and also for patients’ cell therapy [161,162]. The production of organ-based stem cells must be well controlled and regulated, in GMP (Good Manufacturing Practices) facilities, based on well-controlled and defined stem cells banks. In the 21st century, cell-based therapies are growing exponentially, leading to the development of methodologies to target the cells on the damaged organs. There are different methodologies to engineer organ-based stem cells and to target them on injured organs: seeding and growing of stem cells on scaffolds [163], 3D printing [58], decellularized organs [164], and cell sheet [165]. As for the organs that must be discarded after a short period of time, those organ-based stem cells must be discarded if they are not used rapidly, but this problem could be overcome if the cell-based organs could be vitrified and stored for a long term in nitrogen liquid.



Cryopreservation was first used to freeze cells, to build cell banks for laboratory purposes but also to create banks of spermatozoids and oocytes for in vitro fecundation purposes [166]. To preserve the functionality and properties of the cells, cryoprotective agent (CPA) were used at different concentrations [167,168]. Indeed, during the freezing steps and in the absence of CPA, ice forms into the cells and damages the cells. To avoid intracellular ice formation, CPA agents such as dimethyl sulfoxide, ethylene glycol, and butanediol must be added to the freezing solutions [169,170]. This methodology is called vitrification, a process that decreases the ice formation in vivo freezing biological samples. The development of this methodology started to be used for organs banking, as the shortage of organs for transplantation is a serious problem in the medical field [171]. In the USA, the waiting list for transplant increased by 160 patients a day, but only 95 transplantations take place every day (source: https://optn.transplant.hrsa.gov/, accessed on 30 January 2014), with an average death rate of 20 patients in the waiting list per day (source: https://www.americantransplantfoundation.org/, accessed on 30 January 2014). [172]. Furthermore, there is a high chance of wasting donated organs if the patient does exist at the same time, causing unused organs to be discarded [173].



Different approaches were then developed to preserve the organ’s function before the transplantation. The first one was to preserve the organs at body temperature, using machine pumps [174]. This approach reduced the production of toxic compounds by the organ and the accumulation of reactive oxidant species that damage the cells [172,174]. The second protocol was to preserve the organs in a cold storage. Cold storage led to ischemia/reperfusion-related damages during the reperfusion of the organs. In addition, the organs can only be stored for a very short period, up to 24 h for livers and kidneys [175]. To overcome the injuries due to ischemia/reperfusion and the short preservation time of the organs, laboratories started to develop techniques to completely freeze the entire organ. To reach this goal, high concentrations of cryoprotective agent (CPA) are used, making the solutions around the cells and in the cells viscous. The first organ cryopreservation was done by Dr. Karow Jr., in 1961, when he cryopreserved a functional heart with glycerol [176]. Other organs were cryopreserved after this first experiment. For example, in 2002, Van Den Broecke et al. cryopreserved human ovaries and grafted them back into nude mice. Injection of follicle-stimulating hormone induced the release of primary and secondary follicles, indicating that the human cryopreserved ovaries were fully functional [177]. The protocols are still under development, and no standard vitrification protocol is used in the medical field. However, tremendous efforts are put into developing organs cryopreservation technology. The accumulated knowledge of organ cryopreservation was transferred recently in the cryopreservation of stem cell-based cell sheets.



Stem cell-based therapy is a new approach to treat diseases or damaged organs that can have a significant high impact on the patient’s life. Different techniques were developed to target the cells on the damaged organ’s area: simple injection, or the use of scaffolds to directly graft the cells on the organs, or by using a thermoresponsive surface to harvest cell sheets [89,178]. Cell sheets technology is an exciting approach to graft the cells directly on the damaged organs. This cell-based therapy preserves the cell–cell interaction, their physiological activities, and the extracellular matrix produced by the cell sheets [165]. The cell–cell interaction and physiological activities are sensitive cell parameters that must be preserved to maintain the cell sheet functionality. Preservation of the extracellular matrix is an important parameter to the cell sheet, not only to maintain its polarity, but also to decrease the necessity of suture to graft the cell sheet on the tissue [179].



As for the organs preserved in cold or warm ischemia conditions for transplantation, cell sheets should be used immediately to treat the patients. As for many biological living products based on cells, the shelf life of the products can be short, especially if the cells are still in proliferation. It is then necessary to deliver the final product to the patients as soon as possible, but it is not always possible. The shipping logistics can be very complex and difficult for a rapid delivery while preserving the product’s curative properties. Our laboratory did not test the shelf lifespan of the cell sheets, but it can be hypothesized that the lifespan can be short, especially if the culture media is not replaced (such as during the shipping conditions). Sipuleucel-T by Dendreon Corporation, Inc. is an FDA-approved cell-based cancer immunotherapy for prostate cancer. If Sipuleucel-T is left at room temperature for more than 3 h, Sipuleucel-T cannot be used for patient treatment and must be discarded [180]. Each cell-based therapeutic product has its own shelf lifespan, and it will define the shipping/timing for transplantation on patients. Our hypothesis is based on the nature of culture media that is used for engineering and maintaining the cell sheets. Fully prepared culture media can be stored at 4 °C, for at least 1 month, depending on the composition of the culture media. However, when the culture media is placed at 37 °C, the lifespan of the culture media decreases rapidly (L-glutamine half-life in solution at 37 °C is 6 days (source Sigma-Aldrich). Overculturing the cell sheet could lead to a change in the phenotype, a modification of their curative properties, and a higher chance of mutations that could be a threat for the patients. In addition, if the cell sheets must be transported or shipped over a long distance, the cells sheet will consume the culture media nutrients, leading to an acidification of the culture media due to the oxidative metabolism. If the transport is prolonged, the culture media cannot be replaced during the transport. The acidification and impoverishment in nutrients of the culture media could damage the cells and lead to cell death. Even if the transport of the cell sheet is well prepared, random events could delay the shipment, as occurred recently in February 2021, when more than half of the USA was hit by extremely cold weather, disturbing the normal lives of humans, including shipment, transport, power supplies, and accessibility of the surgery’s facilities for the patients and for the surgeons. Moreover, if the cell sheets are ready for transplantation but it is not possible to transplant for any reason, cryopreservation of the cell sheets is the only known approach for long-term storage and preservation. The knowledge of the cell sheet’s cryopreservation is still at the dawn of this technology, and additional work is required to improve and perfect the technology. To the best of our knowledge, there are only five publications reporting the vitrification of cell sheets [95,181,182,183,184], and very few publications are discussing the transport of the cell sheets to the clinics [185]. Among the five publications, two publications reported the preservation of the vitrified cell sheet curative properties and three of them showed the maintenance of cell sheet morphology and the expression of few proteins. However, none of these studies reported the potential cell sheet stress due to the vitrification process.



Cryopreservation of tissues results in the modification of the gene expression due to the cold storage, thawing process, and the use of cryoprotectant agents. Cryoprotectant (CPA), used in the cryopreservation of single cells, is accompanied by the modification of gene expressions. In a complex biological structure, the expression of the genes, such as fatty acid binding protein 5 (Fabp5), fructose-1,6-bisphosphate 1 (Fbp1), and T-box 20 (Tbx20), were decreased in cryopreserved mouse blastocyst [186]. The authors concluded that the slow freezing methodology, compared to the vitrification method, was inducing most of the changes in the gene expression. On the contrary, a similar study with sheep blastocyst reported that the vitrification methodology affected more genes than the slow freezing did [187]. The cryopreservation of the cells not only modifies their phenotype as mentioned above, but it has also an effect on the energy deprivation, decrease of the cellular pH, disorganization of the cytoskeleton (cytoplasmic and nuclear), which can modify the gene expression [70,188], and production of reactive oxygen species, which can induce cell injuries (lipid peroxidation, DNA damage, DNA mutations, and apoptosis) [189,190,191,192,193,194,195]. Sperm and oocytes are the most common cryopreserved cells, but even with a long experience and practice in this field, it is still very challenging to vitrify them [196]. For example, an increase of the global DNA methylation in horse semen, during their cryopreservation, could be one factor explaining the low fertility rate of insemination [191]. Modification of the DNA methylation pattern of cells and cell sheets, during the freezing/thawing steps, could affect any gene controlling tumorigenicity [197]. In porcine blastocysts, the expression of IGF2 and IGF2R were downregulated by the vitrification process, but their expression was like that of nonvitrified cells, in the presence of ethylene glycol [198]. The DNA methylation pattern of those two imprinted genes was not studied in the vitrified cell sheets, but the alteration of the gene imprinting, during the cryopreservation/thawing steps, could affect their expression and causes diseases in a long term [199,200,201,202,203]. Additional work on durable epigenetic modification should be conducted to improve the cryopreservation/thawing methodology.



In the field of cell sheet cryopreservation, very few publications and data are available [181,182,183,184,204]. Ohkawara et al. vitrified cardio-cell sheets and stored them in nitrogen liquid from 2 days to 3 months, without affecting the cell sheet morphology on a macroscopic level, and their cell therapy function, after transplantation on the heart. The improvement of the heart function was similar between the fresh and the cryopreserved cell sheets [182]. Even if there is no difference in the cell viability between fresh and vitrified cell sheets, the authors reported a significant increase of the apoptotic level in the vitrified group [182]. In addition, the vitrification process increased the expression of VEGF, HGF, and SDF-1 mRNA, and decreased the expression of mt-ND1 and mt-ATP6. The expression of those genes was measured after the thawing process. However, their expression was not analyzed a few days after their thawing, and their level of expression could have been the same as the level of expression of fresh cell sheets. Indeed, Cordeiro et al. reported that the expression of stress genes increased during the first 24 h after the cells were exposed to ethylene glycol [205]. The expression of the genes returned to partial normal level 72 h after removing the ethylene glycol [205], which could be the case after cell sheet thawing.



The preservation of the biological samples after their cryopreservation depends also on the warming/thawing methodology. During the warming process, the formation of ice crystals can damage the cell integrity, and then the function of the biological sample. The rate of temperature changes during the warming period must be optimized depending on the tissue [206,207].



The objective of the cell sheet vitrification is to build a bank of the cell sheets and transplant them, after the thawing test. Because of the low immunogenicity of the MSCs, this methodology will allow to have a large bank of cell sheets, available in a very short time for the patients, for allogeneic transplantation. Vitrified human myoblast cell sheets had a similar curative effect on the heart after their transplantation on mice. This not only means that the cell sheets maintained their curative properties, but also shows that xenogeneic transplantation with stem cells can be performed and by consequence, allogeneic transplantation is possible [182]. Because cell sheet therapies are a recent medical treatment, we do not have long-term experience on the potential harm of cryopreserved cell sheets after transplantation, and further studies are required to improve new cryopreservation and thawing protocols [208,209,210].




4. Conclusions


Engineering cell sheet with mesenchymal stem cells is a very important branch in the field of the regenerative medicine, which has been growing for the past 20 years. In addition to the use of the cell sheet for cell therapy, numerous other applications could be used (Figure 1):




	
Formation of complex tissue, by stacking different type of cell sheets [1];



	
Gene therapy [211,212,213];



	
Drug high-throughput screening [214];



	
Engineering decellularized cell sheets [215,216].
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Figure 1. (Left) Summary of the multiple applications for cell sheets. (Right) Scheme showing potential use of cell sheet. Cell sheet or stacked cell sheets (same or different type of cell sheet) can ship directly to the clinic, or they can be vitrified to build a cryobank of cell sheets, before being used for a patient’s transplantation. 
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Table 1. Summary of goals and methodologies for in vivo tracking [110,122,123,124,125,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141]. SPIO: superparamagnetic iron oxides; 111lnOc: (111)In-oxine; 18F-FDG: [fluorine-18]fluoro-D-glucose; 64Cu-PTSM: 64Cu-pyruvaldehyde-bis(N4-methylthiosemicarbazone); RFP: red fluorescent protein; GFP: green fluorescent protein; Fluc: firefly luciferase; Rluc: renilla luciferase; NIS: sodium iodide symporter; HSV1-TK: herpes simplex virus type 1–thymidine kinase; D2R: Dopamine type 2 receptor.
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Method

	
Labelling Method

	
Detection Depth of the Signal (In Vivo)

	
Invasive Method

	
Detection of Living Cells

	
Safe Methodology For Patients

	
Animal Size

	
Data Acquisition Time

	
Reference






	
Direct Cell Visualization

	
Ultrasound

	
Incubation

	
Whole body

	
No

	
Can’t be determinated

	
Yes

	
Any Animal

	
Minutes/Hours

	
[125,126]




	
MR Fluorescent (X-ray Fluoresence)

	
Incubation

	
Whole body

	
No

	
Can’t be determinated

	
Yes

	
Any Animal

	
Minutes/Hours

	
[122,132,135]




	
Direct Cell Labelling

	
Fluorescence (e.g., quantum dots, fluorophores)

	
Incubation

	
2–3 mm

	
No

	
Can’t be determinated

	
Potentially Toxic

	
Small Animals

	
Secondes/Minutes

	
[133,139]




	
MRI (e.g., SPIO)

	
Incubation

	
Whole body

	
No

	
Can’t be determinated

	
Possible Iron Toxicity Harm

	
Any Animal

	
Minutes/Hours

	
[110]




	
SPECT (e.g., 111InOx)

	
Incubation

	
Whole body

	
No

	
Can’t be determinated

	
Potential Radioactive Harm

	
Any Animal

	
Minutes

	
[138]




	
PET (e.g., 18F-FDG, 64Cu-PTSM)

	
Incubation

	
Whole body

	
No

	
Can’t be determinated

	
Potential Radioactive Harm

	
Any Animal

	
Minutes

	
[124,129]




	
Genetic Modification of the Cells for Cell Detection

	
Fluorescence (RFP, GFP)

	
Stable Transfection

	
Less than 1 cm depth

	
No

	
Can’t be determinated

	
Potential Cell Toxicity

	
Small animals

	
Seconds/Minutes

	
[131,134]




	
Bioluminescence (Fluc, Rluc)

	
Stable Transfection + Probe injection

	
Less than 3 cm depth

	
No

	
Cells are alive

	
Yes

	
Small animals

	
Seconds/Minutes

	
[123,135]




	
SPECT (NIS, somatostatin)

	
Stable Transfection + Probe injection

	
Whole body

	
No

	
Cells are alive

	
Potential Radioactive Harm

	
Any Animal

	
Minutes

	
[127,137]




	
PET (HSV1-tk, D2R)

	
Stable Transfection + Probe injection

	
Whole Body

	
No

	
Cells are alive

	
Potential Radioactive Harm and Potential Immunoreactivity with TK

	
Any Animal

	
Minutes

	
[140,141]




	
MRI (Transferrin, Ferritin, Tyrosine)

	
Stable Transfection + Probe injection

	
Whole body

	
No

	
Cells are alive

	
Possible Iron Toxicity Harm

	
Any Animal

	
Minutes/hours

	
[128,130]
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