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Abstract

:

The immune system has a crucial role in skin wound healing and the application of specific cell-laden immunomodulating biomaterials emerged as a possible treatment option to drive skin tissue regeneration. Cell-laden tissue-engineered skin substitutes have the ability to activate immune pathways, even in the absence of other immune-stimulating signals. In particular, mesenchymal stem cells with their immunomodulatory properties can create a specific immune microenvironment to reduce inflammation, scarring, and support skin regeneration. This review presents an overview of current wound care techniques including skin tissue engineering and biomaterials as a novel and promising approach. We highlight the plasticity and different roles of immune cells, in particular macrophages during various stages of skin wound healing. These aspects are pivotal to promote the regeneration of nonhealing wounds such as ulcers in diabetic patients. We believe that a better understanding of the intrinsic immunomodulatory features of stem cells in implantable skin substitutes will lead to new translational opportunities. This, in turn, will improve skin tissue engineering and regenerative medicine applications.
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1. Introduction


The skin is the largest organ in the human body performing essential functions, including body protection against the external environment, prevention of water loss from the body, temperature regulation, and ultraviolet (UV) absorption from sunlight to produce vitamin D [1,2]. Skin regeneration undergoes a dynamic and complex multistep process characterized by homeostasis, inflammation, proliferation, re-epithelization, and fibrosis. The wound healing is possible due to various platelets and immune skin cells secreted/activated by the number of cytokines [2,3,4,5,6].



Whereas minor superficial skin injuries usually heal by epithelialization alone, large and deep skin defects require a skin substitution to heal properly. Therefore, skin replacement therapies have evolved tremendously over the last few years [7]. Given the limited donor sites as it is in severely burned patients, tissue-engineered skin substitutes offer a promising treatment option for those cases [4,5,6,7,8,9,10,11,12,13,14,15,16,17].



In this review, we highlight the current progress in tissue-engineered skin substitutes used in skin replacement therapies. In particular, we focus on the immunomodulatory scaffolds and the role of immunomodulatory stem cells such as adipose and bone-marrow-derived mesenchymal stem cells used in cell-laden skin substitutes to repair skin.




2. Skin


Human skin is composed of three layers, the epidermis, dermis, and hypodermis with complex cells, nerve, and blood supply [17,18].



The epidermis is the outermost layer which is composed mostly of keratinocytes, arranging a stratified epithelium with basal keratinocytes at the innermost layer and the keratinized stratified squamous epithelium, which is known as the stratum corneum [19]. Moreover, melanocytes are present in the epidermal basal layer to form melanin being important for skin pigmentation and especially for the protection against harmful ultraviolet (UV) light [18]. Additionally, there are Langerhans cells present in the epidermis which act as a network of immune system sentinels. The main duty of these immune cells is to distinguish the appropriate adaptive immune response by interpreting the microenvironmental context in which they face foreign substances [20].



The dermis located below the epidermis is the thickest layer of skin. This layer is mainly composed of extracellular matrix (ECM) containing collagen type I, elastin, and glycosaminoglycans (GAGs), produced by fibroblasts [21]. The dermis has a major role in the biomechanics of the skin thereby providing mechanical strength and elasticity.



The hypodermis contains adipose tissue that is well vascularized and aids both the thermoregulatory and mechanical properties of the skin [18].



The stability and continuity of this complex multilayer organ can be disturbed and destroyed by wounds caused by different internal and physical or thermal external factors. A wound is a damage of the skin integrity and its function [22]. Wounds are usually classified based on the area of affected skin nature; the injured skin layers or the nature of the skin repair process [23,24]. Injuries that affect only the epidermal skin layer are called superficial wound, while injuries that damaged both the epidermis and dermal layers are referred to as partial-thickness wound. Full-thickness wounds are injuries of the epidermis, dermis including the sweat glands and hair follicles, and the underlying subcutaneous fat or deeper tissues as well [25].



Depending on the nature of the repair process, wounds are categorized into acute and chronic wounds. Acute wounds usually heal in an expected time frame (8–12 weeks) with minimal scarring [26]. Mechanical injuries which are sustained by abrasions and cuts (penetrating of knives or sharp objects) and surgical wounds are the primary sources of acute wounds. Moreover, burns and chemical injuries caused by radiation, corrosive chemicals, electricity, and thermal sources, are another class of acute wounds [26]. On the other hand, chronic wounds are tissue injuries that heal slowly and often show delayed healing as 12 weeks from the injury. Different factors such as diabetes, malignancies and ongoing immunosuppressive treatment, poor primary wound treatment, and persistent infections of wounds can impair the healing process, leading to chronic nonhealing wounds [25].




3. Skin Wound Healing Process


Skin wound healing is a complex dynamic and multistage process initiated by an injury. It requires the activation, recruitment or activity of numerous cell types such as keratinocytes, endothelial, fibroblast and inflammatory cells as well as growth factors, cytokines and chemokines [27]. In adults, the healing skin process is more restrictive than in children or embryo [27,28]. Fetal skin and skin of children have the intrinsic capacity for wound healing due to a rapid onset of this process following an injury. In contrast, delayed wound healing in the aged patients involves altered inflammatory response, such as delayed T cell infiltration into the wound bed and reduced cytokine production Additionally, re-epithelialization, collagen synthesis, and angiogenesis can be impaired in aged compared to young patients [29].



There are two main categories—primary and secondary wound healing. Primary wound healing requires straight, aseptic wound borders, which are close to each other. In contrast, during secondary wound healing, the wound borders are away from each other so that the wound has to be closed by granulation tissue [30].



Cutaneous wound healing consists of a sequence of molecular and cellular events which occur after the onset of a tissue lesion in order to restore the damaged tissue. This process can be subdivided into four phases namely hemostasis, inflammation, proliferation, and remodeling (Figure 1) [17,31].



Hemostasis and Inflammation Phases



Most skin injuries, even superficial wounds, caused bleeding. Blood loss and the risk of infection is reduced by the clotting mechanism in which fibrinogen produced in the exudate stimulates a fibrin clot formation and seals the wound site. Therefore, hemostasis provides a protective barrier and contributes to successful wound healing [32]. The chemokines generated during hemostasis attract inflammatory cells and encourage resident immune cells. All those cells together start the inflammatory phase of wound healing within only minutes after the injury [33,34]. First, the vessels are dilated and the capillary permeability is enhanced. Then, local edema occurs and leukocytes such as macrophages and neutrophil granulocytes migrate into the wound. Cell debris is eliminated via phagocytosis to cleanse the skin wound [35]. The latter produces growth factors, cytokines, and other soluble mediators that activate keratinocytes, endothelial cells, fibroblasts, inflammatory cells, and other cells present in the wound. Neutrophils also produce antimicrobial peptides, reactive oxygen species (ROS), and proteases to kill and degrade potential pathogens [36]. It is worthy to mention that oxygen is critical in this step as ROS is generated in leukocytes by the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. Further, the formation of ROS has an active role in cytokine release [37].



The injury including damage of blood vessels triggers coagulation and is linked to the release of transforming growth factor-β (TGF-β), platelet-derived growth factor (PDGF) and VEGF. Those cytokines trigger tissue edema and inflammation. VEGF activates the migration of endothelial cells, leukocytes and epithelial cells to the wound [38]. Activated TGF-β provides rapid chemotaxis of neutrophils and monocytes to the wound site [38]. In addition, TGF-β induces leukocytes and fibroblasts to secrete TNF-α, IL-1, PDGF, and different pro-inflammatory chemokines. Pro-inflammatory chemokines are produced by cells primarily to recruit leukocytes to the site of injury [39].



As inflammation is settled, the wound advances into angiogenesis, matrix formation, and remodeling. Angiogenesis is triggered by mesenchymal stem cells secreting insulin-like growth factor 1 (IGF-1), PDGF-BB, VEGF, angiopoietin-1, and FGF.



Proliferation



Activated resident fibroblasts, endothelial cells, and keratinocytes are crucial cellular players facilitating the re-epithelialization and the formation of granulation tissue. These are two major processes occurring concomitantly during the proliferation phase [40].



First, the granulation tissue and blood vessels are formed by the in-growth of blood capillaries and lymphatic vessels into the wound site, viable endothelial cells at the wound borders start proliferation, and blood vessels start growing into the wound forming an organized microvascular network. Those processes are essential because the wound needs to be provided with oxygen and nutrients [41,42]. Then, a new vasculature is followed by the production of the extracellular matrix (ECM). Fibroblasts degrade the provisional matrix and synthesize new ECM in order to replace the injured tissue with a connective tissue scar. Thus, is mediated by different cytokines and growth factors starting with TGF-β that recruits fibroblasts synthesizing collagen I, III, and V, proteoglycans, and fibronectin [43]. Leukocytes are engaged in phagocytosis of debris and microbes and degradation of matrix. Recruitment of other blood cells as neutrophils and monocytes is enhanced by release of pro-inflammatory chemokines and cytokines, in particular TNF-α, IL-1, and IL-6. The newly synthesized ECM contains initially an enormous amount of hyaluronan that creates a structure enabling other migrating cells to penetrate into the wound area. When the granulation tissue is formed, some fibroblasts transform into myofibroblasts. This differentiation can be induced by TGF-β1. In addition to the presence of a soluble stimulus such as TGF-β1 found in inflammatory zone 1 (FIZZ1), other cytokines and mechanical stress are also needed to complete the differentiation [44]. Myofibroblasts generate a force that pulls the surrounding dermal and adipose tissue toward the wound. The formation of granulation tissue is a crucial part of wound healing [45,46]. An impaired granulation results in impaired wound healing and, in contrast, excessive granulation leads to a delayed re-epithelization [47,48]. On the other hand, epithelial cells respond to wounding by extensive changes in transcription, and the phenotype allows initiation of movement within a few hours after the injury [49].



Re-epithelialization is a critical phase of skin healing and it is characterized by replication and migration of epithelial cells across the skin edges in response to some growth factors such as FGF, epidermal growth factor (EGF), and keratinocyte growth factor (KGF). Moreover, matrix metalloproteinases (MMPs) such as MMP-1, 9, 10, and MMP-13 have been implicated in re-epithelialization. MMP-1 and MMP-9 promote human keratinocyte migration, the former tending to guide keratinocytes on fibrillar collagen in the basement membrane, allowing basal keratinocytes to detach and migrate toward the wound. MMP-10 is expressed by epidermal cells three days after wounding and it aids keratinocytes expression. MMP-13 also promotes re-epithelialization indirectly by affecting wound contraction and inducing keratinocyte migration [50,51]. As soon as the wound is covered with a monolayer of keratinocytes, their migration stops, and the formation of a (stratified) epidermis starts [52,53].



Remodeling (Maturation)



During the final phase of wound healing, remodeling, collagen is deposited in an organized and well-mannered network. Macrophages release some MMPs that trigger production of type VIII collagen, which is critical for local tissue integrity [34]. Net collagen synthesis will continue for at least 4 to 5 weeks after wounding. The increased rate of collagen synthesis during wound healing can be because of an increase in the number of fibroblasts and also from a net increase in the collagen production per cell [54]. Additionally, collagen type III is replaced by stronger collagen type I, which is followed by cleavage and cross-linking of fibrillar collagen [55]. In the remodeling stage, oxygen is required for mature collagen formation and fibroblast accumulation; it is necessary in the hydroxylation reaction of proline and lysine from procollagen chains in order to stabilize the triple helices of collagen [37].



The remodeling of the ECM components is the final and longest phase during the cutaneous wound healing. The granulation tissue matures forming a scar [56]. The ECM remodeling and the final scar formation can last up to 2 years after the wound is closed [25].



3.1. The Role of Macrophages and Pro-Inflammatory Cytokines in Wound Healing


Macrophages play critical roles in all phases of adult wound healing including inflammation, proliferation, and remodeling. Skin macrophages are derived from two different sources: a tissue-resident macrophage and circulating monocytes that are recruited to areas of injury and differentiate into macrophages. The first type includes a self-renewing pool of cells that originate from the embryonic yolk sack. These cells are named dermal macrophages which are permanent residents in healthy adult skin, and often found in nearby skin appendages. In contrast, during injury, bone marrow-derived monocytes are recruited to the skin injury, locally differentiate into macrophages and play key roles in wound healing. Both types of macrophages are involved in the wound healing process and they enable innate immune processes and play several crucial roles during wound healing [54]. Both types of macrophages are involved in the wound healing process and they enable innate immune processes and play several crucial roles during wound healing [55]. Additionally, macrophages secrete key pro-inflammatory and anti-inflammatory cytokines and therefore play a critical role in the regeneration and the wound healing phases. Traditionally, macrophages are classified into two cell phenotypes such as M1 and M2 depending on their cell surface markers and cytokine/chemokine production and function [56]. M1 macrophages are commonly associated with the pro-inflammatory process, whereas M2 macrophages are recognized as anti-inflammatory and proregenerative. It is also worthy to mention that distinguishing M1 and M2 phenotypes are only possible in vitro settings [54]. In in vivo environment, the existence of a heterogeneous subpopulation of macrophages with the characteristic of both M1 and M2 was reported [57,58,59]. The M1 phenotype macrophage is activated by pro-inflammatory signals including interferon-g (IFN- γ) and microbial products such as lipopolysaccharide (LPS). M1-macrophages can present high antigen and promote Th1 differentiation of lymphocytes which is producing pro-inflammatory cytokines in response to intracellular pathogens, leading to restriction of availability of microenvironmental iron to prevent bacterial infections [60,61]. M1 macrophages infiltrate the wound directly after injury and their number peaks at days 7–14 in the wound healing process. The activation of M1 is regulated by interferon-gamma (IFN-γ) as well as microbes. M1 triggers the production of pro-inflammatory cytokines such as TNF-α, IL-6, IL-12, and CC chemokine ligand 2 (CCL2) [62].



The second type of macrophages, alternatively-activated M2 cells, plays a role in the late process of wound healing and scar formation. M2 can be induced by IL-4 or/and IL-13, and their population increases at 14–28 days after wounding [63]. The secretion of anti-inflammatory factors such as IL-10, TGF-β1, home oxygenase-1 (HO-1), and arginase characterized M2 macrophages [64]. The role of M2 macrophages is also induction of fibroblast proliferation, myofibroblast differentiation, and synthesis of different MMPs and various types of collagen, mainly VIII and I collagen (Figure 2). M2 can be further subdivided into different subgroups: M2a, M2b, and M2c, based upon the inducing agent and molecular marker expression. The induction of M2a-macrophages is triggered by IL-4 and IL-13, while M2b-macrophages are activated by immune complexes and toll-like receptors (TLR) agonists and M2c can be activated by glucocorticoids and IL-10. During the wound healing process, M2a acts as an anti-inflammatory agent and aids wound healing. M2b macrophages regulate the breadth and depth of the immune response and the inflammatory reaction [65,66,67]. M2b macrophages can express and secrete substantial amounts of the anti-inflammatory cytokine IL-10 and low levels of IL-12, which is the functional converse of M1 cells; the main roles of M2c are in immunosuppression, phagocytosis, and tissue remodeling [68,69].



According to some reports, macrophages phenotype (subpopulation) depends mostly on the time of monocytes recruitment [56]. Other studies suggested that monocytes phenotypes are determined by stimuli in the wound healing environment. These stimuli change cell polarization and result in the differentiation of M1 macrophages into M2 macrophages (Figure 2) [67].



Pro-Inflammatory Cytokines and Their Role in the Wound Healing


Pro-inflammatory cytokines primarily trigger recruiting of leukocytes to the sites of injury. Another important role of pro-inflammatory cytokines is in the activation and orchestra ratio of the specific signal pathway and silent genes under the cellular healing process [68]. TNF-α, IL-6, and IL-1 are the key pro-inflammatory cytokines that are involved in the wound healing process [69]. TNF-α controls inflammation, protects tissue from infection, and triggers the synthesis of other cytokines in wound healing. Another multifunctional cytokine is IL-6 that activates several important pathways during skin wound healing. IL-6 is responsible for the skin fibroblast activation which, in turn, promotes cell migration into the wound and the expression of progenitor factors. The main role of IL-1 is the activation of a cascade characteristic of innate immunity toll-like receptors [70]. Although the physiological function of pro-inflammatory cytokines has been studied, the knowledge on their specific role in skin regeneration is still limited and requires further investigation [68].



Macrophages and their production/activation of pro-inflammatory cytokines play an important role in chronic nonhealing skin wounds where the wounds remain in the inflammation phase and cannot heal [71]. A chronically elevated expression of pro-inflammatory cytokines such as TNF-α, IL-1, IL-6, and MMPs may occur in patients with the systemic autoimmune and metabolic disease [69,72,73].



Prolonged inflammation and failure of proper transit from the regenerative to the resolving phase of the healing process may cause excessive scarring and/or overgrowth of granulation tissue, called a human keloid scar [74,75,76]. The studies showed a higher infiltration with M2 macrophages than with M1 macrophages in a keloid [75,76].



It is believed that tracking the macrophages population, decreasing the number of macrophages, and/or changing their polarization could affect the wound healing process and scar formation [77]. Thus, this change may help to develop therapies for improving healing and decreasing scarring [78].





3.2. The Role of Growth Factors in Wound Healing


Growth factors are polypeptides that regulate the growth, differentiation, and metabolism of cells, and they control the biological events of different wound healing phases. Growth factors are upregulated in response to tissue damage and are secreted by platelets, leukocytes, fibroblasts, and epithelial cells. They can bind to specific cell surface receptors to act through autocrine, paracrine, or endocrine mechanisms and control the process of tissue repair [68,79]. Binding to receptors results in a cascade of events that activate the cellular machinery to facilitate wound healing [80]. In the first stage of wound healing, hemostasis, the clot, and surrounding wound tissue release pro-inflammatory cytokines and growth factors such as TGF-β, PDGF, FGF, and EGF. For example, in a research study, it was shown that TGF-β level increased initially after wounding and then declined gradually with wound closure [79]. Afterward, during the inflammation phase, dendritic epidermal T cells (DETC) are activated by damaged, stressed, or transformed keratinocytes and produce fibroblast growth factor 7 (FGF-7), KGF, and IGF-1, to support keratinocyte proliferation and cell survival. Moreover, angiogenesis, which is necessary for normal healing, occurs during the proliferative stage. The vascularization in wound healing process can be triggered by some growth factors including IGF-1, PDGF-BB, VEGF, and FGF2. In addition, the growth factor TGF-β1 has a key function in the proliferation phase of wound healing. TGF-β1 induces the migration and proliferation of fibroblasts, which can improve granulation tissue formation, collagen synthesis, and angiogenesis promotion. Moreover, the hepatocyte growth factor (HGF) is another growth factor that is mainly produced by fibroblasts and has an interaction with cytokines in wound healing. HGF and its tyrosine kinase receptor, c-Met (mesenchymal epithelial transition factor), are expressed on the surface of keratinocytes. HGF promotes important steps in granulation tissue formation and neoangiogenesis. It was shown that during the wound healing process, suppression of HGF in mice results in delayed granulation tissue formation and decreased neovascularization, and HGF can suppress VEGF-mediated inflammation [81,82]. Furthermore, growth factors from the EGF family, such as EGF, heparin-binding EGF (HB-EGF), and TGF-α produced by macrophages and keratinocytes, exert important effects in covering wound surfaces with epithelium. These autocrine ligands interact with EGF receptors on keratinocytes and induce downstream mechanisms fostering keratinocyte proliferation and migration, and consequently re-epithelialization. In the last healing stage, remodeling, TGF-β induces the expression of MMP-9, which is important for matrix remodeling and angiogenesis.





4. Conventional Skin Wound Treatment Options


Different treatment approaches have been established to improve the healing of various types of wounds. Skin grafting is one of the most common options for wound treatment by using autografts, allografts, or xenografts.



A split-thickness skin graft, also known as a partial-thickness skin graft, contains the epidermis and varying portions of the dermis. Split-thickness grafts are shaved from the patients’ own skin. It can be processed through skin meshes which makes apertures onto the graft, allowing it to expand up to nine times its size, and further placed on the wound site [83]. Although the application of autografts (graft from the same individual) decreases immunological rejection of tissues, there might be the donor site shortage, as in heavily burned patients [84]. In contrast, allografts (graft from the same species but different individual) can solve this limitation and be used as temporary skin coverage. When used in a viable cryopreserved form, allografts contain blood capillaries, which can rapidly connect to the underlying host vessels at the wound site and restore blood supply over the first 3 days after the application and full circulation after 4–7 days. Therefore, allografts remain a standard temporary wound cover [85]. Nevertheless, problems linked to human allografts are the high risk of immune rejection, infection potential, and problems of variability in the quality of the tissue [86].



Xenograft or heterograft is a skin graft transplanted from one species to another. As such, porcine-derived xenografts are most frequently used, as they are convenient and easily available. Split-thickness porcine xenografts are harvested and either preserved in glycerol or cryopreserved to provide a readily accessible wound dressing [87,88]. However, the high risk of immune rejection to xenografts and even in allografts in some cases and transmission of pathogens remain the main concerns. In particular, skin xenografts are prone to cellular rejection, which is similar to the mechanism detected in allografts [89].



These various limitations of the abovementioned grafts and grafting procedures inspired their development and eventually the clinical application of some decellularized dermis products, such as alloderm and allopatch and other bioengineered skin substitutes [90]. Different types of engineered skin substitutes have been developed to regenerate skin by mimicking its composition, texture, and function. Tissue engineered skin substitute contains different skin cells and/or ECM [91]. Thus, bioengineered skin substitutes can provide both epidermal and dermal components required to obtain an efficient full-thickness wound closure and regeneration [1]. The presence of an efficient number of cells, particularly stem cells, in appropriate tissue engineered skin substitutes allows regeneration of native-like skin in wounds by promoting cell migration, differentiation, and vascularization [92].




5. Application of Stem Cells in Skin Substitutes


According to the findings obtained by McCulloch and Till, based on [93,94], stem cells can be defined two prominent features: (1) they are undifferentiated and renew themselves for the entire life span and (2) they have an extraordinary potential to develop from a common precursor into multiple cell types with particular functions [15]. Stem cell-based therapies have the potential to enhance cutaneous regeneration due to their ability to secrete proregenerative cytokines modulating immune response, making them an appreciated option for the treatment of chronic wounds [95]. However, stem cell therapies are limited by the need for invasive harvesting techniques, immunogenicity, and limited cell survival in vivo [96]. Embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), and adult stem cells are among the main sources of cells that have been used in various experimental research for wound treatment and regeneration of injured skin [97]. In this review, we discuss mainly the characteristics and applications of iPSCs and, in particular, mesenchymal stem cells (MSCs) including bone marrow-derived mesenchymal stem/stromal cells (BMSCs) and adipose-derived stromal/stem cells (ADSCs) in skin substitutes, along with the immunomodulatory effects of MSCs.



5.1. Induced Pluripotent Stem Cells


iPSCs are able to reproduce all types of adult cells in the course of their differentiation and they have an unlimited self-renewal capacity [98]. Before studying the iPSCs, ESCs were the only well-studied source of pluripotent stem cells. ESCs can be obtained from the inner cell mass and/or epiblast of blastocysts [99]. Although there are some protocols for the preparation of various cell derivatives from human ESCs, there are restrictions for ESC use in cell replacement therapy, such as the incompatibility between the donor cells and the recipient, which can result in the rejection of transplanted cells [100]. Then, iPSCs were obtained later by reprogramming animals [101,102,103,104] and human differentiated cells by induced expression of transcription factors including Oct4/Sox2/c-Myc/KLF4 or Oct4/Sox2/NANOG/LIN28 [105,106]. iPSCs closely resemble ESCs in a broad spectrum of properties, closely such as cell morphology and proliferation, sensitivity to growth factors, and signaling molecules. Moreover, similar to ESCs, iPSCs are able to differentiate in vitro into derivatives of all three primary germ layers (ectoderm, mesoderm, and endoderm) and form teratomas following their subcutaneous injection into immunodeficient mice [100,105,106]. Therefore, iPSCs can be an appropriate alternative for ESCs in the area of clinical application of cell replacement therapy.



iPSCs are derived from adult cells by in vitro induction of pluripotency with noninvasively harvesting, and can be transplanted autologous, reducing immune rejection. Importantly, iPSCs are the only cell type capable of being differentiated into all cell types of normal skin, and therefore they have been widely utilized in wound healing applications. Owing to their high differentiation capacity into descendants of all three germ layers, iPSC-derived cells have the potential to enhance each of the phases of diabetic wound healing through their paracrine and direct cellular effects [96]. During the inflammatory phase, iPSC-derived cells secrete growth factors and cytokines, counteracting the suppressed cytokine secretion profile seen in diabetic patients [107,108]. This process eventuates in the recruitment of macrophages and proliferative cells including fibroblasts and keratinocytes, which are known to be deficient in chronic wounds [109,110,111,112]. Direct application of stem cells into the wound bed also mitigates the impaired homing potential of progenitor cells into diabetic wounds [113]. In the proliferative phase, different cells including endothelial, fibroblasts, pericytes, smooth muscle, keratinocytes, or MSCs are derived from potential iPSC [96,114,115], afterward increasing angiogenesis and promoting collagen deposition [110,111]. Since the remodeling phase is extremely dependent on functional myofibroblasts, their recruitment during the proliferative phase is vital to the last stage of wound healing. Eventually, iPSCs retain the ability to differentiate into keratinocytes [114]. In a review by Gorecka et al. [96], the potential and limitations of iPSCs in wound healing applications were fully examined. In this regard, Table 1 demonstrates major findings of studies relating to wound healing in a murine model [96].




5.2. Bone Marrow-Derived Mesenchymal Stem/Stromal Cells


Bone marrow is an important compartment of bone regulating its homeostasis. Bone marrow itself can be considered as an immune organ containing distinct cell types, which secrete a large number of cytokines and growth factors that can have angiogenic, anti-inflammatory, anti-apoptotic and immunomodulatory effects [121,122]. Moreover, bone marrow is a metabolic organ and has been demonstrated to regulate whole-body energy metabolism. Thus, the cellular composition of bone marrow can change with age, gender, and metabolic activity [122,123]. The adult bone marrow is composed of hematopoietic cells and the associated supporting stroma. The stroma consists of cells with multipotent differentiation capacities that are usually considered mesenchymal stem cells [124].



Bone marrow-derived mesenchymal stromal cells (BMSCs) are multipotent stem cells capable to differentiate into numerous cell types, including fibroblasts, endothelial cells, cartilage, bone, muscle, and neuronal cells. BMSCs also secrete a large number of growth factors and cytokines that are critical for the repair of injured tissues [125,126]. Because BMSCs are able to differentiate into multiple cell types and produce tissue repair factors, BMSCs skin substitutes provide an alternative to conventional treatments for skin repair [127]. In numerous animal and human studies, BMSCs were directly injected into skin wounds [128,129,130,131]. The results indicate that both autologous and allogeneic BMSCs could induce tissue regeneration and accelerate wound closure. However, the direct injection of cells showed only a small therapeutic efficacy with side effects such as invasive procedure with attendant risks, and accumulation of cells for a long time [132,133,134]. Therefore, the integration of stem cells into engineered scaffolds such as hydrogel networks offers controllable mechanical, physical, and chemical properties, which can improve the integration of a skin substitute into the host tissue (Figure 3). Thus, the integration of BMSCs into an appropriate scaffold can sustainably support the healing process by creating a proregenerative microenvironment in the wound area [135].



In an animal study by Lei et al. [136] a novel thermosensitive NIPAM (N-Isopropylacrylamide) hydrogel was employed to provide substrates for transplanting BMSCs for the management of severe skin wound healing. Their results demonstrated the injection of BMSCs on the wound site could aid wound closure and tissue regeneration. However, the delivery of BMSCs by hydrogel combination exhibited a noticeably more effective therapeutic effect than wound treated with BMSCs alone (Figure 4a). This hydrogel-BMSCs combination therapy improved fibroblast proliferation in the dermis, as fibroblasts started to deposit ECM, in particular collagen which plays the main role in skin wound repair. Moreover, another study carried out by Viezzer et al. [137] showed an improvement of wound healing of ulcers in a diabetic rat model. The authors transplanted chitosan-based polyurethane hydrogels containing rat-derived BMSCs with a continuous degradation in an aqueous solution. Their findings illustrated that the animals treated with the BMSCs hydrogels had a significantly better regeneration rate than their counterparts from the control group (without treatment) after 14 days, with a significant reduction in wound size (Figure 4b). The authors highlighted in their study the anti-inflammatory role of BMSCs in healing of chronic wounds. This is an essential aspect of foot diabetic ulcers that have a prolonged inflammatory phase with a pro-inflammatory profile leading to a chronic form of the wound. This prolonged inflammation is related to the prolonged healing of these wounds, for example, due to recurrent infections. Diabetic ulcers may lead to extremity amputation and even death. Application of BMSCs was shown to significantly reduce inflammation and improved the neovascularization around the nonhealing wound. Therefore, it can be concluded that BMSCs loaded in an appropriate hydrogel scaffold could provide a suitable wound dressing for diabetic patients, and it can be also used for various wound healing approaches.



To develop stem cell-based scaffolds, stem cells need to be first harvested from animals or humans and then loaded into the prepared scaffold. Hence, to avoid repeated harvesting of BMSCs for each treatment and cell loading into scaffolds, cryopreservation is vitally important [138,139]. Recently, an animal study was conducted to compare the efficiency of freshly isolated and cryopreserved BMSCs on wound healing [138]. For this, both fresh and 30-day preserved BMSCs were cultured on monofilament polypropylene scaffolds and used for therapeutic purposes in guinea pigs. There was no significant difference in population doubling time between fresh and cryopreserved BMSCs and both of them expressed cell surface markers (CD73, CD90, and CD105) and mRNA without significant difference. Additionally, both pre- and post-thaw BMSCs were successfully differentiated into three different cell lineages including chondrogenic, osteogenic, and adipogenic lineages. Moreover, a significant difference was detected in wound contraction between cell-treated wounds and control groups, while there was no difference observed among scaffold-augmented MSCs, both pre- and post-thaw, and the MSCs-only group.



To summarize, BMSCs are capable to differentiate into various cell types and secrete numerous bioactive factors that improve granulation tissue formation, angiogenesis, and decrease inflammation. Furthermore, they can be easily cryopreserved to be used for later applications. Therefore, BMSCs-based skin substitutes represent one of the promising approaches to heal hard-to-heal wounds.




5.3. Adipose-Derived Stromal/Stem Cells


Recently, adipose tissue has been highlighted as a promising source in the field of cell therapy and regenerative medicine. Adipose tissue is composed of multiple cell types such as mature adipocytes and the stromal vascular fraction (SVF), which is a source of adipose-derived stromal/stem cells (ASCs), endothelial cells, pre-adipocytes, lymphocytes, and adipose-resident macrophages [4,140].



In contrast to bone marrow, adipose tissue represents advantages in terms of its accessibility and abundance for use in tissue engineering and regenerative medical applications [16,141]. The potential utility of ASCs has been demonstrated in multiple preclinical animal models [142,143]. Similar to BMSCs, the ASCs have been characterized based on their immunophenotypic and differentiation properties [144,145,146,147]. Because large volumes of adipose tissue can be easily obtained from individual donors, it is possible to obtain a high yield of 375 ± 147 × 103 cells per mL of lipoaspirate [146]. The clinical application of adipose-derived cells has developed considerably in the past two decades. Both the heterogeneous adipose stromal vascular fraction (SVF) and the more homogeneous adipose stromal cells (ASCs) offer distinctive opportunities as novel cell-based treatments for tissue regeneration [148]. Additionally, adipose-derived cells have shown great potential in various therapeutic fields such as osteoarthritis, scleroderma, multiple sclerosis, renal insufficiency, erectile dysfunction, and wound healing [148,149].



ASCs are mesenchymal cells that have a capacity for self-renewal and can be differentiated into chondrocytes, adipocytes, myocytes, neurocytes, and osteoblasts, among other cell lineages. Therefore, ASCs have been widely employed in clinical trials, for example, for the treatment of diabetes and chronic wounds [150]. Generally, therapeutic effects of ASCs are mainly due to their high differentiation capacity, secretion of pro-healing growth factors and cytokines, and active remodeling of the extracellular matrix [151]. Lee et al. [152] and Bura et al. [153] explored the effects of cultured ASCs administrated intramuscularly on revascularization of critical limb ischemia. In the study of Lee et al. [152], ulcers were healed successfully in 66.7% of twelve patients after six months, with only some mild complications including transition mild fever, flu-like syndrome, pain, and headache. In addition, pain reduction and improved walking distance were detected after six months. In the trial of Bura et al. [153] in three of seven patients, the suffering of nonrevascularizable critical limb ischemia, limb amputation was prevented and they also showed decreased pain and increased tissue oxygen pressure compared to before ASCs injection.



Unfortunately, both the abovementioned studies employed only a small sample size and therefore represent a low level of evidence due to the lack of controls and randomization. However, in those two studies, it was undoubtedly the application of ASCs that improved ulcer healing due to enhanced angiogenesis. However, some patients were still unresponsive to the treatment. This might be partially explained by the impaired migration of injected ASCs from the muscle to the target tissue, along with their reduced differentiation capacity and paracrine effects after their in vitro cultivation [154].



More recently, the SVF, which contains both endothelial cells (ECs) and ASCs with a multitude of regenerative properties, has been used in different wound healing applications [4,11]. SVF cells have a high intrinsic angiogenic potential due to the secretion of multiple proangiogenic factors [155]. Moreover, the stem cell content and the proliferation capacity of SVF cells are not heavily dependent on donor age [156,157]. This aspect is essential regarding their possible regenerative applications.



In this respect, we confirmed vasculogenic properties of the SVF by phenotypic and functional characterization of the freshly isolated CD31+/CD34+ ECs and CD31+CD34- ASCs [8,11,158]. These two cell populations present in the SVF developed spontaneously into mature, highly branched, and interconnected vascular networks when cultured in a 3D scaffold [8]. In a particular study, we explored the use of human endothelial cells derived from freshly isolated adipose stromal vascular fraction (SVF) in a 3D coculture model of vascularized skin substitute in full-thickness wounds in immune-deficient rats [8]. Results demonstrated the rapid graft–host vessel anastomoses and blood perfusion (Figure 5a–c). Moreover, we successfully applied freshly isolated SVF cells to generate a prevascularized human dermo-epidermal skin substitute (DESS) based on a 3D hydrogel coculture system [4]. As demonstrated in our studies, these capillary networks showed a rapid inosculation in an animal model and thus improved the wound healing process of the skin substitutes [4]. In particular, we employed fibrin hydrogels as a 3D matrix and an optimal number of SVF cells were seeded in the hydrogel to generate a functional and homogeneous dermal capillary plexus prior to transplantation (Figure 5d). Fibrin is the physiological matrix present at the onset of wound healing and acts as an important adhesion site for leukocytes and endothelial cells during tissue regeneration. Moreover, the stiffness, biodegradability, and pore size of fibrin hydrogels might strongly influence and direct the lineage-specific cell differentiation and secretome of loaded stem cells [159,160,161]. Thus, fibrin hydrogels can provide an appropriate matrix to encapsulate SVF to prepare a DESS. The in vivo analysis after implantation of SVF based DESS (Figure 5e) showed the graft size of the SVF-treated group was significantly increased at day 4, day 7, and day 14, as compared to the ASC only-based transplants.



These results demonstrate that SVF-based prevascularization strongly supports epidermis formation and maturation, similar to human dermal fibroblasts at days 4 and 7 following transplantation, and it could also reduce graft contraction (Figure 5f).



To conclude, submerged within an appropriate 3D environment, SVF cells allow for efficient in vitro prevascularization of human autologous dermo-epidermal skin grafts. This confirms their possible future clinical application [4].



Additionally, some other studies have demonstrated the application of SVF-loaded scaffolds for wound healing. For example, in the study of Chae et al. [162], a pluronic hydrogel was employed to deliver human ASCs and SVF into the wound site via injection. The comparison of four different categories including sham, pluronic hydrogel only (P), pluronic hydrogel with ASCs (ASC+P), and a pluronic hydrogel with SVF (SVF+P) in vivo demonstrated that SVF+P injection into the dermis triggered the strongest wound contraction, improved cellularity, and re-epithelialization process in comparison with sham, P, and ASC+P (Figure 6). This effect was mainly due to the high vasculogenic potential of SVF and high secretion of vascular endothelial growth factor (VEGF-A) and epidermal growth factor (EGF) (Figure 6). Notably, EGF plays an essential role in epithelialization by promoting the migration and proliferation of keratinocytes and fibroblasts via the phosphoinositide 3–kinase signal and extracellular signal-regulated kinase pathways [163,164,165].



Moreover, in a clinical study by Nilforoushzadeh et al. [166], a skin graft containing human SVF cells encapsulated in a fibrin-collagen hydrogel was used to enhance the wound healing in diabetic patients. The results showed, for the first time, that SVF-based full-thickness skin grafts were safe and accelerate the wound healing process when compared to commercially available dermo-epidermal skin grafts. This study confirms the significant advantage of using SVF for prevascularization of skin grafts for the treatment of difficult-to-heal wounds [4].



Furthermore, a study by Guo et al. [167] has proved that human-derived ASCs delivery in a biomimetic-collagen scaffold can accelerate diabetic wound healing in a similar fashion as BMSCs. They illustrate that wounds of diabetic mice treated with ASCs or BMSCs could contract and wounds healed in the same manner. Importantly, ASCs or BMSCs treated wounds healed more rapidly than acellular-treated wounds. However, ASCs represent a more attractive cell source in comparison with BMSCs because ASCs require less painful and invasive isolation procedures, are very stable under in vitro culture conditions, demonstrate a rapid expansion in vitro, and contain a 40-fold higher number of stem cells than the BMSCs [168,169].





6. Immunomodulatory Properties of MSCs: ASCs and BMSCs


Clinically, large dermal wounds require skin replacement to protect exposed tissue and induce tissue regeneration. However, existing therapies frequently leave these patients with painful and disfiguring scars. Severe scars can significantly impair growth and movement and often require several follow-up surgeries. Importantly, the dermal ECM components such as collagen I, III, fibronectin, and elastin present in skin substitutes can modulate scarring.



Since the immune system was demonstrated to play a critical role in modulating scar formation, recent research focused on the support of immune cells to facilitate scarless wound healing.



It is known that MSCs can modulate the immune system and regulate skin tissue regeneration. Importantly, MSCs can mitogen- and allo-activated lymphocyte proliferation [170,171]. This effect is heavily dependent on some factors; for example, MSCs inhibit lymphocyte proliferation mainly via the secretion of TGF-β1, IL-10, HLA-G, nitric oxide, and hepatocyte growth factor, as well as due to the expression of indoleamine 2,3-dioxygenase (IDO enzyme) [172,173,174]. Further, MSCs secrete trophic factors which are critical for vasculogenesis and angiogenesis, and aid tissue regeneration [175,176]. Additionally, MSCs have been administrated to the site of wound in animal models by encapsulation in gelatin microspheres and microcryogels or loading into a 3D graphene foam [177]. It has been shown that 3D graphene foam loaded with MSCs released prostaglandin E2 (PGE2), which suppresses the release of pro-inflammatory cytokines including TNF-α, IFN-γ, IL-6, IL-8, and IL-12p70, and increases the release of anti-inflammatory cytokines such as IL-10 and IL-12p40, and TGF-β1 by macrophages [178,179,180]. Additionally, PGE2 reduced the proliferation of T cells in the wound and is a cofactor in the transition from TH1 to TH2 cells, which decrease tissue inflammation and, further, tissue regeneration [179]. Moreover, higher levels of IL-10 expressed by T cells and macrophages in response to PGE2 can limit or reduce the inflammatory mechanism of immune cells. IL-10, which is an important anti-inflammatory cytokine, inhibits further neutrophil invasion and respiratory burst [180]. IL-10 also affects fibrosis by downregulating the release of TGF-β1 in T cells and macrophages, and remodeling ECM by reprogramming wound fibroblasts. IL-10 has direct effects on the prevention of excessive collagen deposition by reducing the expression of pro-inflammatory cytokines such as IL-6 and IL-8 in the wound environment [181]. Finally, IL-10 expression results in resolution of inflammatory stage and rushing of the wound into the proliferation stage and over-expression of IL-10 can produce an environment in which wound healing tends to occur without scar formation [182,183,184].



Therefore, allogeneic MSCs have been utilized for treatment of different diseases, especially for scarless skin regeneration. MSCs from different sources are similar in a range of phenotypic and functional features. However, there are subtle differences that may result from the microenvironmental niche, the local, and the ontogenetic age or induced by the isolation and culture procedure [185]. Therefore, the immunomodulatory properties of BMSCs and ASCs, in particular due to their paracrine effects, have also been characterized in detail [186,187,188,189].



ASCs represent an interesting source of MSCs, which can be easily obtained and used for autologous applications as they reduce apoptosis and improve tissue repair and angiogenesis and affect immunoregulation [190,191]. In general, there are several considerations regarding the immunostimulatory or immunosuppressive effects of ASCs, including (1) the incapability of passaged ASCs to excite an allogeneic immune reaction [192], (2) the effect of soluble factors and cell-to-cell contact in stimulating an immunosuppressive response [193,194,195], and (3) the potential for tumor development or growth [196,197,198]. Thus, based on different studies one hypothesis is that early passages of ASCs express markers, such as MHC II, CD45, CD80, and CD86, which trigger antigen presenting cells (APCs) and immune response [192,196]. Nevertheless, these APC-associated markers are lost by continued passaging of ASCs, reducing the immune response until it has been removed. Therefore, the immunophenotypic changes of ASCs are directly associated with their ability to perform as stimulator cells. In another hypothesis, the T cell response is activated and the expression of some factors including IDO, PGE2, hepatocyte growth factor, and leukemia inhibitory factor is reduced [193]. IDO is an enzyme that catalyzes the rate limiting step in the conversion of L-Tryptophan to NAD+ via the de novo pathway. The secreted active bioactive factors downstream of IDO upregulation tend to be tryptophan metabolites such as kynurenine and kynurenic acid. Various studies have demonstrated that the immunosuppressive effects of ASCs can be changed by specific inhibition of these soluble factors. Furthermore, the expression of cytokines such as IL-6 can downregulate expression of MHC-II and CD86 on dendritic cells (DCs) and prohibit their differentiation, further suppressing the immune response by hampering antigen presentation and/or costimulatory signaling of APCs. However, it is still not clear whether a direct cell-to-cell contact is required for this suppression [199]. While some studies confirmed the pivotal role of such contacts, some others revealed that ASCs exert their immunosuppressive properties without a cell–cell contact [194,199,200]. The immunosuppressive properties of ASCs with their immune-privileged status make these cells suitable for allogeneic and xenogeneic transplants usage without the need for immunosuppressants [190,201,202]. The potency of their immunosuppressive ability is demonstrated by the fact that ASCs have been trialed as a treatment for graft-versus-host disease and transplant rejection [203,204,205]. The advantage of using allogeneic ASCs is that cells from a single donor can potentially be employed to treat all the patients in a trial, removing donor variance. The cells must be expanded in culture to provide the numbers required for the use ASCs from a single donor in multiple patients in clinical trial. However, this process can have a significant result on ASCs bioactivity [206]. The US Food and Drug Administration (FDA) has proposed standard assays that are required to assess the bioactivity of the cells utilized in clinical trials. In that way, the therapeutic benefit can be connected to the potency of the cells used, and also allow for comparisons across clinical trials that have employed cells from different donors at different stages of expansion.



BMSCs are another immunoregulatory MSCs. The immunomodulatory properties of BMSCs are facilitated by their interactions with immune cells such as macrophages, T cells, B cells, and DCs in a context and microenvironment-dependent manner. These cells can also inhibit natural killer (NK) cells activity, B cell proliferation, and DC function and differentiation. Moreover, BMSCs are considered to immunosuppress the local environment by secretions of cytokines and growth factors and cell–cell interaction [207]. For instance, soluble factors such as growth factors and cytokines, namely PGE2, IDO, IL-6, and M-CSF, have been evaluated in various clinical studies and the cell-based properties have been explored in many T cell-mediated diseases. Moreover, the evidence demonstrated that both undifferentiated and differentiated BMSCs have a suppressive impression on mitogen-stimulated and alloantigen lymphocyte proliferation followed by a concomitant reduction in the production of pro-inflammatory cytokines such as TNF-α and IFN-γ [208,209]. Therefore, the clinical applications of human BMSCs are ranging from transplantation, immune-related disorders including autoimmune disorders and cell replacement [210].



Functional characterization of BMSCs and ASCs has revealed that both cell types are able to suppress lymphocyte reactivity in mixed lymphocyte response (MLR) assays and decrease the production of inflammatory cytokines in vivo [200,202]. Particularly, additional recent studies reported that delivering ASCs in polyhydroxybutyrate-co-hydroxy valerate constructs achieves a similar outcome to BMSCs role in wound healing and may be more clinically appropriate since the yield following isolation is much higher than BMSCs [177,211].




7. Immunomodulatory Skin Scaffolds


Recently, a tremendous effort has been made to design biomaterials with appropriate mechanical, chemical, and biological properties, which closely interact with the host tissue. However, engineering such biomaterials requires an in-depth understanding of how the host inflammatory responses are regulated during the wound healing of implanted biomaterials [212]. Hence, numerous studies have focused on the development of immunomodulatory biomaterials that reduce the inflammation phase of skin healing and thus, diminish scar formation [68,213,214]. The main targets of the immunomodulatory biomaterials are immune cells such as leukocytes, in particular neutrophils, macrophages, mast cells, and T cells [68].



Different physical and chemical properties of the biomaterial such as stiffness, topography, roughness, pore size and pore distribution, degradation rate and its debris, surface charge, ligand presentation, and surface functional groups influence the behavior of host cells [215,216]. However, the effects of such biophysical and biochemical characteristics on immune cells, especially when a skin substitute is implanted, are still not elucidated. A biomaterial should be designed to minimize the deleterious host body responses [217,218,219,220,221]. The host immune system response after implantation of an engineered skin substitute is called foreign body reaction (FBR), which can cause significant problems for patients through excessive inflammation and adverse effects on tissue repair processes. Therefore, controlling the biomaterial interaction with the host tissue or FBR is of crucial importance in the field of regenerative medicine and tissue engineering [222,223,224]. In this respect, the term “bioinert implant” refers to any material that is placed in the human body and demonstrates a minimal interaction with its surrounding tissue. Specifically, an acellular fibrous capsule is formed at the interface between tissues and bioinert biomaterials [225]. However, novel biomaterials are being designed to stimulate specific cellular responses at the cellular level to trigger desired immunological outcomes, thereby supporting the wound healing process [212,226].



Consideration of FBR is important as it can impact the biocompatibility of the implanted biomaterial and can expressively impact short- and long-term tissue reactions with tissue-engineered substitutes containing cells, proteins, and other biological components for use in tissue engineering and regenerative medicine [227]. The FBR can be characterized by the presence of different immune cells, especially macrophages at the tissue-material interface [228]. Additionally, as the macrophages are already presented at the wound site and have a prominent role in the wound healing process, such as release of enzymes important for tissue restructuring and of cytokines and growth factors inducing migration and proliferation of fibroblasts, the effect of the microenvironment produced by scaffolds on these cells should be completely evaluated [228,229].



When a biomaterial is implanted into a vascularized wound bed, the natural innate body response is that plasma proteins are immediately adsorbed onto the implanted biomaterial surface. Factor XII (FXII) and tissue factor (TF) are the initiators of the intrinsic and extrinsic system of the coagulation cascade, respectively, leading to the formation of a blood clot. This leads to infiltration and adherence of cells such as platelets, monocytes, and macrophages through the interaction of adhesion receptors with the adsorbed proteins [212,227]. Adhered cells release growth factors and chemokines, which are able to recruit cells of the innate immune system to the injury/implantation site. Finally, deposition and organization of collagen matrix arise from fibroblasts and MSC activities [230].



As mentioned in previous sections, when macrophages migrate into inflamed tissues, they become activated and exhibit a spectrum of polarization states associated with their functional diversity, eventually activated into the pro-inflammatory M1 and the anti-inflammatory M2 states [231]. In the case of skin tissue substitute implantation, although the initial presence of M1-macrophages supports to start a necessary inflammatory reaction, a prolonged M1-macrophage presence causes a severe FBR and fibrous encapsulation leading to chronic inflammation and failure of biomaterial interaction and integration [216]. Therefore, there should be a short M1-macrophage stage for regenerative approaches, when the target is to reproduce lost tissue and avoid scar tissue formation. M2-macrophages are activated by granulocytes such as mast cells and basophils. M2-macrophages continuously release anti-inflammatory cytokines, display a high level of iron export assisting tissue remodeling [60,232,233]. The existence of these anti-inflammatory cytokines and the tissue remodeling reaction can improve the vascularization of regenerative tissue substitutes by preventing fibrous tissue formation, but promoting the integration of the biomaterials [234]. Macrophages constantly sense signals from their environment through various biochemical and biophysical cues and might change their polarization status accordingly [234]. In an animal study, we engineered a vascularized human dermo-epidermal skin substitute (vascDESS) in vitro and transplanted it on the back of immuno-incompetent rats to evaluate M1 and M2 polarization of macrophages during the wound healing process [158]. Rat M1 macrophages were quantified in vascDESS after 1 and 3 weeks of post-transplantation using a specific antibody for iNOS (green) and engineered human dermal compartment of skin analogs was stained with human CD90 antibody (red) (Figure 7). M1 macrophages were present at high levels and scattered throughout the whole dermal part of skin analogs at 1 week whereas only some cells were detected at 3 weeks. Moreover, vascDESS demonstrated a moderate number of rat macrophages of M2 phenotype at 1 week. In contrast, the transplants were heavily infiltrated by those macrophages at 3 weeks (Figure 7).



Macrophages exhibit a heterogeneous and temporally regulated polarization during skin wound healing and the phenotype changes during healing from a more pro-inflammatory (M1) profile in early stages after injury, to a less inflammatory, pro-healing (M2) phenotype in later phases. Many studies have proved that a high M2:M1 ratio in the surrounding environment of implanted biomaterials results in better remodeling outcomes [235,236,237,238]. During skin wound healing M1 macrophages are replaced by M2 polarized cells [239]. Both M1 and M2 cells exert specific functions in this process [9,240]. It has been suggested that the long-term presence of M1 macrophages leads prolonged inflammation phase and impairs finally the wound healing outcome [8,158,232,239,241]. The same is true for M2 cells, which can lead over time to the formation of detrimental foreign body giant cells [227,242]. Therefore, the control of the M1:M2: ratio is vitally important when designing an immune-active scaffold to promote tissue remodeling as well as its integration and regeneration in vivo [158].



Therefore, a considerable effort has been made to employ particular ECM components and natural polymers, which are able to mimic the ECM structure to design appropriate immunomodulatory biomaterials for tissue engineering and regenerative medicine. By modulating the immune system, these biomaterials could be mainly applied to treat a broad spectrum of immune-related skin diseases in the future. Table 2 presents the summary of some papers conducted on natural hydrogels for skin immunomodulation.



7.1. Immunomodulation of Naturally Derived ECM Skin Scaffolds


The ECM provides a structural basis for cells and has a significant role in regulating cell functions. ECM is composed of proteins, glycoproteins, and polysaccharides. Recently, it has been proved that the ECM contains bioactive motifs which are able to modulate immune responses directly as they are recognized by specific cell surface receptors [265]. Moreover, cells can regulate their ECM microenvironment by synthesizing a new matrix component and digesting an existing matrix to alter its modulatory effects [266]. The degradation of the ECM components such as collagens can modulate the behavior of cells [267]. With regard to this, the ECM components have natural immunomodulatory domains that can bind specifically the surface receptors of immune cells, allowing their adhesion and activation. Thus, specific ECM proteins, glycans, and peptides can be used in scaffolds to mimic the natural regulatory role of distinct matrix components on the immune system to improve the longevity and functionality of implants [226,268,269].



Hence, the immunomodulatory effects of various ECM bioscaffolds, which are derived by decellularization of native tissues, have been broadly studied [226,267,268,269,270,271,272]. In this respect, the grade of decellularization of the donor tissue is a critical factor, which can affect the immunomodulation property of ECM, in particular, to elicit an anti-inflammatory macrophage/T cell (M2-like/Th2-like) host response. Additionally, other parameters including cell removal techniques, age of tissue, chemical crosslinking degree and agent, and terminal sterilization method can influence their immunomodulatory properties and markedly affect the host response to ECM bioscaffolds [226,270]. In a particular study, Huleihel et al. [271] demonstrated that macrophages could react differently to ECM scaffolds depending on the source of ECM and processing procedures. Accordingly, in another study, it has been shown that chemical crosslinking of the porcine ECM with water-soluble carbodiimide caused a switch from an M2 dominant to an M1 dominant profile [272]. Remarkably, the autologous tissue graft displayed an M2 response early followed by a duality of the M1 and M2 reaction, which can be considered as a result of pro-inflammatory cytokines produced by dead cells or damage associated molecules released by dying cells within the tissue substitute. In this regard, the M2 polarization profile was linked to remodeling and maturation, while the M1 phenotype profile was associated with chronic inflammation [268].



In general, to synthesize the ECM-based scaffold for immunomodulation in regenerative medicine, native tissues or full-length ECM molecules are utilized as building units for bioscaffolds. Tissue substitutes composed of ECM are typically derived from xenogeneic tissues and have demonstrated considerable success in developing constructive and functional tissue remodeling in multiple anatomic sites in both preclinical and clinical studies. ECM scaffolds are synthesized by techniques that remove essentially all cellular fragments such as xenogeneic antigens that would normally elicit a pro-inflammatory response, lyophilization, and further digestion. It is served as an inductive niche to impact cell behavior and the downstream tissue remodeling response [226]. Clinically, these decellularized matrices have been used to support the healing of bone, muscle, tendon, breast, heart, and skin [273]. These materials compositions are highly dependent on the origin tissue and processing method. The matrices’ composition and thereby their physical and biochemical properties influence their immunomodulatory properties [267]. Generally, the mechanisms by which ECM scaffolds can promote tissue regeneration and remodeling include mechanical support, controllable degradation rate and release of bioactive molecules, recruitment and differentiation of endogenous stem/progenitor cells, and modulation of the immune response toward an anti-inflammatory phenotype [270]. However, the immunomodulatory properties of decellularized matrices can be varied based on antigen removal technique, microstructure, age, and tissue source. Thus, it is difficult to control the precise molecular composition of these scaffolds, as well as contaminants in materials derived from natural sources. Finally, an engineered hydrogel with engineered characteristics can provide better control over the matrix composition and properties.




7.2. Immunomodulatory Natural Hydrogels for Skin Wounds


Hydrogels are highly hydrated three-dimensional (3D) structures consisting of physically (e.g., ionic) or chemically (e.g., photopolymerization) crosslinked bonds of hydrophilic polymers [17,274,275,276,277]. The hydrophilic nature and high swelling ratio make hydrogels permeable to oxygen, metabolites, nutrients, and cellular waste. Hydrogels have become vastly popular in regenerative medicine especially in skin engineering, due to their biocompatibility, flexibility, surface property, and a broad spectrum of choice of base material. However, the advantage of hydrogels such as biocompatibility, cell adhesion, enzymatic and hydrolytic degradability, minimal inflammatory response, and ability to stimulate a specific cellular response can heavily depend on polymer choice and its chemical and physical characteristics [7,275,277].



There are various natural hydrogels that are able to mimic ECM structure and have been utilized to control the immune system and conduct skin regeneration [278,279,280].



Moreover, biochemical and biophysical signals from injected/implanted hydrogels can affect immune cell behavior and consequently change the M2:M1 ratio [281]. Thereafter, in the field of regenerative medicine, the selection of an appropriate “immuno-informed” hydrogel to enrich positive tissue remodeling is vitally important. Over the last decade, many studies have been conducted to examine the immunomodulatory properties of hydrogels and revealed that hydrogels could modify inflammatory pathways. It is known that many different factors including the crosslinking degree, degradation rate, hydrophilicity degree, surface chemistry, and energy, size and shape of the hydrogel are crucial factors that can influence immunostimulatory signals [214].



For instance, hydrophilic polymers and neutrally charged hydrogels have been described to stimulate less macrophage and foreign body giant cell attachment in comparison with hydrophobic and positively/negatively surface charged biomaterials. Furthermore, macrophages and foreign body giant cells attaching to the hydrophilic surfaces secrete fewer cytokines than those attached to hydrophobic surfaces [282,283]. Further, the surface topography of hydrogels is one of the crucial factors to control immune responses [284]. However, the effect of surface topography and morphology of hydrogels on the immunomodulatory responses such as macrophage polarization is not well described. Interestingly, in the study by Singh et al. [235] a gelatin methacryloyl (GelMA) hydrogel platform was used to determine whether micropatterned surfaces can modulate the phenotype and function of macrophages by cytokine profile, surface marker expression, morphology, phagocytosis, and gene microarrays evaluations. The findings indicated that micropatterns induce distinctive gene expression profiles in human macrophages cultured on microgrooves and micropillars. It was observed that significant changes occurred in genes associated with primary metabolic procedures such as protein trafficking, DNA repair, transcription, translation, and cell survival. However, using conventional phenotyping methods, based on surface marker expression and cytokine profile, could not distinguish between the different physicochemical conditions, and demonstrated no significant shift in cell activation toward M1 or M2 phenotypes.



On the other hand, hydrogel composition plays a critical role in cell behavior and can alter the M2:M1 ratio. Hence, various types of hydrogels possess specific characteristics, which are linked to danger-associated molecular patterns or safe molecular patterns for immune body system. For instance, the immune system becomes usually activated by the cyclic patterns of hydrogel chains and hydrophobic sections of components [285,286]. In a comprehensive study, human-derived DCs were seeded on natural hydrogels including agarose, chitosan, hyaluronic acid, and alginate to assess DCs maturation upon in vitro culture [287]. A growth in the expression of several cell surface markers including costimulatory molecules such as CD40, CD80, and CD86, and MHC class II molecules such as HLA-DR and HLA-DQ, and a marker of mature DCs, CD83, can represent the maturation of DCs [288,289]. DCs cultured on chitosan hydrogel increased expression levels of CD86, CD40, and HLA-DQ, here as DCs on alginate or hyaluronic acid hydrogel films decreased their expression levels of these same molecules.



Thus, it can be concluded that the influence of hydrogels on DC maturation, and the associated adjuvant effect, is a novel biocompatibility selection and design criteria for immunomodulatory hydrogels.



7.2.1. Collagen


In the naturally derived ECMs, collagen is the most abundant ECM component in the body. There are 29 different types of collagen and all of them form a distinctive right-handed triple helix structure. They also comprise a large family of proteins with characteristic functions in the ECM structure [290,291]. Collagens types I–III, V, and XI have fibrillar quaternary architectures which suit them for biomaterials applications. Immune cells express various receptors such as integrins, discoidin domain receptors DDR1 and 2, and leukocyte-associated immunoglobulin-like receptor-1 (LAIR-1) of the leukocyte receptor compound that can bind to collagen directly [266]. Collagens I–III and XVII are high-affinity ligands for LAIR-1 receptors on immune cells, where binding prevents degranulation of peripheral basophils, and more generally suppressed immune cell activity [246,291]. In a study by Masry et al. [247], a stabilized, acellular ECM equine pericardial collagen matrix (sPCM) was used as wound dressing to examine its effect on macrophage function and epithelialization. They revealed sPCM was efficient for resolving post-wound inflammation quickly, as indicated by elevated levels of IL-0, arginase-, and VEGF, and lowering of IL-β and TNF-. The sPCM stimulated apoptotic cell uptake (efferocytosis) in murine wound macrophages three days after wound dressing application, a main functional role of macrophages in early wound healing [266]. Moreover, sPCM could accelerate wound re-epithelialization and wound closure by increased collagen deposition in comparison with the control group which was a polycarbonate mesh.



Different commercially available decellularized collagen-based matrices were applied as wound dressings and have been subsequently also studied in terms of the elicited immune response properties. For example, Integra is one of many off-the-shelf acellular matrices for the regeneration of dermal tissue and is composed of a porous scaffold of crosslinked bovine tendon collagen type I and III and glycosaminoglycan [7,17]. Integra is an acellular bi-layer substitute composed of acellular collagen with a removable semipermeable silicone layer acting as a temporary epidermis maintaining moisture and preventing infection. It was found that Integra can decrease tissue inflammation, while increasing the scavenger M2-specific receptor CD163 and decreasing TNFα protein expression in both primary human and THP-1 macrophages when compared with AlloMend (human dermis-derived collagen and elastin scaffold), Pri-Matrix (fetal bovine dermis-derived scaffold, containing type I and III collagens), and Oasis (porcine small intestine submucosa derived scaffold, containing elastin, glycosaminoglycans, proteoglycans, glycoproteins, and collagens I–III) [292].



Additionally, in a study by Angelis et al. [293] the skin regeneration and immunomodulatory characteristics of two different acellular double-layer dermal substitutes, namely Nevelia (native collagen type I and a silicone sheet) and Integra, were compared in patients (n = 30) with post-traumatic skin defects. Their results revealed that both dermal substitutes demonstrated a positive effect on the quality and functionality of skin reconstruction. However, the Nevelia scaffold showed more rapid skin regeneration in terms of epidermal proliferation, dermal renewal, and vascularization.



Distinct ECM-like materials in skin substitutes can promote a switch from a predominant M1 macrophage cell population to a population enriched for macrophage M2 cells after 7 to 14 days following implantation [230,231,242]. Recently, in an animal study by Agrawal et al. [294] macrophage phenotype and tissue remodeling elicited by DermaMatrix, AlloDerm, Integra, and DermACELL dermal matrices were investigated. Based on immunohistochemistry findings, all skin matrices presented a normal and similar curve shape for distribution of macrophages stained by CD68. A quantitative analysis of the macrophage phenotypes in AlloDerm showed they were mainly M1 at all timepoints. On the other hand, Integra exhibited a mixed M1:M2 population of macrophages at all days with no considerable differences. However, Integra demonstrated an increased M2:M1 ratio on days 7 and 42 and an increased M1:M2 ratio on days 14 to 21. Further, macrophages in DermaMatrix were predominantly M1 at 7 and 14 days post-implantation, with a mixed M1/M2 population at 21 and 42 days. Interestingly, the M1:M2 ratio for this scaffold progressively changed from the M1 toward the M2 phenotype over time. For the DermACELL scaffold, although the M1:M2 ratio experience an increase from day 7 to day 21, it declined gradually to an M2 predominant response at day 42, as illustrated in Figure 8.




7.2.2. Fibrin


Fibrin plays an important role in the natural wound healing process and it is the main component of the hemostatic clot [249]. Platelets adhere to fibrin through αiibβ3 (GP2b3a), ɑvβ1, and P-selectin and thereby stabilizing the clot [295]. Therefore, fibrin-based hydrogels are one of the most appreciated materials in wound healing approaches and can be used as a promising immunomodulatory component for wound healing. In early studies, fibrin matrix was produced in vitro through the mixing of purified fibrinogen with activated thrombin to evaluate the effects of fibrin on immune cell function [248,250,296]. The findings indicated that macrophage motility was inhibited by increasing the fibrinogen or factor-XIII crosslinker concentration in fibrin matrices, whereas fibroblasts could migrate more effectively through factor-XIII crosslinked fibrin gels.



In a more recent study, Hsieh et al. [251] cultured the primary murine bone marrow-derived macrophages (BMDMs) on fibrin hydrogels. The group revealed that the soluble inflammatory TNF-α cytokine secretion by the macrophages in response to LPS/IFN-γ was significantly decreased as compared to the control group in which cells were cultured on tissue culture plastic. In addition, this study demonstrated the application of fibrin-based hydrogels on porcine burn wounds resulted in macrophage and neutrophil recruitment reduction, demonstrating extended pro-healing effects of fibrin in vivo injury models [250]. Moreover, fibrin and the hemostasis cascade impacted the adaptive immune activity via activation of DCs trafficking and sequestration of lymphangiogenic growth factors [252]. In addition, fibrin can bind vascular endothelial growth factor (VEGF)-C during the wound healing process, and this sequestration is necessary for lymphangiogenesis or the formation of new lymphatic vessels, which plays a key role in maintaining communication between antigen-presenting cells and the adaptive immune compartment [297].



Altogether, fibrin hydrogels provide a temporary matrix and significantly elicit inflammatory and anti-inflammatory responses via cytokine secretions, increasing the initial inflammatory reactions and accelerating the transition to the later proliferative and remodeling phases of the wound healing process [298,299]. Additionally, as described above, matrix features such as mechanical properties and architecture can also affect immune cells function. However, the exact elements affecting the way of fibrin immunoregulation are not fully investigated and more investigations are desirable to reveal and characterize the interactions between the provisional matrix and the immune cells.




7.2.3. Hyaluronic Acid


The glycosaminoglycan hyaluronic acid (HA) is a nonbranched polyanionic polysaccharide with various molecular weights (MW) ranging from 1 kDa to 2 MDa. HA is primarily limited to the skin and musculoskeletal tissue and it associates with proteoglycan aggrecan to form aggregates [253]. HA is not sulfated and undergoes a rapid turnover in the body, mainly during wound healing [253]. It is also crucial for many cellular and tissue functions. HA is in clinical use for decades, in various applications such as cosmetics, drug delivery, and wound healing [254,300]. Structural and biochemical properties of HA affect cell signaling during different stages of development or tissue repair and immune cell responses, depending on its MW. The high-MW HA is immunosuppressive while the low-MW HA enhances an inflammatory response [267,301]. Additionally, according to the significant effects of high-MW HA in wound healing, it has been employed as immunomodulation hydrogel for the treatment of chronic wounds [302].



Overall, macrophages undergo phenotypic changes dependent on the molecular weight of hyaluronan that corresponds to either pro-inflammatory response for low-MW HA or pro-resolving response for high-MW HA. High-MW HA delays inflammation and decreases the regeneration of inflammatory cytokines by various cell types. This trend is associated with the interaction between high-MW HA and CD44, which is the main cell surface HA-binding transmembrane glycoprotein and it is able to transduce signals from the ECM, which influence cell activation, growth, and differentiation, and contributes to immune homeostasis through the preservation of Th1 memory cells [303]. By contrast, low-MW HA mediates the activation and maturation of DCs, stimulates the release of pro-inflammatory cytokines including IL-1ß, TNF-a, IL-6, and IL-12 by multiple cell types, and cell trafficking and induces endothelial cell proliferation. Therefore, low-MW HA can act as a pro-inflammatory molecular pattern [254].




7.2.4. Chitosan


Chitosan hydrogel, a natural polysaccharide, serves a range of distinct properties including biocompatibility, engineerable degradation rate and mechanical properties, bioactivity, nonantigenicity, adhesiveness, and antibacterial and hemostatic characteristics, which suits this biomaterial for wound healing applications [304,305]. Moreover, multifunctional and immunomodulatory features of chitosan have attracted much attention due to its ability to induce innate immune cells to release a wide range of growth factors, pro- and anti-inflammatory cytokines, chemokines, and bioactive lipids [255]. Chitosan hydrogel can employ the inflammatory cells including leukocytes and macrophages to the wound site and thereby promotes granulation of injured tissue and promotes wound healing [256]. The mechanism of macrophage stimulation in contact with chitosan hydrogels includes mannose receptor-mediated phagocytosis. The mannose receptor is favorably controlled on macrophages, improving the interaction with appropriate ligands including chitosan. In addition to the effective role on the inflammation step, chitosan can accelerate wound contraction by some modifications in its backbone chain or by incorporation of biomolecules [257]. In this regard, Moura et al. [258] employed a chitosan-based dressing to heal early diabetic wounds in mice after functionalization with 5-methyl pyrrolidinone. Their finding demonstrated the wound healing process was accelerated due to a decrease in the inflammatory cells, and TNF-α and MMP-9 levels. Moreover, Ashouri et al. [237] combined the chitosan with aloe vera to investigate the role of prepared aloe vera/chitosan nanohydrogels on macrophage polarization in wound healing and the balance between M1 and M2 macrophages. Aloe vera/chitosan nanohydrogels could decrease M1 after 3 days and increase M2 after 14 days, which eventuated in accelerated and optimal wound repair.






8. Conclusions and Future Direction


Recent findings have greatly improved our understanding of the roles of the immune system in acute wound healing. Accordingly, the immune response is either dysregulated in chronic wounds or leads to undesirable scar development during skin wound healing. Notably, macrophages are key players in those processes, in particular through their polarization into different phenotypes during wound healing.



Further studies on activation pathways could improve our understanding of how to influence the macrophage polarization to finally improve wound healing outcomes. Additionally, regulatory T cells have been also shown to have proregenerative properties in some tissues.



Ultimately, translating the current knowledge of immunomodulatory stem cell properties hinges on the development of appropriate biomaterials. Currently, there are different immunomodulatory scaffolds showing specific properties that can be applied for skin tissue engineering. However, in addition to their in-depth physical and chemical characterization, also their impact on the immune system response should be considered. In this respect, the incorporation of BMSCs and ASCs in skin substitutes can alter immune responses and affect macrophage phenotype. Ideally, the immune response in the implanted skin substitute should be stimulated toward an M2 phenotype for improved matrix remodeling and tissue regeneration.



Furthermore, the skin substitutes should be tissue-engineered in a way that they do not trigger an exaggerated foreign body response. Moreover, the degradation products and remodeling of the biomaterials need to be carefully controlled as they represent important pro-/anti-inflammatory cues.



Finally, new insights of how MSCs immunomodulate biomaterial properties will permit the design of appropriate scaffolds for skin substitutes and predict immune cell response to them.
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Figure 1. A schematic depicting the process of wound healing, including four continuous phases—homeostasis, inflammation, proliferation, and remodeling. Firstly, blood platelets are activated to form a blood clot and have a role in leukocyte recruitment. Next, neutrophils and macrophages clean the wound site from dead cells, bacteria, and other pathogens or debris. Then, fibroblasts migrate, proliferate, and activate the angiogenesis process. Finally, granulation tissue is formed, the deposition of extracellular matrix proteins occurs to reconstitute the dermal tissue, and the epidermis is regenerated. Eventually, many of the formed capillaries and fibroblasts disappear [17]. 
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Figure 2. Schematic representing macrophage plasticity in wound healing. As the wound healing stages progress and the wound microenvironment changes, M1 pro-inflammatory macrophages undergo a phenotypic switch to an M2 anti-inflammatory and proregenerative state, which stimulates tissue regeneration. Thus, macrophages regulate the transition from the inflammatory to the proliferative phase of healing. Furthermore, macrophage phenotypic switch from M1 to M2 effects scar formation by inducing fibroblast proliferation, myofibroblast differentiation, synthesis of different MMPs, and various types of collagen. 
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Figure 3. Schematic representing preparation process of an autologous/allogenic stem cell-laden hydrogel for skin regenerative approaches: the bone marrow is aspirated from donor or patient own and then the stem cells are isolated from bone marrow. Afterward, the BMSCs are cultured and incorporated/encapsulated in a hydrogel solution. Finally, the cell-laden hydrogel is pre/post-crosslinked and grafted to the injured site. (A: whole blood, B: Ficoll gradient, C: plasma, D: mononuclear cell, and E: red blood cells). 
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Figure 4. (a) Wound healing conditions of mice in the control group, the hydrogel group, the BMSCs group and the hydrogel–BMSCs combination group, 3, 5, 7, and 14 days after the operation with comparison of the wound healing rates of mice (** p < 0.01). (b) The comparison of wound area in two different groups (G1: without treatment and G2: treated with BMSCs plus the biomaterial, * p < 0.05) and the graph of residual wound site [136,137]. 
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Figure 5. Engineering of dermo-epidermal skin substitutes with adipose-SVF cells. (a,b) Endothelial cells derived from freshly isolated SVF and perivascular cells in fibrin–collagen type I hydrogel demonstrate in vitro tubular-like structure formation and in vivo anastomosis with the host vasculature. Formation of a complex network of interconnected capillaries after 21 days in culture. Human bioengineered capillaries are stained for human-specific CD31 marker (red) and cell nuclei with Hoechst (blue) and transmission electron microscopy showing a cross-section of an in vitro grown capillary. Note the presence of a central lumen (L), which is surrounded by multiple ECs (EC) covered by pericytes (Pc). The deposition of basement membrane (BM) (blue arrows) was also detected. (c) Establishment of a functional connection (white arrows) between human CD31-positive capillaries (red) and rat CD31-positive capillaries (green) already 4 days post-transplantation. This connection was further confirmed by the presence of rat erythrocytes (red autofluorescence) in the lumina of human CD31-positive capillaries (green) (white arrows). The inset shows a magnification of the area indicated by white arrows. White arrowheads indicate nonperfused human capillaries. Moreover, representative section of a highly vascularized human dermo-epidermal skin substitute after 7 days post-transplantation is demonstrated. The engineered capillaries are visualized by the human specific CD31 antibody costained by human CD90 marker delineating the human dermal compartment. Staining for human/rat aSMA (pericyte marker) reveals that the majority of transplanted capillaries were already covered by pericytes in vivo. Hoechst stains the nuclei blue. White dotted lines indicate the dermo-epidermal junction [8]. (d) Optimization of vascular network formation in vitro to determine the optimal culture time for maximal in vitro capillary network formation, fibrin hydrogels containing SVF stained using a human specific CD31 antibody at one and three weeks of culture, (e) The SVF–DESS capillary plexus reduces shrinkage and accelerates the establishment of tissue homeostasis. Black dotted lines indicate the area of each skin transplant used for planimetry analysis and (f) the skin graft coverage area in was significantly improved in SVF–DESS as compared to control groups (*** p < 0.001) [4]. 
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Figure 6. (a) Wound contraction over a 10-day period in four groups: sham, pluronic hydrogel (P) only, ASC+P, and SVF+P; (b) diagram showing the percentage of wound area each day; (c) histological images after H&E staining at 14 days after the injection of cells. (d) Representative photographs of isolectin B4 (ILB4), which is a marker of endothelial cells for neovascularization, in the skin wounds at 14 days after cell transplantation; nuclear DAPI staining is blue and ILB4 staining is green. On the upper line of the picture are the results of H&E from wound tissue after cell injection. The black rectangular box indicates the location of endothelial cells that show capillary density. (e) Quantification of expression levels for VEGF-A and EGF in skin wound tissues (* p < 0.05, ** p < 0.01) [162]. 
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Figure 7. Infiltration of distinct subsets of macrophages into vascDESS in vivo. (a,b) Infiltration of iNOS M1 macrophages into vascDESS in vivo. Double-label immunofluorescence for iNOS macrophages (green) and human CD90 (red) in vascDESS at 1 and 3 weeks of post-transplantation. (c,d) Expression of CD206 in transplanted vascDESS in vivo. M2 macrophages were detected with an antibody against CD206 (green) within the human CD90-stained neodermis (red). CD206 macrophage (M2) density was increased in vascDESS after 3 weeks as compared to 1 week in vivo. (e,f) The quantification of iNOS and CD206 density in transplanted skin analogs at 1 and 3 weeks in vivo (** p < 0.01,*** p < 0.001) [158]. 
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Figure 8. Statistics showing the mean macrophage polarization after implantation of DermaMatrix (a), AlloDerm (b), Integra (c), DermACELL, and (d) in adult rats. M1 phenotype represented by white bars and M2 with hatched bars. Comparison between M1 and M2 phenotype at each timepoint; * p < 0.05, ** p < 0.01, *** p < 0.001. (e) The ratios of M1:M2 macrophages for dermal matrices at each timepoint (+ DermaMatrix® vs. AlloDerm®, ɸ DermaMatrix® vs. Integra®, # DermaMatrix® vs. DermACELL®, £ AlloDerm® vs. Integra®, ‡ AlloDerm® vs. DermACELL®, § Integra® vs. DermACELL®) [294]. 
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Table 1. Summary of studies implying induced pluripotent stem cells in cutaneous wound healing in a murine model, including cell type, delivery method, animal model, and major findings [96].
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	Author
	Cell Type
	Delivery Method
	Animal Model
	Major Findings





	Clayton et al. [111]
	hiPSC-derived endothelial cells
	Intradermal injection

Suspended in medium and Matrigel
	Nude mice

Nondiabetic
	
	
Increased vascularization



	
Accelerated wound closure



	
High collagen deposition, macrophage number, blood vessel density



	
Increased wound perfusion



	
Increased host expression of PECAM, Tie-1, and VEGF








	Kim et al. [110]
	hiPSC-derived smooth muscle cells and endothelial
	Intradermal injection in PBS
	Nude mice

Nondiabetic
	
	
Increased angiogenesis



	
Accelerated wound closure



	
Increased smooth muscle cell migration



	
Increased in vitro VEGF, EGF, and FGF-4








	Shen et al. [116]
	hiPSC early vascular cells
	Topical application

Acrylated hyaluronic acid hydrogels
	Nude mice

STZ diabetic
	
	
Accelerated wound closure



	
Increased wound perfusion



	
No significant difference between healthy and diabetic donor derived cells



	
Increased blood vessel density








	Tan et al. [117]
	hiPSC-derived endothelial cells
	Topical application

Electrospun PCL/gelatin scaffolds
	FVB/N mice

Nondiabetic
	
	
Increased angiogenesis compared



	
Increased cell survival in scaffolds compared to cellular injections



	
Increased arteriole density in scaffold group








	Kashpur et al. [118]
	hiPSC-derived fibroblasts
	Topical application

Polyethylene terephthalate membrane self-assembled tissues
	Nude mice

STZ diabetic
	
	
Accelerated wound healing with hiPSC-derived fibroblasts from DFU compared to primary cells



	
No difference in gene expression between hiPSC-derived fibroblasts derived from healthy and diabetic patients








	Nakayama et al. [119]
	hiPSC-MSC
	Intravenous injection
	Nude mice

Nondiabetic
	
	
Accelerated wound healing as measured by epithelialization after IV delivery of 1 × 106 cells








	Kobayashi et al. [120]
	hiPSC-derived extracellular vesicles
	Intradermal injection + topical application in PBS
	C57 mice

db/db diabetic
	
	
Increased angiogenesis



	
Accelerated wound healing



	
Increased fibroblasts migration and replication, in vitro
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Table 2. Summary of research studies conducted on natural hydrogel-based materials used for immunomodulation of skin regeneration.
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	Hydrogel Type
	Main Characteristic
	Immunomodulatory Role in Skin Regeneration
	Ref.





	Decellularized ECM
	Containing proteins, glycoproteins, and polysaccharides
	Binding to the specific surface receptors of immune cells, the ECM composition can affect immunomodulation, promoting anti-inflammatory phenotype polarization in some cases
	[230,243,244,245]



	Collagen
	Protein-based material and the most abundant ECM component
	Binding to LAIR-1 receptors on immune cells, suppressing immune cell activity, and resolving post-wound inflammation
	[246,247]



	Fibrin
	The main component of the haemostatic clot
	Decreasing TNF-α cytokine secretion, decreasing macrophage motility, reduction of neutrophil recruitment, and extending pro-healing effects
	[248,249,250,251,252]



	Hyaluronic acid
	Glycosaminoglycans material with various MWs
	Modulation of leukocyte function, immunomodulatory effect dependent on MW, suppressing immune cell activity by high-MW HA, enhancing an inflammatory by low-MW HA, delaying inflammation by High-MW HA
	[253,254]



	Chitosan
	A natural polysaccharide
	Employing leukocytes and macrophages to the wound site, decreasing the inflammatory cells, and TNF-α and MMP-9 levels, and affecting macrophage polarization
	[255,256,257,258]



	Carrageenan
	A natural marine polysaccharide from red seaweed
	Stimulating IL-10 expression, prohibiting cytotoxic T cell responses, and delaying neutrophil activation
	[259,260,261]



	L-arginine
	Amino acid-based material
	Decreasing nitric oxide production, stimulating macrophages to express both TNF-α and NO in combination with chitosan
	[262,263,264]
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