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Abstract

:

Adipose-derived stem cells (ASCs) have been increasingly used as a versatile source of mesenchymal stem cells (MSCs) for diverse clinical investigations. However, their applications often become complicated due to heterogeneity arising from various factors. Cellular heterogeneity can occur due to: (i) nomenclature and criteria for definition; (ii) adipose tissue depots (e.g., subcutaneous fat, visceral fat) from which ASCs are isolated; (iii) donor and inter-subject variation (age, body mass index, gender, and disease state); (iv) species difference; and (v) study design (in vivo versus in vitro) and tools used (e.g., antibody isolation and culture conditions). There are also actual differences in resident cell types that exhibit ASC/MSC characteristics. Multilineage-differentiating stress-enduring (Muse) cells and dedifferentiated fat (DFAT) cells have been reported as an alternative or derivative source of ASCs for application in regenerative medicine. In this review, we discuss these factors that contribute to the heterogeneity of human ASCs in detail, and what should be taken into consideration for overcoming challenges associated with such heterogeneity in the clinical use of ASCs. Attempts to understand, define, and standardize cellular heterogeneity are important in supporting therapeutic strategies and regulatory considerations for the use of ASCs.
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1. Types and Functions of Adipose Tissues


Adipose tissues play a pivotal physiological role in maintaining metabolic homeostasis in the body. White adipose tissue (WAT) stores excess energy in the form of triglyceride and is an endocrine organ that secretes adipokines. Adipocytes contain lipid droplets that store triglyceride, and they constitute approximately one third of the cells within adipose tissues [1]. Other cell types include adipose-derived stem cells (ASCs), preadipocytes, fibroblasts, endothelial cells, and immune cells [1,2]. ASCs become preadipocytes and subsequently differentiate into mature adipocytes via adipogenesis that itself involves activation of peroxisome proliferator-activated receptor gamma (PPARγ). Anatomically separated WAT depots, namely subcutaneous WAT (S-WAT) and visceral WAT (V-WAT), are known to be functionally distinct. S-WAT expands to store excess lipid, thus preventing ectopic lipid disposition and organ damage, while the main function of V-WAT is to cushion and protect the visceral organs [1,3]. On the other hand, brown adipose tissue (BAT), found in the cervical–supraclavicular region of the neck, perirenal/adrenal and paravertebral regions in adult humans, and the interscapular region in rodents [4,5], plays a significant role in thermogenesis via the actions of uncoupling protein 1 (UCP1). Interestingly, clusters of adipocytes within WAT can be induced via cold exposure or beta-adrenergic stimulation to become thermogenic beige adipocytes via a process described as “browning” [6].




2. Adipose Tissue as Source of Stem Cells


Contrary to the embryonic stem cells found in the inner cell mass of blastocyst, postnatal stem cells or adult stem cells, such as mesenchymal stem cells (MSCs), can be found in almost all postnatal organs and tissues, most notably in bone marrow, WAT, amniotic fluid, dental tissues, blood, placenta, skin, synovial fluid, and Wharton’s jelly [7,8]. The discovery of adult stem cells in WAT is of biological and clinical significance. The first characterization of these cells, isolated from the human lipoaspirates, was reported about two decades ago in 2002 [9,10]. These adult stem cells, which Zuk et al. named as processed lipoaspirate (PLA) cells, are ASCs that exhibit the properties of MSCs [9]. The high abundance of ASCs in the WAT [11] and easy accessibility of S-WAT beneath the skin are obvious advantages of S-WAT over conventional bone marrow and other tissues, especially when it comes to a reliable, safe, and feasible source of MSCs for tissue engineering and regenerative medicine [7]. The focus of this review will be on human adipose tissue as a source of stem cells that meet the current definition of MSCs.




3. Terminology and Definition


By the convention of the International Society for Cell and Gene Therapy (ISCT) in 2006, the abbreviation “MSCs” should be used for multipotent “mesenchymal stromal cells” that are (i) plastic-adherent in the standard cell culture condition, (ii) able to demonstrate trilineage mesenchymal differentiation into osteoblasts, adipocytes, and chondrocytes in vitro, and (iii) CD73+, CD90+, CD105+, CD11b− or CD14−, CD19− or CD79α−, CD34−, CD45−, and HLA-DR− in their cell surface immunophenotype [12]. The ISCT reiterates that the term “mesenchymal stem cells” should only be used if there is rigorous functional evidence in vitro and in vivo to demonstrate the stemness of the isolated cells, namely the ability to self-renew or proliferate and differentiate [13].



Names and abbreviations that have been used for the MSCs isolated from adipose tissue include PLAs, adipose-derived adult stem (ADAS) cells, adipose-derived stromal cells (ADSCs), adipose mesenchymal stem cells (AdMSCs), and lipoblasts. To address the confusion over terminology, the International Federation for Adipose Therapeutics and Science (IFATS) has proposed “adipose-derived stem cells (ASCs)” as the standard nomenclature [14]. In 2019, the ISCT suggested the term “adipose tissue-derived MSCs” (AD-MSCs), thus recommending that the tissue-source origin should be a part of the MSC nomenclature [13]. The term “ASCs” is used in this review.



The revised statement published by the IFATS and the ISCT in 2013 proposed that the freshly isolated uncultured adipose stromal cell population, containing native ASCs, is characterized as CD45−, CD235a−, CD31−, and CD34+ cells. Additional positive markers that can be considered for characterization purposes are CD13, CD73, CD90, CD105, CD10, CD29, and CD49 [2]. After culture, ASCs are CD45−, CD31−, CD73+, CD90+, CD105+ and/or CD13+, and CD44+. Suggested additional positive markers are CD10, CD26, CD49d, and CD49e, while low or negative markers include CD3, CD11b, CD49f, CD106, and podocalyxin-like protein (PODXL). In contrast to bone-marrow-derived MSCs (BM-MSCs) that are CD36− and CD106+, cultured ASCs are CD36+ and CD106− [2]. The cell surface immunophenotype should be coupled with a proliferation assay (e.g., a fibroblastoid colony-forming unit (CFU-F) assay) and trilineage mesenchymal differentiation assays to complete cell identification [2].



It is noteworthy that, in 2006, CD34 was specified as a negative marker for MSCs by the ISCT convention [12]. Bourin et al. recommend the use of class III CD34 antibodies for cell surface immunophenotype characterization [2]. It is known that the expression of CD34 is dependent on the culture condition, donor, and passage [2,7,13]. A systematic review by Mildmay-White and Khan shows that ASCs from adult humans are commonly reported to be CD90+, CD44+, CD29+, CD105+, CD13+, CD34+, CD73+, CD166+, CD10+, CD49c+, CD59+ and CD31disagreements over −, CD45−, CD14−, CD11b−, CD34−, CD19−, CD56−, and CD146−, with the expression of CD31, CD34, CD117, and STRO-1 [15].




4. Stromal Vascular Fraction (SVF)


S-WATs are commonly harvested by Coleman’s technique (manual harvest of fat aspirated with a blunt cannula and a syringe), machine-assisted liposuction, and surgical resection. The choice of harvesting techniques affects cell viability and consequently the yield of ASCs [16,17]. The harvested WAT can be used with minimal processing for autologous fat grafting in aesthetic and reconstructive procedures, which include correction of contour abnormalities, breast reconstruction, and cosmetic procedures [17,18]. Alternatively, WAT may be further processed for ASC isolation.



The first step in the isolation of ASCs from WAT involves the separation of adipocytes from the remaining adipose cells of the SVF (Figure 1). This is typically achieved by collagenase digestion of WAT and centrifugation to separate the floating adipocytes from the pelleted SVF [19]. To comply with current good manufacturing practices (cGMPs), closed, sterile, and safe isolation processes have been developed. They can involve enzymatic or mechanical procedures to release the cellular components using an automated closed device [20] or a cost-effective protocol alternative to automated methods [21].



The SVF is a mixed population of stromal cells (comprising ASCs, preadipocytes, and fibroblasts), CD45+ hematopoietic-lineage cells (comprising hematopoietic stem and progenitor cells, granulocytes, lymphocytes, monocytes/macrophages, and CD45− CD235a+ erythrocytes), CD146+ pericytes, CD31+ endothelial cells, and smooth muscle cells [2]. Freshly isolated SVF can be used directly without the need for further cell separation and in vitro expansion. This has been shown to be advantageous due to the desired synergistic contribution by the various stromal vascular components. That said, they are known to cause immunological rejection and therefore restrict SVF to use in mainly autologous treatments [22,23].



ASCs constitute as much as 1% of SVF cells compared with the 0.001–0.002% of BM-MSCs in bone marrow [11]. Erythrocytes are usually removed using a lysis buffer with the standard protocol [19]. ASCs in the SVF can be selectively enriched by plastic adherence incubation, immunomagnetic separation or flow cytometry cell sorting, and in vitro cell culture expansion. However, isolation of ASCs can be hampered by challenges in separating ASCs from other cell types that have a similar cell surface immunophenotype and similar cell culture properties, notably preadipocytes and fibroblasts. The removal of contaminating preadipocytes and fibroblasts prevents the dilution or loss of ASCs in the culture for use in regenerative medicine.



The unipotent PPARγ-expressing preadipocytes are CD54+ in human S-WAT and committed to differentiation into adipocytes [24]. The multipotent CD26+ ASCs within the SVF are highly proliferative [24] and enriched through cell culture passaging. Fibroblasts are often co-isolated from the WAT and they can rapidly overgrow ASCs in culture. The two cell types share a spindle-like morphology when they adhere to plastic. Fibroblasts have been reported to express the putative ISCT MSC surface markers [25,26,27]. Alt et al. reported that fibroblasts lack the differentiation and colony-forming potential of MSCs, despite them expressing the MSC cell surface immunophenotype [28], whereas the study by Denu et al. showed that fibroblasts are phenotypically indistinguishable from MSCs in terms of differentiation potential and immunoregulatory properties [26]. Fibroblasts have even been proposed to be practical alternatives to MSCs in regenerative medicine due to the shared properties between the two cell types [29]. In the ongoing search for molecular signatures that distinguish fibroblasts from ASCs or MSCs in general, novel surface markers, e.g., transmembrane 4 L6 family member 1 (TM4SF1), CD146, CD166 (predominantly expressed on MSCs) [27,30,31], and CD9 (predominantly expressed on fibroblasts) [31], the epigenetic signature [32], and the secretion profile of specific growth factors [33] have been proposed.




5. ASCs in Regenerative Medicine


In regenerative medicine, autologous or allogeneic ASCs have been employed in clinical trials to treat conditions such as lipoatrophy, muscular dystrophy, liver cirrhosis, myocardial infarction, stroke, spinal cord injury, graft-versus-host disease (GVHD), osteoarthritis, Crohn’s disease, and cancer [34,35]. Like other MSCs, ASCs can differentiate into cells of mesodermal (osteoblasts, adipocytes, and chondrocytes), endodermal (hepatocytes, pancreatic β cells), and ectodermal (neurons) origin upon in vitro induction [36]. Differentiation of ASCs to the specialized cells of interest enables the replacement of damaged, diseased, and defective cells and tissues. In addition, ASCs secrete an array of angiogenic, anti-apoptotic, and hematopoietic factors that facilitate tissue repair and regeneration via autocrine and paracrine actions. ASCs also secrete anti-inflammatory or immunosuppressive factors and exert immunomodulatory effects in the cell therapy of GVHD, autoimmune diseases, and inflammatory diseases [35,37]. ASCs release exosomes and other extracellular vesicles that carry bioactive cargo (such as proteins, lipids, DNA, mRNA, micro-RNA, tRNA, and noncoding RNA) with immunomodulatory and regenerative properties [38,39]. ASC-derived exosomes and conditioned media are promising cell-free therapeutic approaches in regenerative medicine [38]. To further enhance ASC function for use in regenerative medicine, ASCs are also pre-conditioned with bioactive molecules, genetically modified, and grown in three-dimensional aggregates and hypoxic culture [40].



A major hurdle in the evaluation of pre-clinical studies, clinical trials, and eventual clinical translation is the lack of standardization of ASCs. Cellular heterogeneity can occur due to: (i) nomenclature and criteria for definition, which have been largely standardized by the IFATS and the ISCT; however, a more precise definition with a specific molecular signature is still needed; (ii) the adipose tissue depot (e.g., S-WAT versus V-WAT) from which ASCs are isolated; (iii) donor and inter-subject variation (age, body mass index, gender, and disease state) [41]; (iv) species difference; and (v) study design (in vivo versus in vitro) and tools used (e.g., antibody isolation and culture conditions).




6. ASCs from Separate Adipose Tissue Depots


It is widely recognized that ASCs that meet the current ISCT criteria for MSCs are still heterogeneous in function and immunophenotype despite expressing the putative MSC cell surface markers. These biological properties of ASCs are dependent on the source of adipose tissue from where they are derived, namely the anatomical location of the adipose depot within a human subject. Depot-dependent cellular difference can be attributed to the inherent diversity of ASCs alongside epigenetic memory, which is due to the variable cellular composition and microenvironment in adipose tissues across separate depots. This depot-dependent cellular difference is retained in expanded ASCs in cell culture conditions. The choice of adipose depot as the source of ASCs can be determined by the intended application in regenerative medicine.



The S-WAT is the most common and clinically practical source of ASCs. Iwen et al. compared subcutaneous ASCs (S-ASCs) isolated from gluteal and abdominal S-WATs and showed that gluteal S-ASCs exhibited higher adipogenic and osteogenic differentiation potential than abdominal S-ASCs [42]. Interestingly, di Taranto et al. found that SVF and S-ASCs isolated from the superficial layer—which is separated by superficial fascia from the deep layer of abdominal S-WAT—exhibited higher viability, stemness marker expression, and adipogenic and osteogenic potential than those from the deep layer [43].



Studies that compared S-ASCs with donor-matched visceral ASCs (V-ASCs) isolated from omental [44,45,46] and retroperitoneal [47] V-WAT depots reported depot-dependent variability in the yield, viability, immunophenotype, proliferation, differentiation potential, secretome, and gene expression profiles of the ASC populations. The S-WAT and V-WAT have different roles in metabolic homeostasis [3,6] and differ in their developmental origins [48,49]. Isolated ASCs retain inherent depot-dependent cellular characteristics. Kim et al. reported upregulated clusters of genes related to lipid biosynthesis and metabolism in retroperitoneal V-ASCs, whereas abdominal S-ASCs highly expressed genes relevant to DNA-dependent transcription, and thus contributed to proliferation [47]. A notable functional difference is that cultured abdominal S-ASCs differentiate better than omental and retroperitoneal V-ASCs in response to in vitro adipogenic stimuli [44,45,47]. These ASCs also exhibit a depot-dependent cell surface immunophenotype with a predominant expression of CD10 and CD200 in the abdominal S-ASCs and omental V-ASCs, respectively [44]. CD10 expression correlated positively with ASC adipogenic potential; this is consistent with the notion that the S-WAT can effectively increase its lipid-storing capacity by hyperplasia of adipocytes [44,50]. Being high in CD200 expression, omental V-ASCs differentiate better than S-ASCs in response to in vitro osteogenic induction, suggesting that CD200 can be a potential osteogenic marker that regulates osteogenesis [44,45]. This is consistent with the finding by Kim et al. that reported higher osteogenesis in BM-MSCs transfected with CD200 [51]. V-WAT expansion underlying pathological obesity is associated with inflammation [3]. At the cellular level, omental V-ASCs secrete higher levels of inflammatory cytokines, such as interleukin-6, interleukin-8, and tumor necrosis factor α, relative to abdominal S-ASCs [46]. In addition, S-ASCs and omental V-ASCs are also known to vary in their exosome contents [52].



ASCs have also been isolated from non-conventional depots, such as mediastinal [53] and pericardial adipose tissue in the intrathoracic compartment [45] and perirenal adipose tissue in the visceral compartment [54]. These adipose tissues resemble WAT in appearance but possess the characteristics of beige or BAT [5,39,55]. Jespersen et al. reported widespread amounts of dormant BAT, identifiable by multilocular brown adipocytes, among WAT throughout the perirenal depot, especially near the adrenal gland [55]. For example, pericardial ASCs differentiate better than omental V-ASCs in response to in vitro adipogenic stimuli [45]. Silva et al. demonstrated that mediastinal ASCs expressed the putative MSC surface markers and were capable of trilineage mesenchymal differentiation. However, they also expressed BAT-specific genes, such as PRDM16, UCP1, IRS2, and NRF1, and differentiated into metabolically active brown adipocytes that could potentially be used for the treatment of obesity and related metabolic disorders [53]. From a clinical translational perspective, the potential use of these ASCs is restricted by the limited availability and accessibility of the relevant adipose tissue depots. ASCs have also been isolated from solitary subcutaneous lipoma, a benign adipose tissue tumor, and they show putative MSC phenotypes [56].




7. ASCs from the Same Adipose Tissue Depot


Cellular heterogeneity exists even among the ASCs isolated from the same adipose depot. Cultured ASCs from the same source can be further sorted by cell surface immunophenotype into subpopulations with a distinct differentiation potential into the cell type of interest [57]. Interestingly, González-Cruz and Darling demonstrated that an immunolabel-free approach could be employed to sort ASCs into subpopulations with a variable propensity to differentiate into adipocytes, chondrocytes, and osteoblasts, based on the elastic and viscoelastic properties of ASCs [58]. The presence of ASC subpopulations may be due to cells with distinct inherent characteristics and developmental origin, as well as a temporal stem cell phenotype at different stages of growth and acquired variation due to isolation procedures and culture conditions in vitro.



The developmental origin of ASCs is still unclear, but at least a subset of ASCs originate from CD146+, neuro-glial proteoglycan 2 (NG2)+, CD140β+ pericytes, or vascular precursor cells within the blood vessels [7,59]. Analysis of single-cell-derived ASC clones revealed that 81% of the clones differentiated into at least one of the following cell types: osteoblasts (48%), chondrocytes (43%), adipocytes (12%), and neuron-like cells (52%) at passage 4, highlighting the presence of inherently diverse subpopulations [60]. Single-cell RNA sequencing (scRNAseq) identified a CD26+ CD55+ ASC subpopulation that displayed enhanced cell survival, stemness, proliferative, and colony-forming potential as compared with the unsorted parent ASC population [61]. A subpopulation within omental V-ASCs with characteristics of beige preadipocytes has also been uncovered by scRNAseq [62].



Isolated SVF containing ASCs is commonly maintained in an adherent in vitro cell culture for at least two weeks, with two or three passagings at 80% confluence to enrich and expand ASCs with putative MSC phenotypes [19,63]. A significant difference in differentiation potential, secretome, and gene expression has been reported between ASCs enriched by cell culture and an uncultured ex vivo ASC population freshly isolated from SVF by immunomagnetic separation [63]. Culture duration and passage number can result in selective enrichment of certain subpopulations and/or a time-dependent phenotypic change in ASCs, as is evident from the dynamic change in cell surface immunophenotype with passaging [7,64]. Iminitoff et al. reported an increased expression of miR-31, which is a general inhibitor of differentiation, and a decreased expression of pro-adipogenic miR-378 with culture duration [65]. ASCs at higher passage numbers are associated with senescence, decreased proliferation and differentiation potential [63,66], as well as an increased incidence of genetic abnormalities [67]. Jeske et al. found that ASCs were less susceptible to culture stress relative to BM-MSCs. An increased secretion of pro-inflammatory cytokines and decreased secretion of anti-inflammatory cytokines was observed after extended culture expansion of ASCs [68].



There is no standardized isolation procedure and culture protocol for ASC expansion. As reviewed by Baer and Geiger, the variables in culture conditions due to the difference in basal medium composition, glucose concentration, serum and growth factors, oxygen supply, coating of culture dishes, cell density, subculturing method, and cryopreservation could have a significant impact on the phenotype of the ASCs in vitro [7,69]. Ahearne et al. reported that basal media with fibroblast growth factor 2 (FGF2) decreased adipogenic potential, while high-glucose basal media with FGF2 increased the osteogenic potential of S-ASCs at passage 4. Supplementation of basal media with FGF2 promoted chondrogenesis [70]. ASCs are conventionally cultured under normoxic conditions (21% O2), but oxygen levels within tissue are generally much lower. ASCs cultured under hypoxic culture conditions (1–2% O2), which mimic the in vivo environment, have been reported to exhibit reduced CD105 expression [71], an increased proliferation rate [72], and increased adipogenic [73], chondrogenic [72], and osteogenic potential [73,74] compared with ASCs cultured under normoxic conditions.




8. Multilineage-Differentiating Stress-Enduring (Muse) Cells


Muse cells were initially isolated from BM-MSCs, bone marrow aspirates, skin fibroblasts [75], and adipose tissue [76] through the application of severe cellular stress, namely long-term exposure to trypsin or collagenase, serum deprivation, low temperatures, and hypoxia; hence, Muse cells are described as stress-enduring. It is known that Muse cells can be isolated from cultured ASCs based on the positive expression of embryonic stem cell surface marker SSEA3 and MSC marker CD105 [77,78]. The CD90+, CD105+, and SSEA3+ Muse cells accounted for 3.8–8.8% of the cultured ASCs [77]. Muse cells form characteristic cell clusters similar in morphology to embryonic stem cell-derived embryoid bodies in suspension culture and cell aggregates when they adhere to the dish [76,77,79]. Muse cells express pluripotency markers (SSEA3, Oct3/4, Nanog, and Sox2) and can undergo triploblastic differentiation into ectodermal, endodermal, and mesodermal cell lineages; however, they are non-tumorigenic, as they do not form teratoma in vivo [76,77]. There has been evidence to support the presence of endogenous Muse cells that can be mobilized from bone marrow to the peripheral blood circulation. These Muse cells act as endogenous reparative stem cells that sense and migrate to the location of the damaged tissue to exert functional and structural repair via immunomodulatory, anti-apoptotic, anti-fibrotic, and angiogenic effects, as well as by spontaneous differentiation into tissue-compatible cells after the homing of the Muse cells to the damaged tissue [80].



As they are non-tumorigenic, Muse cells have an advantageous safety profile and are a subpopulation of MSCs that include ASCs, which are already widely applied in clinical trials. In addition, Muse cells are inherently pluripotent-like and are capable of cell homing damaged tissue following intravenous injection. Due to these unique properties, Muse cells have been explored as a potential therapy to treat acute myocardial infarction, stroke, chronic kidney disease, liver diseases, and neurologic diseases [81,82].




9. Dedifferentiated Fat (DFAT) Cells


Contrary to the previous notion that adipogenesis is a terminal differentiation process, it is also known that, with the loss of lipid droplets, adipocytes can dedifferentiate to become fibroblast-like cells, also known as DFAT cells [83]. As reviewed by Song and Kuang, evidence from animal models indicates that physiological dedifferentiation of adipocytes occurs in vivo during lactation in the mammary gland. They add that pathological adipocyte dedifferentiation has been implicated in conditions such as cutaneous fibrosis, wound healing, and cancers [84]. This suggests that a subpopulation of ASCs may be in vivo DFAT cells.



The most common culture method to generate DFAT cells in vitro from isolated adipocytes is the ceiling culture method. This involves dedifferentiation of floating adipocytes that attach to the top inner surface or ceiling of a fully filled flask, which is then inverted after 7 days of incubation [85,86]. DFAT cells express putative MSC surface markers CD13, CD29, CD44, CD49d, CD73, CD90, and CD105, and do not express CD11b, CD14, CD31, CD34, CD45, CD106, or HLA-DR [86,87]. Saler et al. reported that the cell surface immunophenotype of DFAT cells and ASCs at passage 0 was essentially the same. DFAT cells were comparable to ASCs in terms of proliferation and capable of trilineage mesenchymal differentiation [87]. DFAT cells have been generated from S-WAT [86,87] and the buccal fat pad [88,89]. Tsurumachi et al. compared DFAT generated from small adipocytes (cell diameters less than 40 μm) and large adipocytes (cell diameters of 40–100 μm) in the buccal fat pad, and found that the small adipocytes dedifferentiated better into DFAT cells compared with the large adipocytes. The DFAT cells generated from the small adipocytes also contained a larger proportion of CD146+ cells and exhibited higher osteogenic potential [88]. DFAT cells were reported to be relatively homogenous compared with ASCs. This could translate to higher predictability in terms of safety and efficacy when used in regenerative medicine [86,89].



Jumabay et al. developed a novel method to generate DFAT cells by culturing isolated adipocytes in a six-well plate fitted with 70 mm filters and incubated for 5 days. DFAT cells generated from the floating adipocytes then pass through the filter and attach to the bottom of the plate [90]. Interestingly, they found that the early DFAT cells, those present 5–7 days post adipocyte isolation, expressed pluripotency markers (SSEA3, SSEA4, Oct3/4, Nanog, SOX2, Klf4, and c-Myc) alongside CD105 and formed cell aggregates in culture [90]. The DFAT cells spontaneously differentiated in a basic medium with a time-dependent decrease in pluripotency marker expression and a corresponding increase in the expression of lineage markers from the three germ layers, suggesting that the early DFAT cells were capable of triploblastic differentiation. When maintained in a defined medium that deterred differentiation, the DFAT cells did not form teratoma in vivo [90,91].




10. Future Perspective


Adipose tissue is an accessible source of heterogeneous populations of ASCs, as well as Muse cells and DFAT cells, for application in regenerative medicine (Table 1). As discussed earlier, the properties of these cells vary depending on where they are isolated from, how they are expanded, and when they are studied. Adipose-derived non-tumorigenic pluripotent-like stem cells with extended multipotency have also been reported. An improved understanding of factors underlying cellular heterogeneity and phenotypic implications enables appropriate subpopulations to be sourced and expanded for a customized and targeted approach that depends on the treatment objectives in regenerative medicine. Standardization of cell processing and culture protocols needs to be in place for better evaluation of pre-clinical studies and clinical trials with respect to the efficacy and safety of potential therapeutic applications. The validation and establishment of standard protocols for clinical-grade, cGMP-compliant stem cells and their derivatives on a scalable bioprocessing platform ensures the quality of the cells for translational use.







Author Contributions


W.K.O. drafted and wrote the manuscript and created the figure and table. S.C. helped to draft the manuscript and S.S. advised and critically revised the manuscript for important intellectual content. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Biomedical Research Council, A*STAR and Career Development Award of A*STAR (202D800023) to S.C. and S.S.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chait, A.; Hartigh, L.J.D. Adipose Tissue Distribution, Inflammation and Its Metabolic Consequences, Including Diabetes and Cardiovascular Disease. Front. Cardiovasc. Med. 2020, 7, 22. [Google Scholar] [CrossRef] [PubMed]

	



Bourin, P.; Bunnell, B.A.; Casteilla, L.; Dominici, M.; Katz, A.J.; March, K.L.; Redl, H.; Rubin, J.P.; Yoshimura, K.; Gimble, J.M. Stromal cells from the adipose tissue-derived stromal vascular fraction and culture expanded adipose tissue-derived stromal/stem cells: A joint statement of the International Federation for Adipose Therapeutics and Science (IFATS) and the International Society for Cellular Therapy (ISCT). Cytotherapy 2013, 15, 641–648. [Google Scholar] [CrossRef] [PubMed]

	



Vishvanath, L.; Gupta, R.K. Contribution of adipogenesis to healthy adipose tissue expansion in obesity. J. Clin. Investig. 2019, 129, 4022–4031. [Google Scholar] [CrossRef] [PubMed]

	



Ravussin, E.; Galgani, J.E. The Implication of Brown Adipose Tissue for Humans. Annu. Rev. Nutr. 2011, 31, 33–47. [Google Scholar] [CrossRef]

	



Sacks, H.; Symonds, M.E. Anatomical Locations of Human Brown Adipose Tissue: Functional Relevance and Implications in Obesity and Type 2 Diabetes. Diabetes 2013, 62, 1783–1790. [Google Scholar] [CrossRef] [PubMed]

	



Luong, Q.; Huang, J.; Lee, K.Y. Deciphering White Adipose Tissue Heterogeneity. Biology 2019, 8, 23. [Google Scholar] [CrossRef] [PubMed]

	



Baer, P.C. Adipose-derived mesenchymal stromal/stem cells: An update on their phenotype in vivo and in vitro. World J. Stem Cells 2014, 6, 256–265. [Google Scholar] [CrossRef]

	



Ullah, I.; Subbarao, R.B.; Rho, G.J. Human mesenchymal stem cells - current trends and future prospective. Biosci. Rep. 2015, 35. [Google Scholar] [CrossRef]

	



Zuk, P.A.; Zhu, M.; Ashjian, P.; De Ugarte, D.A.; Huang, J.I.; Mizuno, H.; Alfonso, Z.C.; Fraser, J.K.; Benhaim, P.; Hedrick, M.H. Human Adipose Tissue Is a Source of Multipotent Stem Cells. Mol. Biol. Cell 2002, 13, 4279–4295. [Google Scholar] [CrossRef] [PubMed]

	



Zuk, P.A. The Adipose-derived Stem Cell: Looking Back and Looking Ahead. Mol. Biol. Cell 2010, 21, 1783–1787. [Google Scholar] [CrossRef] [PubMed]

	



Fraser, J.K.; Wulur, I.; Alfonso, Z.; Hedrick, M.H. Fat tissue: An underappreciated source of stem cells for biotechnology. Trends Biotechnol. 2006, 24, 150–154. [Google Scholar] [CrossRef]

	



Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.J.; Keating, A.; Prockop, D.J.; Horwitz, E.M. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315–317. [Google Scholar] [CrossRef]

	



Viswanathan, S.; Shi, Y.; Galipeau, J.; Krampera, M.; Leblanc, K.; Martin, I.; Nolta, J.; Phinney, D.G.; Sensebe, L. Mesenchymal stem versus stromal cells: International Society for Cell & Gene Therapy (ISCT®) Mesenchymal Stromal Cell committee position statement on nomenclature. Cytotherapy 2019, 21, 1019–1024. [Google Scholar] [CrossRef] [PubMed]

	



Gimble, J.M.; Katz, A.J.; Bunnell, B.A. Adipose-Derived Stem Cells for Regenerative Medicine. Circ. Res. 2007, 100, 1249–1260. [Google Scholar] [CrossRef] [PubMed]

	



Mildmay-White, A.; Khan, W. Cell Surface Markers on Adipose-Derived Stem Cells: A Systematic Review. Curr. Stem Cell Res. Ther. 2017, 12, 484–492. [Google Scholar] [CrossRef]

	



Iyyanki, T.; Hubenak, J.; Liu, J.; Chang, E.I.; Beahm, E.K.; Zhang, Q. Harvesting Technique Affects Adipose-Derived Stem Cell Yield. Aesthetic Surg. J. 2015, 35, 467–476. [Google Scholar] [CrossRef]

	



Strong, A.L.; Cederna, P.S.; Rubin, J.P.; Coleman, S.R.; Levi, B. The Current State of Fat Grafting: A Review of Harvesting, Processing, and Injection Techniques. Plast. Reconstr. Surg. 2015, 136, 897–912. [Google Scholar] [CrossRef]

	



Simonacci, F.; Bertozzi, N.; Grieco, M.P.; Raposio, E. From liposuction to adipose-derived stem cells: Indications and technique. Acta Biomed. 2019, 90, 197–208. [Google Scholar] [CrossRef] [PubMed]

	



Sugii, S.; Kida, Y.; Berggren, W.T.; Evans, R.M. Feeder-dependent and feeder-independent iPS cell derivation from human and mouse adipose stem cells. Nat. Protoc. 2011, 6, 346–358. [Google Scholar] [CrossRef]

	



Oberbauer, E.; Steffenhagen, C.; Wurzer, C.; Gabriel, C.; Redl, H.; Wolbank, S. Enzymatic and non-enzymatic isolation systems for adipose tissue-derived cells: Current state of the art. Cell Regen. 2015, 4, 7. [Google Scholar] [CrossRef]

	



François, P.; Giraudo, L.; Veran, J.; Bertrand, B.; Dumoulin, C.; Aboudou, H.; Grimaud, F.; Vogtensperger, M.; Velier, M.; Arnaud, L.; et al. Development and Validation of a Fully GMP-Compliant Process for Manufacturing Stromal Vascular Fraction: A Cost-Effective Alternative to Automated Methods. Cells 2020, 9, 2158. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, A.; Guo, J.; Banyard, D.A.; Fadavi, D.; Toranto, J.D.; Wirth, G.A.; Paydar, K.Z.; Evans, G.R.; Widgerow, A.D. Stromal vascular fraction: A regenerative reality? Part 1: Current concepts and review of the literature. J. Plast. Reconstr. Aesthetic Surg. 2016, 69, 170–179. [Google Scholar] [CrossRef]

	



Bora, P.; Majumdar, A.S. Adipose tissue-derived stromal vascular fraction in regenerative medicine: A brief review on biology and translation. Stem Cell Res. Ther. 2017, 8, 145. [Google Scholar] [CrossRef]

	



Merrick, D.; Sakers, A.; Irgebay, Z.; Okada, C.; Calvert, C.; Morley, M.P.; Percec, I.; Seale, P. Identification of a mesenchymal progenitor cell hierarchy in adipose tissue. Science 2019, 364, eaav2501. [Google Scholar] [CrossRef]

	



Kundrotas, G. Surface markers distinguishing mesenchymal stem cells from fibroblasts. Acta Med. Litu. 2012, 19, 75–79. [Google Scholar] [CrossRef]

	



Denu, R.A.; Nemcek, S.; Bloom, D.D.; Goodrich, A.D.; Kim, J.; Mosher, D.F.; Hematti, P. Fibroblasts and Mesenchymal Stromal/Stem Cells Are Phenotypically Indistinguishable. Acta Haematol. 2016, 136, 85–97. [Google Scholar] [CrossRef] [PubMed]

	



Brinkhof, B.; Zhang, B.; Cui, Z.; Ye, H.; Wang, H. ALCAM (CD166) as a gene expression marker for human mesenchymal stromal cell characterisation. Gene X 2020, 5, 100031. [Google Scholar] [CrossRef] [PubMed]

	



Alt, E.; Yan, Y.; Gehmert, S.; Song, Y.-H.; Altman, A.; Gehmert, S.; Vykoukal, D.; Bai, X. Fibroblasts share mesenchymal phenotypes with stem cells, but lack their differentiation and colony-forming potential. Biol. Cell 2011, 103, 197–208. [Google Scholar] [CrossRef]

	



Ichim, T.E.; O’Heeron, P.; Kesari, S. Fibroblasts as a practical alternative to mesenchymal stem cells. J. Transl. Med. 2018, 16, 212. [Google Scholar] [CrossRef]

	



Bae, S.; Shim, S.H.; Park, C.W.; Son, H.K.; Lee, H.J.; Son, J.Y.; Jeon, C.; Kim, H. Combined Omics Analysis Identifies Transmembrane 4 L6 Family Member 1 as a Surface Protein Marker Specific to Human Mesenchymal Stem Cells. Stem Cells Dev. 2011, 20, 197–203. [Google Scholar] [CrossRef]

	



Halfon, S.; Abramov, N.; Grinblat, B.; Ginis, I. Markers Distinguishing Mesenchymal Stem Cells from Fibroblasts Are Downregulated with Passaging. Stem Cells Dev. 2011, 20, 53–66. [Google Scholar] [CrossRef]

	



De Almeida, D.C.; Ferreira, M.; Franzen, J.; Weidner, C.I.; Frobel, J.; Zenke, M.; Costa, I.G.; Wagner, W. Epigenetic Classification of Human Mesenchymal Stromal Cells. Stem Cell Rep. 2016, 6, 168–175. [Google Scholar] [CrossRef]

	



Dufrane, D.; Lafosse, A. A Simple Method to Determine the Purity of Adipose-Derived Stem Cell-Based Cell Therapies. Stem Cells Transl. Med. 2016, 5, 1575–1579. [Google Scholar] [CrossRef]

	



Lim, M.H.; Ong, W.K.; Sugii, S. The current landscape of adipose-derived stem cells in clinical applications. Expert Rev. Mol. Med. 2014, 16, e8. [Google Scholar] [CrossRef]

	



Argentati, C.; Morena, F.; Bazzucchi, M.; Armentano, I.; Emiliani, C.; Martino, S. Adipose Stem Cell Translational Applications: From Bench-to-Bedside. Int. J. Mol. Sci. 2018, 19, 3475. [Google Scholar] [CrossRef] [PubMed]

	



Andrzejewska, A.; Lukomska, B.; Janowski, M. Concise review: Mesenchymal stem cells: From roots to boost. Stem Cells 2019, 37, 855–864. [Google Scholar] [CrossRef] [PubMed]

	



Ong, W.K.; Sugii, S. Adipose-derived stem cells: Fatty potentials for therapy. Int. J. Biochem. Cell Biol. 2013, 45, 1083–1086. [Google Scholar] [CrossRef]

	



Shukla, L.; Yuan, Y.; Shayan, R.; Greening, D.W.; Karnezis, T. Fat Therapeutics: The Clinical Capacity of Adipose-Derived Stem Cells and Exosomes for Human Disease and Tissue Regeneration. Front. Pharmacol. 2020, 11, 158. [Google Scholar] [CrossRef]

	



Gui, C.; Parson, J.; Meyer, G.A. Harnessing adipose stem cell diversity in regenerative medicine. APL Bioeng. 2021, 5, 021501. [Google Scholar] [CrossRef] [PubMed]

	



Seo, Y.; Shin, T.-H.; Kim, H.-S. Current Strategies to Enhance Adipose Stem Cell Function: An Update. Int. J. Mol. Sci. 2019, 20, 3827. [Google Scholar] [CrossRef]

	



Varghese, J.; Griffin, M.; Mosahebi, A.; Butler, P. Systematic review of patient factors affecting adipose stem cell viability and function: Implications for regenerative therapy. Stem Cell Res. Ther. 2017, 8, 45. [Google Scholar] [CrossRef]

	



Iwen, K.A.; Priewe, A.-C.; Winnefeld, M.; Rose, C.; Siemers, F.; Rohwedel, J.; Cakiroglu, F.; Lehnert, H.; Schepky, A.; Klein, J.; et al. Gluteal and abdominal subcutaneous adipose tissue depots as stroma cell source: Gluteal cells display increased adipogenic and osteogenic differentiation potentials. Exp. Dermatol. 2014, 23, 395–400. [Google Scholar] [CrossRef]

	



Di Taranto, G.; Cicione, C.; Visconti, G.; Isgrò, M.A.; Barba, M.; Di Stasio, E.; Stigliano, E.; Bernardini, C.; Michetti, F.; Salgarello, M.; et al. Qualitative and quantitative differences of adipose-derived stromal cells from superficial and deep subcutaneous lipoaspirates: A matter of fat. Cytotherapy 2015, 17, 1076–1089. [Google Scholar] [CrossRef]

	



Ong, W.K.; Tan, C.S.; Chan, K.L.; Goesantoso, G.G.; Chan, X.H.D.; Chan, E.; Yin, J.; Yeo, C.R.; Khoo, C.M.; So, J.B.Y.; et al. Identification of Specific Cell-Surface Markers of Adipose-Derived Stem Cells from Subcutaneous and Visceral Fat Depots. Stem Cell Rep. 2014, 2, 171–179. [Google Scholar] [CrossRef]

	



Russo, V.; Yu, C.; Belliveau, P.; Hamilton, A.; Flynn, L.E. Comparison of Human Adipose-Derived Stem Cells Isolated from Subcutaneous, Omental, and Intrathoracic Adipose Tissue Depots for Regenerative Applications. Stem Cells Transl. Med. 2014, 3, 206–217. [Google Scholar] [CrossRef] [PubMed]

	



Ritter, A.; Friemel, A.; Roth, S.; Kreis, N.-N.; Hoock, S.C.; Safdar, B.K.; Fischer, K.; Möllmann, C.; Solbach, C.; Louwen, F.; et al. Subcutaneous and Visceral Adipose-Derived Mesenchymal Stem Cells: Commonality and Diversity. Cells 2019, 8, 1288. [Google Scholar] [CrossRef] [PubMed]

	



Kim, B.; Lee, B.; Kim, M.-K.; Gong, S.P.; Park, N.H.; Chung, H.H.; Kim, H.S.; No, J.H.; Park, W.-Y.; Park, A.K.; et al. Gene expression profiles of human subcutaneous and visceral adipose-derived stem cells. Cell Biochem. Funct. 2016, 34, 563–571. [Google Scholar] [CrossRef]

	



Chau, Y.-Y.; Hastie, N. Wt1, the mesothelium and the origins and heterogeneity of visceral fat progenitors. Adipocyte 2015, 4, 217–221. [Google Scholar] [CrossRef] [PubMed]

	



Takeda, K.; Sriram, S.; Chan, X.H.D.; Ong, W.K.; Yeo, C.R.; Tan, B.; Lee, S.-A.; Kong, K.-V.; Hoon, S.; Jiang, H.; et al. Retinoic Acid Mediates Visceral-Specific Adipogenic Defects of Human Adipose-Derived Stem Cells. Diabetes 2016, 65, 1164–1178. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, S.; Ong, W.K.; Yau, W.W.Y.; Zhou, Z.; Prakash, K.N.B.; Toh, S.-A.; Han, W.; Yen, P.M.; Sugii, S. CD10 marks non-canonical PPARγ-independent adipocyte maturation and browning potential of adipose-derived stem cells. Stem Cell Res. Ther. 2021, 12, 1–13. [Google Scholar] [CrossRef]

	



Kim, H.J.; Kim, K.-W.; Kwon, Y.-R.; Kim, B.-M.; Kim, Y.-J. Forced expression of CD200 improves the differentiation capability and immunoregulatory functions of mesenchymal stromal cells. Biotechnol. Lett. 2018, 40, 1425–1433. [Google Scholar] [CrossRef]

	



Patel, R.S.; Carter, G.; El Bassit, G.; Patel, A.A.; Cooper, D.R.; Murr, M.; Patel, N.A. Adipose-derived stem cells from lean and obese humans show depot specific differences in their stem cell markers, exosome contents and senescence: Role of protein kinase C delta (PKCδ) in adipose stem cell niche. Stem Cell Investig. 2016, 3, 2. [Google Scholar] [CrossRef] [PubMed]

	



Silva, F.J.; Holt, D.J.; Vargas, V.; Yockman, J.; Boudina, S.; Atkinson, D.; Grainger, D.W.; Revelo, M.P.; Sherman, W.; Bull, D.A.; et al. Metabolically Active Human Brown Adipose Tissue Derived Stem Cells. Stem Cells 2014, 32, 572–581. [Google Scholar] [CrossRef]

	



Baer, P.C.; Koch, B.; Hickmann, E.; Schubert, R.; Cinatl, J.J.; Hauser, I.A.; Geiger, H. Isolation, Characterization, Differentiation and Immunomodulatory Capacity of Mesenchymal Stromal/Stem Cells from Human Perirenal Adipose Tissue. Cells 2019, 8, 1346. [Google Scholar] [CrossRef] [PubMed]

	



Jespersen, N.Z.; Feizi, A.; Andersen, E.S.; Heywood, S.; Hattel, H.B.; Daugaard, S.; Peijs, L.; Bagi, P.; Feldt-Rasmussen, B.; Schultz, H.S.; et al. Heterogeneity in the perirenal region of humans suggests presence of dormant brown adipose tissue that contains brown fat precursor cells. Mol. Metab. 2019, 24, 30–43. [Google Scholar] [CrossRef]

	



Stojanović, S.; Najman, S.; Korać, A. Stem Cells Derived from Lipoma and Adipose Tissue—Similar Mesenchymal Phenotype but Different Differentiation Capacity Governed by Distinct Molecular Signature. Cells 2018, 7, 260. [Google Scholar] [CrossRef]

	



Johal, K.S.; Lees, V.C.; Reid, A.J. Adipose-derived stem cells: Selecting for translational success. Regen. Med. 2015, 10, 79–96. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Cruz, R.D.; Fonseca, V.C.; Darling, E.M. Cellular mechanical properties reflect the differentiation potential of adipose-derived mesenchymal stem cells. Proc. Natl. Acad. Sci. USA 2012, 109, E1523–E1529. [Google Scholar] [CrossRef]

	



Corselli, M.; Crisan, M.; Murray, I.; West, C.C.; Scholes, J.; Codrea, F.; Khan, N.; Péault, B. Identification of perivascular mesenchymal stromal/stem cells by flow cytometry. Cytom. Part A 2013, 83, 714–720. [Google Scholar] [CrossRef]

	



Guilak, F.; Lott, K.E.; Awad, H.A.; Cao, Q.; Hicok, K.C.; Fermor, B.; Gimble, J.M. Clonal analysis of the differentiation potential of human adipose-derived adult stem cells. J. Cell. Physiol. 2006, 206, 229–237. [Google Scholar] [CrossRef] [PubMed]

	



Rennert, R.C.; Januszyk, M.; Sorkin, M.; Rodrigues, M.; Maan, Z.N.; Duscher, D.; Whittam, A.J.; Kosaraju, R.; Chung, M.T.; Paik, K.; et al. Microfluidic single-cell transcriptional analysis rationally identifies novel surface marker profiles to enhance cell-based therapies. Nat. Commun. 2016, 7, 11945. [Google Scholar] [CrossRef]

	



Vijay, J.; Gauthier, M.-F.; Biswell, R.L.; Louiselle, D.A.; Johnston, J.J.; Cheung, W.A.; Belden, B.; Pramatarova, A.; Biertho, L.; Gibson, M.; et al. Single-cell analysis of human adipose tissue identifies depot- and disease-specific cell types. Nat. Metab. 2020, 2, 97–109. [Google Scholar] [CrossRef]

	



Brooks, A.E.S.; Iminitoff, M.; Williams, E.; Damani, T.; Jackson-Patel, V.; Fan, V.; James, J.; Dunbar, P.R.; Feisst, V.; Sheppard, H.M. Ex Vivo Human Adipose Tissue Derived Mesenchymal Stromal Cells (ASC) Are a Heterogeneous Population That Demonstrate Rapid Culture-Induced Changes. Front. Pharmacol. 2020, 10, 1695. [Google Scholar] [CrossRef]

	



Peng, Q.; Alipour, H.; Porsborg, S.; Fink, T.; Zachar, V. Evolution of ASC Immunophenotypical Subsets During Expansion In Vitro. Int. J. Mol. Sci. 2020, 21, 1408. [Google Scholar] [CrossRef]

	



Iminitoff, M.; Damani, T.; Williams, E.; Brooks, A.E.S.; Feisst, V.; Sheppard, H.M. microRNAs in Ex Vivo Human Adipose Tissue Derived Mesenchymal Stromal Cells (ASC) Undergo Rapid Culture-Induced Changes in Expression, Including miR-378 which Promotes Adipogenesis. Int. J. Mol. Sci. 2020, 21, 1492. [Google Scholar] [CrossRef]

	



Park, H.; Cho, J.A.; Lim, E.H.; Lee, C.W.; Lee, S.H.; Seo, S.W.; Yang, D.Y.; Lee, K.W. Cell cycle regulators are critical for maintaining the differentiation potential and immaturity in adipogenesis of adipose-derived stem cells. Differentiation 2011, 82, 136–143. [Google Scholar] [CrossRef]

	



Neri, S.; Bourin, P.; Peyrafitte, J.-A.; Cattini, L.; Facchini, A.; Mariani, E. Human Adipose Stromal Cells (ASC) for the Regeneration of Injured Cartilage Display Genetic Stability after In Vitro Culture Expansion. PLoS ONE 2013, 8, e77895. [Google Scholar] [CrossRef]

	



Jeske, R.; Yuan, X.; Fu, Q.; Bunnell, B.A.; Logan, T.M.; Li, Y. In Vitro Culture Expansion Shifts the Immune Phenotype of Human Adipose-Derived Mesenchymal Stem Cells. Front. Immunol. 2021, 12, 621744. [Google Scholar] [CrossRef]

	



Baer, P.C.; Geiger, H. Adipose-Derived Mesenchymal Stromal/Stem Cells: Tissue Localization, Characterization, and Heterogeneity. Stem Cells Int. 2012, 2012, 812693. [Google Scholar] [CrossRef] [PubMed]

	



Ahearne, M.; Lysaght, J.; Lynch, A.P. Combined influence of basal media and fibroblast growth factor on the expansion and differentiation capabilities of adipose-derived stem cells. Cell Regen. 2014, 3, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Rhijn, M.R.-V.; Mensah, F.K.F.; Korevaar, S.S.; Leijs, M.J.; Van Osch, G.J.V.M.; Ijzermans, J.N.M.; Betjes, M.G.H.; Baan, C.C.; Weimar, W.; Hoogduijn, M.J. Effects of Hypoxia on the Immunomodulatory Properties of Adipose Tissue-Derived Mesenchymal Stem cells. Front. Immunol. 2013, 4, 203. [Google Scholar] [CrossRef]

	



Choi, J.R.; Pingguan-Murphy, B.; Abas, W.A.B.W.; Azmi, M.A.N.; Omar, S.Z.; Chua, K.H.; Safwani, W.K.Z.W. Impact of low oxygen tension on stemness, proliferation and differentiation potential of human adipose-derived stem cells. Biochem. Biophys. Res. Commun. 2014, 448, 218–224. [Google Scholar] [CrossRef]

	



Valorani, M.G.; Montelatici, E.; Germani, A.; Biddle, A.; D’Alessandro, D.; Strollo, R.; Patrizi, M.P.; Lazzari, L.; Nye, E.; Otto, W.R.; et al. Pre-culturing human adipose tissue mesenchymal stem cells under hypoxia increases their adipogenic and osteogenic differentiation potentials. Cell Prolif. 2012, 45, 225–238. [Google Scholar] [CrossRef] [PubMed]

	



Fotia, C.; Massa, A.; Boriani, F.; Baldini, N.; Granchi, D. Prolonged Exposure to Hypoxic Milieu Improves the Osteogenic Potential of Adipose Derived Stem Cells. J. Cell. Biochem. 2015, 116, 1442–1453. [Google Scholar] [CrossRef]

	



Kuroda, Y.; Kitada, M.; Wakao, S.; Nishikawa, K.; Tanimura, Y.; Makinoshima, H.; Goda, M.; Akashi, H.; Inutsuka, A.; Niwa, A.; et al. Unique multipotent cells in adult human mesenchymal cell populations. Proc. Natl. Acad. Sci. USA 2010, 107, 8639–8643. [Google Scholar] [CrossRef] [PubMed]

	



Heneidi, S.; Simerman, A.A.; Keller, E.; Singh, P.; Li, X.; Dumesic, D.A.; Chazenbalk, G. Awakened by cellular stress: Isolation and characterization of a novel population of pluripotent stem cells derived from human adipose tissue. PLoS ONE 2013, 8, e64752. [Google Scholar] [CrossRef]

	



Ogura, F.; Wakao, S.; Kuroda, Y.; Tsuchiyama, K.; Bagheri, M.; Heneidi, S.; Chazenbalk, G.; Aiba, S.; Dezawa, M. Human Adipose Tissue Possesses a Unique Population of Pluripotent Stem Cells with Nontumorigenic and Low Telomerase Activities: Potential Implications in Regenerative Medicine. Stem Cells Dev. 2014, 23, 717–728. [Google Scholar] [CrossRef]

	



Simerman, A.A.; Dumesic, D.A.; Chazenbalk, G.D. Pluripotent muse cells derived from human adipose tissue: A new perspective on regenerative medicine and cell therapy. Clin. Transl. Med. 2014, 3, 12. [Google Scholar] [CrossRef]

	



Wakao, S.; Kushida, Y.; Dezawa, M. Basic Characteristics of Muse Cells. Adv. Exp. Med. Biol. 2018, 1103, 13–41. [Google Scholar] [CrossRef]

	



Kushida, Y.; Wakao, S.; Dezawa, M. Muse Cells Are Endogenous Reparative Stem Cells. Adv. Exp. Med. Biol. 2018, 1103, 43–68. [Google Scholar] [CrossRef]

	



Park, Y.J.; Niizuma, K.; Mokin, M.; Dezawa, M.; Borlongan, C.V. Cell-Based Therapy for Stroke: Musing with Muse Cells. Stroke 2020, 51, 2854–2862. [Google Scholar] [CrossRef]

	



Yamashita, T.; Kushida, Y.; Abe, K.; Dezawa, M. Non-Tumorigenic Pluripotent Reparative Muse Cells Provide a New Therapeutic Approach for Neurologic Diseases. Cells 2021, 10, 961. [Google Scholar] [CrossRef]

	



Kajita, K.; Mori, I.; Kitada, Y.; Taguchi, K.; Kajita, T.; Hanamoto, T.; Ikeda, T.; Fujioka, K.; Yamauchi, M.; Okada, H.; et al. Small proliferative adipocytes: Identification of proliferative cells expressing adipocyte markers [Review]. Endocr. J. 2013, 60, 931–939. [Google Scholar] [CrossRef]

	



Song, T.; Kuang, S. Adipocyte dedifferentiation in health and diseases. Clin. Sci. 2019, 133, 2107–2119. [Google Scholar] [CrossRef]

	



Sugihara, H.; Yonemitsu, N.; Miyabara, S.; Yun, K. Primary cultures of unilocular fat cells: Characteristics of growth in vitro and changes in differentiation properties. Differentiation 1986, 31, 42–49. [Google Scholar] [CrossRef]

	



Matsumoto, T.; Kano, K.; Kondo, D.; Fukuda, N.; Iribe, Y.; Tanaka, N.; Matsubara, Y.; Sakuma, T.; Satomi, A.; Otaki, M.; et al. Mature adipocyte-derived dedifferentiated fat cells exhibit multilineage potential. J. Cell. Physiol. 2008, 215, 210–222. [Google Scholar] [CrossRef]

	



Saler, M.; Caliogna, L.; Botta, L.; Benazzo, F.; Riva, F.; Gastaldi, G. hASC and DFAT, Multipotent Stem Cells for Regenerative Medicine: A Comparison of Their Potential Differentiation In Vitro. Int. J. Mol. Sci. 2017, 18, 2699. [Google Scholar] [CrossRef]

	



Tsurumachi, M.N.; Akita, D.; Kano, K.; Matsumoto, T.; Toriumi, T.; Kazama, T.; Oki, Y.; Tamura, Y.; Tonogi, M.; Isokawa, K.; et al. Small Buccal Fat Pad Cells Have High Osteogenic Differentiation Potential. Tissue Eng. Part C Methods 2016, 22, 250–259. [Google Scholar] [CrossRef] [PubMed]

	



Kishimoto, N.; Honda, Y.; Momota, Y.; Tran, S.D. Dedifferentiated Fat (DFAT) cells: A cell source for oral and maxillofacial tissue engineering. Oral Dis. 2018, 24, 1161–1167. [Google Scholar] [CrossRef]

	



Jumabay, M.; Abdmaulen, R.; Ly, A.; Cubberly, M.R.; Shahmirian, L.J.; Heydarkhan-Hagvall, S.; Dumesic, D.A.; Yao, Y.; Boström, K.I. Pluripotent Stem Cells Derived from Mouse and Human White Mature Adipocytes. Stem Cells Transl. Med. 2014, 3, 161–171. [Google Scholar] [CrossRef]

	



Jumabay, M.; Bostrom, K.I. Dedifferentiated fat cells: A cell source for regenerative medicine. World J. Stem Cells 2015, 7, 1202–1214. [Google Scholar] [CrossRef] [PubMed]








[image: Biomolecules 11 00918 g001 550] 





Figure 1. Adipose tissue is a source of diverse cell types for application in regenerative medicine. Adipocytes are separated from the stromal vascular fraction (SVF) by collagenase digestion and centrifugation. Adipose-derived stem cells (ASCs) expanded in culture display characteristics of mesenchymal stem cells (MSCs) but are still heterogeneous (Section 6 and Section 7). Sorting of ASCs by SSEA3 expression isolates multilineage-differentiating stress-enduring (Muse) cells (Section 8). Dedifferentiated fat (DFAT) cells can be generated from floating adipocytes using ceiling culture or cell filter methods (Section 9). 
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Table 1. Characteristics of cultured adipose-derived cells from representative studies.
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	Cell Types
	Source of Cells
	Isolation and Culture Conditions
	Cell Surface Immunophenotype
	Differentiation Potential and Other Characteristics
	References





	MSC (by definition)
	Bone marrow and other tissues including adipose tissues
	-
	CD73+, CD90+, CD105+, CD11b− or CD14−, CD19− or CD79α−, CD34−, CD45−, and HLA-DR−
	Multipotent (trilineage mesenchymal differentiation into osteoblasts, adipocytes, and chondrocytes in vitro). Plastic-adherent in the standard cell culture condition. Evidence of ability to proliferate and differentiate to be termed “stem cells”.
	ISCT [12,13]



	ASC (by definition)
	Adipose tissues
	-
	CD45−, CD31−, CD73+, CD90+, CD105+ and/or CD13+, and CD44+. Other positive markers: CD10, CD26, CD49d, and CD49e. Low or negative markers: CD3, CD11b, CD49f, CD106, and PODXL. Unlike BM-MSCs, ASCs are CD36+ and CD106−.
	Multipotent (trilineage mesenchymal differentiation). Proliferation potential (CFU-F assay).
	IFATS and ISCT [2]



	S-ASC versus V-ASC
	Abdominal S-WAT versus Omental V-WAT
	Dulbecco’s modified Eagle’s medium (DMEM) high glucose with 15% fetal bovine serum (FBS) and 5 ng/mL FGF2
	Both S-ASCs and V-ASCs: CD73+, CD90+, CD105+. S-ASCs: high CD10 expression. V-ASCs: high CD200 expression.
	Both S-ASCs and V-ASCs: capable of trilineage mesenchymal differentiation. S-ASCs differentiated better than V-ASCs in response to adipogenic stimuli.
	[44]



	Mediastinal ASC
	Mediastinal adipose tissue
	DMEM low glucose with 10% XcytePlus
	CD73+, CD90+, CD105+, SSEA4+, 72% CD137+
	Capable of trilineage mesenchymal differentiation. Expressed BAT-specific genes, such as PRDM16, UCP1, IRS2, and NRF1, and differentiated into metabolically active brown adipocytes.
	[53]



	Adipose Muse cell
	S-WAT
	Adipose Muse cells were isolated by sorting of SSES3+ CD105+ S-ASCs maintained in DMEM high glucose with 15% FBS. Adipose Muse cells were then cultured in suspension in alpha-MEM with 15% FBS.
	SSES3+, CD105+, CD90+, CD34−, CD146−
	Formed cell clusters in single-cell suspension culture, expressed pluripotency markers (Nanog, Oct3/4, PAR4, Sox2, and TRA-1-81). After the cell clusters were transferred into a gelatin-coated dish, expanded cells differentiated spontaneously and were positive for markers for the three germ layers. No teratoma formation in vivo.
	[77]



	DFAT cell versus S-ASC
	S-WAT from the peritro-chanteric region
	DFAT cells were generated by the ceiling culture method in DMEM F12-HAM with 20% FBS DFAT cells and S-ASCs were then cultured in DMEM F12-HAM with 10% FBS.
	Both DFAT cells and S-ASCs: CD13+, CD73+, CD90+, CD105+, CD14−, CD34−, CD45−.
	Both DFAT cells and S-ASCs: capable of trilineage mesenchymal differentiation, similar proliferative potential.
	[87]



	DFAT cell
	S-WAT
	DFAT cells, generated from the floating adipocytes within 5 days post-isolation, sank through a cell filter to the bottom of the plate. DFAT cells were cultured in DMEM with 20% FBS.
	Early DFAT cells (5–7 days post adipocyte isolation): CD105+, SSEA3+, SSEA4+.
	Formed cell aggregates in culture, expressed pluripotency markers (Oct3/4, Nanog, SOX2, Klf4, and c-Myc). DFAT cells spontaneously differentiated in a basic medium and were positive for markers of the three germ layers. No teratoma formation in vivo.
	[90]







MSC, mesenchymal stem cell; ASC, adipose-derived stem cell; BM-MSC, bone-marrow-derived MSC; CFU-F, fibroblastoid colony-forming unit; S-ASC, subcutaneous ASC; V-ASC, visceral ASC; S-WAT, subcutaneous white adipose tissue; V-WAT, visceral white adipose tissue; FGF2, fibroblast growth factor 2; Muse cell, multilineage-differentiating stress-enduring cell; DFAT cell, dedifferentiated fat cell.
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