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The skin is the largest organ of the human body, and its dysfunction is related to many diseases. There is a need to find new potential effective therapies for some skin conditions such as inflammatory diseases, wound healing, or hair restoration. Mesenchymal stromal cell (MSC)-conditioned medium (CM) provides a potential opportunity in the treatment of skin disease. Thus, the objective of this review is to evaluate the uses of MSC-CM for treating skin diseases in both animal and human models. A systematic review was conducted regarding the use of MSC-CM for treating skin conditions. One hundred one studies were analyzed. MSC-CM was evaluated in wound healing (55), hypertrophic scars (9), flap reperfusion (4), hair restoration (15), skin rejuvenation (15), and inflammatory skin diseases (3). MSC-CM was obtained from different MSC sources, mainly adipose tissue, bone marrow, and umbilical cord blood. MSC-CM was tested intravenously, intraperitoneally, subcutaneously, intradermally or intralesionally injected or topically applied. MSC-CM was used in both animals and humans. MSC-CM improved wound healing, hair restoration, skin rejuvenation, atopic dermatitis, and psoriasis in both animals and humans. MSC-CM also decreased hypertrophic scars and flap ischemia in animal models. In conclusion, MSC-CM is a promising therapy for skin conditions. Further studies are needed to corroborate safety and effectiveness and to standardize CM manufacturing.
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INTRODUCTION

Mesenchymal stromal cells (MSCs) are a type of multipotent adult stem cells that have the potential to proliferate, self-regenerate, and differentiate into multiple cell lineages (Dominici et al., 2006). They can be isolated from several sources such as bone marrow (BM-MSCs), adipose tissue (AT-MSCs), umbilical cord (UC-MSCs), amnion, placenta, or dental pulp (Bogatcheva and Coleman, 2019). MSCs are considered to be one of the most promising therapeutic options in cell therapy and tissue engineering, as they can be used for treating skin, cardiovascular, hematological, neurological, bone, and cartilage diseases (Wong et al., 2015; Kim et al., 2017; Hu et al., 2018; Martinez-Lopez et al., 2020).

It has been observed that the beneficial effects of MSCs are due not only to their multipotent ability but also to their secreted cytokines and growth factors (Caplan, 2017). Cell-free preparations have several advantages over cell therapy, as they can be obtained more easily and more economically and can be manufactured, packaged, and transported straightforwardly (Yang et al., 2021). Moreover, cell-free preparations do not have adverse events associated with cell administration such as rejection, tumorigenic, thrombogenic, ossification, or calcification risk (Bogatcheva and Coleman, 2019; Yang et al., 2021). The risk of malignant transformation of MSCs is a great concern, as MSCs therapy involves ex vivo production and expansion of cell lines, although the spontaneous malignant transformation of human MSCs has not been completely proved and there are many studies that have demonstrated that MSCs, even after physical and chemical stress, undergo senescence rather than become tumorigenic (Caplan et al., 2019). MSCs activate the host innate immune systems and the coagulation, increasing the expression of procoagulant tissue factor and demonstrating a procoagulant effect after MSC contact with blood in in vitro investigations. Infusion reactions and thromboembolism have been reported when using intravascular MSC products. A possible proposed solution to this problem is diluting or treating the MSCs with tissue factor pathway-blocking reagents. Moreover, hemocompatibility testing and optimal product delivery are important for designing safer MSC therapies. Other experimental intravascular therapies, such as islets, hepatocytes, and products derived from MSCs, could also improve MSC safety (Moll et al., 2019). The activation of the immune response could also lead to rejection. There are many investigations that focus on strategies to evade immune recognition, such as human leukocyte antigen (HLA)-matched cells or pharmaceutical immunosuppression (Moll et al., 2019, 2020). Cell-free preparation could help to reduce this risk of malignant transformation, thrombogenic risk, and rejection.

The molecules secreted by stromal cells are referred to the stromal cell secretome and include proteins, microRNA, growth factors, antioxidants, proteasomes, and exosomes (Maguire, 2013). The stromal cell culture media that comprise the secretome are known as the conditioned media (CM), and they are considered to be an abundant resource of paracrine factors (Pawitan, 2014; Mizukami and Yagihashi, 2016). The paracrine factors secreted in vitro include vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), insulin-like growth factor-1 (IGF-1), IGF−2, and stromal cell-derived factor 1 (SDF−1) (Ratajczak et al., 2012; Deng et al., 2018). The administration of these factors to the site of an injured organ increases its metabolic activity and oxygen supply and remodels the extracellular matrix (Ratajczak et al., 2012).

The skin is the largest organ of the human body, and its dysfunction is linked to several diseases (Montero-Vilchez et al., 2021). MSCs provide a supply of new cells for epidermal homeostasis, hair cycling, and repairing injured tissue (Kim et al., 2017; Guo et al., 2020). MSCs-CM also provide a potential opportunity in the treatment of skin disease, and there is increased evidence justifying its use for the treatment of cutaneous conditions such as wound healing, hair growth, inflammatory skin diseases, or skin rejuvenation. Thus, the objective of this review is to evaluate the use of MSC-CM for treating skin diseases in both in animals and humans.



MATERIALS AND METHODS


Search Strategy

A literature search was performed using Medline, Scopus, Embase, and ClinicalTrials.gov from conception to October 2020, following PRISMA Guidelines (Supplementary Material). The following search terms were used: [(MSC) OR (Mesenchymal Stem Cell) OR (Mesenchymal Stromal Cell) OR (Multipotent Stem Cell) OR (Multipotent Stromal Cell) OR (Stem Cell)] AND [(Conditioned Medium) OR (Conditioned Culture Media)] AND [(skin) OR (dermatology)].



Inclusion and Exclusion Criteria

The search was limited to (i) human or animal data, (ii) in vivo studies, (iii) using MSC-CM for skin conditions, and (iv) articles written in English or Spanish.

All types of epidemiological studies (clinical trials, cohort studies, case–control studies, and cross-sectional studies) regarding MSC-CM use for skin conditions were included and analyzed. Reviews, guidelines, protocols, and conference abstracts were excluded.



Study Selection

Two researchers (TMV and AML) independently reviewed the titles and abstracts of the articles obtained in the first search to assess relevant studies. The full texts of all articles meeting the inclusion criteria were reviewed, and their bibliographic references were checked for additional sources. The articles considered relevant by both researchers were included in the analysis. Disagreements about inclusion or exclusion of articles were discussed until a consensus was reached. If no consensus was reached, resolution was achieved by discussion with a third researcher (SAS).



Variables

The variables assessed were MSC source, passage number and percentage of confluence, model tested, treatment group, route of administration, sample size, assessment, outcomes, and adverse events.




RESULTS

Our literature search identified 1,422 references, 757 after removing duplicates. After the title and abstract were screened, 197 records underwent full-text review. A total of 96 records were excluded because they did not investigate MSC-CM treatment in vivo skin conditions. Other reasons for exclusion along with the flowchart are shown in Figure 1. Ultimately, 101 studies met the eligible criteria.
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FIGURE 1. Flow diagram of the study selection process.


Mesenchymal stromal cell-CM has been tested in several skin conditions: wound healing, hypertrophic scars, flap and graft reperfusion, hair restoration, aesthetic applications, and cutaneous inflammatory diseases.


Wounds


Preclinical Studies

Fifty-three studies evaluated the effects of MSC-CM on wound healing, 58.49% (31/53) evaluated outcomes in non-diabetic wounds, and 35.85% (19/53) in diabetic wounds, including three studies that evaluated wound healing in both diabetic and non-diabetic animals (Fong et al., 2014; Tam et al., 2014; Raj et al., 2019). Moreover MSC-CM has also been tested on burn wounds (5.66%, 3/53), infected wounds (3.77%, 2/53), and radiation-induced wounds (1.89%, 1/53).


Non-diabetic wounds

Thirty-one studies evaluated the potential of MSC-CM for treating non-diabetic wounds (Table 1). To obtain CM, cells were mainly isolated from human tissues (74.19%, 23/31): from adipose tissue (Cho et al., 2010; Heo et al., 2011; Deng et al., 2017; Yuan et al., 2018; Chen et al., 2021) (21.74%, 5/23), amnion (Yoon et al., 2010; Jun et al., 2014; Park et al., 2018; He et al., 2020) (17.34%, 4/23), umbilical cord blood (Lee et al., 2011; Dong et al., 2017; Raj et al., 2019; Rong et al., 2019) (17.34%, 4/23), bone marrow (Tamari et al., 2013; Chen et al., 2014; Ahangar et al., 2020) (13.04%, 3/23), and Wharton’s jelly (Fong et al., 2014; Tam et al., 2014; Sabzevari et al., 2020) (13.04%, 3/23). Human dental pulp (Zhou et al., 2020) and skin (Robert et al., 2019) were also used. Moreover, murine, swine, caprine, canine, deer, and rabbit tissues were also employed (Chen et al., 2008; Templin et al., 2009; Sun et al., 2014; Mehanna et al., 2015; Du et al., 2017; Payushina et al., 2018; Rong et al., 2019; Joseph et al., 2020). CM was collected from MSCs between passages 1 and 12 at 50–100% confluence. The most common model was murine (96.77%, 30/31), although a swine model was also used (Joseph et al., 2020). Regarding the route of administration, MSC-CM was mainly used topically (51.61%, 16/31), applied to the wounds or around them in cream, hydrogel, or membranes (Heo et al., 2011; Lee et al., 2011; Chen et al., 2014; Jun et al., 2014; Sun et al., 2014; Mehanna et al., 2015; Park et al., 2018; Joseph et al., 2020). MSC-CM was also injected (41.94%, 13/31), mainly subcutaneously (25.81%, 8/31) (Templin et al., 2009; Lee et al., 2011; Deng et al., 2017; He et al., 2020; Zhou et al., 2020) but also intradermally (Cho et al., 2010) and intraperitoneally (Fong et al., 2014). Subcutaneously injected and topically applied concomitant MSC-CM was also tested (Chen et al., 2008; Yoon et al., 2010). Topical application might be more effective than subcutaneous injections (Lee et al., 2011).


TABLE 1. Studies regarding mesenchymal stromal cell-conditioned medium for treating wounds in animal models.
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MSC-CM was tested for treating wounds in 421 animals. The mean wound size was 11.65 mm (from 2 to 35 mm), and the mean follow-up was 16.48 days (from 5 to 35 days). Wounds were assessed mainly by macroscopic appearance, histology, immunohistochemistry, and qRT-PCR. Outcomes showed that MSC-CM had better results in terms of wound closure, re-epithelialization, and vascularization than non-treated groups or other treatment groups (phosphate-buffered saline (PBS), hydrogel without cells, Dulbecco’s modified Eagle medium (DMEM), and unconditioned medium). Moreover, some research compared the effects between MSCs and MSC-CM with similar results. Topically applied MSCs and their CM via fibrin vehicle showed similar wound healing rates (Mehanna et al., 2015). Healing rates, vascularity, and cellular density were similar between MSCs and MSC-CM injected intraperitoneally (Fong et al., 2014). Injections of MSCs or MSC-CM around the wound showed similar results in wound healing (Templin et al., 2009; Tamari et al., 2013) (non-epithelialized area after 14 days’ follow-up: 25.9 ± 2.6% in MSCs and 25.1 ± 1.5% in the MSC-CM group).

Different MSC sources and CM delivery were also compared. Allogeneic MSC-CM showed better healing rate than xenogeneic MSC-CM treatment (Joseph et al., 2020). The wound closure rate was higher in animals treated with carrageenan-embedded CM than mice treated with polyvinyl alcohol-embedded CM (Robert et al., 2019). Moreover, CM supplemented with selenium and basic fibroblast growth factor (bFGF) showed better results in wound healing than CM alone or CM only supplemented with bFGF or selenium, as complete wound closure after 11 days’ follow-up was only observed in CM supplemented with both growth factors (Park et al., 2018). Hypoxic conditions also improved wound healing, accelerating wound closure (Chen et al., 2014; Jun et al., 2014; Sun et al., 2014; Du et al., 2017). TNF-α- and TFG-β1-implemented CM also accelerated wound healing as compared with non-supplemented MSC-CM (Cho et al., 2010; Heo et al., 2011). CM derived from Wnt7a-transduced MSCs also showed higher closures rates than did the MSC-CM group (Dong et al., 2017). No adverse events were reported in these studies.



Diabetic wounds

Nineteen studies evaluated the effects of MSC-CM for treating diabetic wounds (Table 2). To obtain CM, cells were mainly isolated from human tissues (89.47%, 17/19): from umbilical cord blood (Kim et al., 2010; Kusindarta et al., 2016; Chen Z. et al., 2018; Raj et al., 2019; Zhang S. et al., 2020) (29.41%, 5/17), bone marrow (Pouriran et al., 2016; Amini et al., 2018; Bagheri et al., 2018; Saheli et al., 2020) (23.53%, 4/17), adipose tissue (Deng et al., 2019; De Gregorio et al., 2020) (11.76%, 2/17), and Wharton’s jelly (Fong et al., 2014; Tam et al., 2014) (11.76%, 2/17). Human hair follicles (Ma et al., 2015), menstrual blood (Dalirfardouei et al., 2019), and urine (Chen C. Y. et al., 2018) were also used. Moreover, murine (Li T. et al., 2019) and swine (Irons et al., 2018) adipose tissues were employed. CM was collected from MSCs between passages 1 and 12 at 50–100% confluence. The most common model was murine (94.12%, 16/17), although a swine model was also used (Irons et al., 2018). Regarding the route of administration, MSC-CM was injected (78.95%, 15/19) mainly intraperitoneally (26.31%, 5/19) (Fong et al., 2014; Pouriran et al., 2016; Amini et al., 2018; Bagheri et al., 2018; Saheli et al., 2020), subcutaneously (15.79%, 3/19) (Chen C. Y. et al., 2018; Li T. et al., 2019; Zhang S. et al., 2020), intradermally (15.79%, 3/19) (Kim et al., 2010; Dalirfardouei et al., 2019; Deng et al., 2019), or intravenously (5.26%, 1/19) (De Gregorio et al., 2020). MSC-CM was also applied topically (21.05%, 4/19) to the wounds or around them in creams, hydrogels, or membranes (Kusindarta et al., 2016; Chen Z. et al., 2018; Irons et al., 2018).


TABLE 2. Studies regarding mesenchymal stromal cell-conditioned medium for treating diabetic wounds in animal models.
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MSC-CM has been tested on 256 animals with diabetic wounds. The mean wound size was 13.47 mm (from 3.5 to 50 mm), and the mean follow-up was 18.83 days (from 9 to 28 days). Wounds were assessed mainly by macroscopic appearance, histology, immunohistochemistry, and qRT-PCR. MSC-CM had better results in terms of wound closure, re-epithelialization, and vessel formation than non-treated groups or other treatment groups (PBS, hydrogel without cells, DMEM, unconditioned medium, or povidone iodine). Moreover, some studies compared the effect between cells and its CM with similar results (Kim et al., 2010; Fong et al., 2014; Tam et al., 2014; Irons et al., 2018; Dalirfardouei et al., 2019; Zhang S. et al., 2020). MSC-CM was also used to heal wounds in combination with laser therapy, showing that the combined treatment enhanced wound healing compared with laser or MSC-CM alone (Pouriran et al., 2016; Amini et al., 2018; Bagheri et al., 2018).

Different ways of CM implementation have been also evaluated. CM supplemented with deferoxamine, a hypoxic mimetic agent, had a more potent effect on recovering skin vasculatures than non-supplemented CM (De Gregorio et al., 2020). DMBT1 expression also improves wound healing (Chen C. Y. et al., 2018). Moreover, CM cultured on polydopamine-modified three-dimensional-printed bioceramic (DOPA-BC) scaffolds showed a higher healing rate than CM cultured on tissue culture plates (TCPs) or pure three-dimensional-printed bioceramic (pure BC) (Li T. et al., 2019). After 14 days’ follow-up, the remaining wound area was 7.1 ± 3.4% in the DOPA-BC-CM group, 15.2 ± 6.6% in the BC-CM group, and 21.2 ± 11.3% in TCP-CM group (Li T. et al., 2019).



Other wounds

MSC-CM was also evaluated in second- and third-degree burn wounds (Aryan et al., 2019; Li J. Y. et al., 2019; Zhou et al., 2019), radiation-induced wounds (Sun et al., 2019), and infected wounds (Fridoni et al., 2019; Kouhkheil et al., 2019; Table 3). Cells were isolated from human tissues: bone marrow (Aryan et al., 2019; Fridoni et al., 2019; Kouhkheil et al., 2019), umbilical cord (Zhou et al., 2019), Wharton’s jelly (Sun et al., 2019), and placenta (Li J. Y. et al., 2019). MSCs from passages 3 to 8 at 60–80% confluence were used. All tested models were murine.


TABLE 3. Studies regarding mesenchymal stromal cell-conditioned medium for treating other types of wounds in animal models.
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Twenty-eight mice with burn wounds were treated with MSC-CM with a mean follow-up of 25.67 days (from 21 to 28 days). MSC-CM was tested using subcutaneous (Li J. Y. et al., 2019) or intraperitoneal (Aryan et al., 2019) injections or topically applied (Zhou et al., 2019). In burn wounds, MSC-CM showed faster wound healing, increased re-epithelialization, and vascularization compared with controls (unconditioned medium, PBS, or DMEM).

Moreover, 72 mice infected with methicillin-resistant Staphylococcus aureus were treated with MSC-CM or MSC-CM plus photobiomodulation (PBM). MSC-CM plus PBM decreased colony-forming units and the number of inflammatory cells (Fridoni et al., 2019; Kouhkheil et al., 2019).

Twelve mice with radiation-induced skin injuries were also treated with MSC-CM. Topical application of MSC-CM in hydrogel accelerated wound closure and enhanced the wound healing quality (Sun et al., 2019).



Combined therapies using mesenchymal stromal cell–conditioned medium

Five studies evaluated the effects of MSC-CM combined with PBM or pulsed wave low-level laser therapy (PWLLLT) for treating diabetic wounds and infected wounds (Pouriran et al., 2016; Amini et al., 2018; Bagheri et al., 2018; Fridoni et al., 2019; Kouhkheil et al., 2019) (Supplementary Table 1). Regarding diabetic wounds, the results are controversial (Pouriran et al., 2016; Amini et al., 2018; Bagheri et al., 2018). Two studies showed that MSC-CM, PBM, and the combined therapy improved wound healing as compared with control group (Pouriran et al., 2016; Bagheri et al., 2018). Moreover, it was found that the extent of healing was significantly greater in the MSC-CM+PBM group (Amini et al., 2018). On the other hand, it was showed that PWLLLT and MSC-CM, alone or in combination, improved biomechanical parameters in the wound but that PWLLLT was more effective compared with MSC-CM (Pouriran et al., 2016). Concerning infected wounds, it was observed that both PBM+MSC-CM and PBM groups decreased colony-forming units and hastened wound healing process as compared with controls, while it did not happen when using MSC-CM alone (Fridoni et al., 2019; Kouhkheil et al., 2019).




Clinical Studies

Only one clinical study evaluated the effects of MSC-CM on wound healing (Table 4). This research assessed the use of MSC-CM derived from human amniotic membrane for treating chronic plantar ulcers in leprosy. The mean age of the patients was 52.12 ± 1.33 years, the mean ulcer duration was 1.41 ± 0.36 years, and the mean ulcer size at baseline was 2.64 ± 0.5 cm2 with a depth lower than 0.5 cm. Sixty-six patients were divided into groups to receive MSC-CM, MSC-CM+vitamin C, or MSC-CM+vitamin E topically applied every 3 days for 8 weeks. All groups improved wound healing, with MSC-CM+vitamin E being the most effective treatment. Wound size was reduced by 1.7 ± 1.05 vs. 2.01 ± 1.19 vs. 2.84 ± 1.67 cm2; and depth was decreased by 0.35 ± 0.14 vs. 0.25 ± 0.11 vs. 0.27 ± 0.15 cm in MSC-CM, MSC-CM+vitamin C, and MSC-CM+vitamin E groups, respectively. No adverse events were reported (Prakoeswa et al., 2018).


TABLE 4. Studies regarding mesenchymal stromal cell-conditioned medium for treating wounds in human.
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Hypertrophic and Keloid Scars


Preclinical Studies

Nine studies evaluated the potential of MSC-CM in the treatment of hypertrophic scars or avoiding scar formation (Wu et al., 2015; Zhang et al., 2015; Du et al., 2016a, b; Li et al., 2016; Choi et al., 2017; Liu et al., 2018; Arjunan et al., 2020; Hu et al., 2020; Table 5). To obtain CM, MSCs were mainly isolated from human tissues: adipose tissue (Li et al., 2016; Choi et al., 2017; Liu et al., 2018) (33.33%, 3/9), umbilical cord blood (Arjunan et al., 2020), placenta (Du et al., 2016a), and bone marrow (Wu et al., 2015). Murine bone marrow (Hu et al., 2020), murine placenta (Du et al., 2016b), and rabbit adipose tissue (Zhang et al., 2015) were also used. CM was collected from MSCs between passages 3 and 13 at 70–90% confluence. The most common model was murine (88.89%, 8/9), although a rabbit model was also used (Zhang et al., 2015). CM was used mainly by subcutaneous injection (66.66%, 6/9) (Wu et al., 2015; Du et al., 2016a, b; Li et al., 2016; Liu et al., 2018; Hu et al., 2020). Intralesional (Zhang et al., 2015; Arjunan et al., 2020) and intravenous (Choi et al., 2017) injections were also used. MSC-CM was tested in 97 animals for treating hypertrophic scar and keloids or preventing scar formation. The mean follow-up time was 23 days. Scars were assessed mainly by macroscopic appearance, histology, immunohistochemistry, and qRT-PCR.


TABLE 5. Studies regarding mesenchymal stromal cell-conditioned medium for treating hypertrophic scars in animal models.
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Mesenchymal stromal cell-CM had better results than non-treated groups or other treatments groups (PBS, DMEM, and unconditioned medium) in terms of tumor volumes, tumor weight, collagen fiber deposition, and skin fibrosis. CM derived from MSCs cultured in hypoxic conditions showed greater effects on scar formation than cultured in normoxic conditions (Du et al., 2016a, b). Moreover, the MSC-CM-treated group exhibited significantly fewer proliferating cells than did MSC-CM with TGF-β3 blocked, showing that TGF-β3 may be responsible for parts of the antifibrotic effect of the MSC-CM (Wu et al., 2015). The combination of MSC-CM and botulinum toxin type A (botox) had a greater effect when treating human hypertrophic scars than did botox alone, MSC-CM alone, or DMEM. Scar weight was reduced by 21, 11, or 10% more compared with DMEM, MSC-CM, or botox, respectively (Hu et al., 2020). Although both MSCs and MSC-CMs reduced hypertrophic scars, MSC-CM might be more effective than MSCs (Zhang et al., 2015). The Scar Elevation Index was reduced in both MSC- and MSC-CM-treated groups compared with internal controls (44.04 and 32.48%, p < 0.01, respectively), and it was significantly lower in the MSC-treated group than in the MSC-CM-treated group (p < 0.01) (Zhang et al., 2015).



Clinical Studies

No clinical study specifically evaluated the effects of MSC-CM on hypertrophic scar formation. Nevertheless, the effect of MSC-CM has been tested on acne scars in combination with laser therapy, showing that combined therapy had a greater effect on reducing acne scars than laser alone (Zhou et al., 2016; Abdel-Maguid et al., 2019; El-Domyati et al., 2019; Park C. S. et al., 2019). These studies are further developed in the Skin Rejuvenation section.




Flap and Graft Reperfusion


Preclinical Studies

Four studies evaluated the effects of MSC-CM for treating ischemic wounds or flaps (Mirabella et al., 2012; Lee S. M. et al., 2014; Cooper et al., 2018; Pu et al., 2019; Table 6). MSCs were isolated from human adipose tissue (Lee S. M. et al., 2014; Cooper et al., 2018; Pu et al., 2019) or human amniotic fluid (Mirabella et al., 2012). CM was collected from MSCs between passages 3 and 8 at 70–90% confluence. All the models employed were murine.


TABLE 6. Studies regarding mesenchymal stromal cell-conditioned medium for improving flaps reperfusion in animal models.
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Two studies tested MSC-CM in ischemia/reperfusion flap models by clamping the flap and then releasing it. Pu et al. evaluated the effects of MSC-CM applied to the subcutaneous layer between the flap and its bed and at the proximal, middle, and distal parts as compared with saline (n = 6/group) (Pu et al., 2019). A porcine skin-derived gelatine membrane soaked in either MSC-CM or saline was also tested (n = 5/group) (Mirabella et al., 2012). Both studies observed that the MSC-CM treatment group enhanced skin flap recovery, attenuated the necrotic area, increased hair growth, and stimulated angiogenesis as compared with controls (Mirabella et al., 2012; Pu et al., 2019).

MSC-CM were also applied topically on flap ischemic wounds in six mice. It was observed that MSC-CM accelerated the closure of flap ischemic wounds by 50% as compared with controls (Cooper et al., 2018). MSC-CM was also tested on skin allografts, intravenously injected, and compared with placebo and MSCs. MSCs and MSC-CMs increased skin allograft survival as compared with the control (23.9 ± 2.0, 19.6 ± 2.4, and 9.3 ± 1.4 days, respectively), without any differences between MSCs and MSC-CMs (Lee S. M. et al., 2014).

There are no studies at the clinical level.




Hair Restoration


Preclinical Studies

Ten studies evaluated the effect of MSC-CM on hair growth at the preclinical level (Park et al., 2010; Won et al., 2010, 2015; Dong et al., 2014; Shim, 2015; Choi et al., 2019; Gunawardena et al., 2019a; Park J. et al., 2019; Ou et al., 2020; Xiao et al., 2020; Table 7). MSCs were isolated mainly from human hair follicles (Won et al., 2010; Won et al., 2015; Gunawardena et al., 2019a; Ou et al., 2020) (40%, 4/10) and human adipose tissue (Park et al., 2010; Choi et al., 2019; Xiao et al., 2020) (30%, 3/10). Other tissues used were human amniotic fluid (Park J. et al., 2019), human deciduous teeth (Gunawardena et al., 2019a), human dermal cells (Shim, 2015), and murine bone marrow (Dong et al., 2014). CM was collected from MSCs between passages 2 and 6 at 50–100% confluence. All studies employed murine models.


TABLE 7. Studies regarding mesenchymal stromal cell-conditioned medium for hair restoration in animal models.
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Mesenchymal stromal cell-CM was used subcutaneously (Park et al., 2010; Won et al., 2015; Choi et al., 2019; Gunawardena et al., 2019a; Xiao et al., 2020) (50%, 5/10) or intradermally (Dong et al., 2014) injected or topically applied (Won et al., 2010; Shim, 2015; Park J. et al., 2019; Ou et al., 2020) (40%, 4/10). MSC-CM was tested on 86 animals with shaved regions. The mean follow-up time was 26.3 days (from 10 to 60 days). Hair growth improvement was assessed mainly by macroscopic appearance (skin darkening and hair weight) or histology. It was found that MSCs enhanced hair growth compared with control group (PBS, minoxidil, or DMEM). Hair weight in the MSC-CM group increased by 40 mg as compared with that in the non-treated groups and by 20 mg as compared with that in the minoxidil group (Shim, 2015). MSC-CM stimulated hair growth by promoting dermal papilla cell proliferation, accelerating telogen-to-anagen transition, and promoting neovascularization.

The overexpression of a reprogramming factor in the CM, Nanog, improved hair induction even more than MSC-CM without Nanog (Park J. et al., 2019). Moreover, it was observed that CM collected from human deciduous teeth accelerated hair growth more than CM derived from hair follicle cells. The transition from telogen to anagen stage for teeth-MSC-CM was between 8 and 12 days, while that at hair follicle-MSC-CM ranged from 12 to 15 days (Gunawardena et al., 2019a). CM enrichment with heparin binding-epidermal growth factor-like growth factor (HB-EGF) showed a greater effect in promoting hair growth compared with non-supplemented CM (Choi et al., 2019). Furthermore, CM collected from MSCs cultured in hypoxic conditions increased hair regeneration growth factors (Park et al., 2010). No adverse events were reported when using MSC-CM in hair restoration.



Clinical Studies

Four clinical studies evaluated the effects of MSC-CM on hair growth (Shin et al., 2015; Lee et al., 2020; Narita et al., 2020; Oh et al., 2020; Table 8). To obtain CM, cells were isolated from human adipose tissue (Shin et al., 2015; Lee et al., 2020; Narita et al., 2020) (75%) and human umbilical cord blood (Oh et al., 2020) (25%). All studies evaluated the effect of MSC-CM in androgenetic alopecia (AGA). MSC-CM was tested on 100 patients, both men and women, with an age range of 23–74 years. Two observational studies used intradermal injections of human AT-MSC-CM and observed that hair density increased by 17.3 hairs/cm2 and hair thickness increased by 6.5 μm as compared with baseline (Shin et al., 2015; Narita et al., 2020). A clinical trial also evaluated the effects of human UC-MSC-CM enriched with TGF-1 and LiCl applied topically twice daily for 112 days. It was observed that MSC-CM increased hair density by 14.24%, hair thickness by 28.19%, and hair growth by 19.54% as compared with a placebo (Oh et al., 2020). Moreover, MSC-CM treatment was also evaluated in patients who underwent non-ablative fractional laser treatment for AGA. It was found that concomitant treatment (MSC-CM+laser) had a greater effect than laser treatment only. The MSC-CM group had greater hair density (102.1 ± 4.09 vs. 89.3 ± 3.79/cm2) and gross hair volume (2 ± 0.13 vs. 1.2 ± 0.19, evaluated by a 7-point global improvement score) than the placebo group after 12 weeks of treatment administration (Lee et al., 2020). No serious adverse events were reported in these studies.


TABLE 8. Studies regarding mesenchymal stromal cell-conditioned medium for hair restoration in humans.
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Skin Rejuvenation


Preclinical Studies

Three studies evaluated the effect of MSC-CM in 36 UV-induced photoaged mice (Ueda and Nishino, 2010; Kwon et al., 2016; Zhang K. et al., 2020; Table 9). MSCs were isolated from human umbilical cord (33.33%, 1/3) (Zhang K. et al., 2020), human bone marrow (33.33%, 1/3) (Kwon et al., 2016), and human dental pulp (33.33%, 1/3) (Ueda and Nishino, 2010). The mean follow-up was 35 days (from 14 to 35). MSC-CM reduced the level of wrinkles, improved transepidermal water loss (TEWL) and stratum corneum hydration (SCH) values, and increased collagen fibers than did vehicle or PBS. Nevertheless, the effect of MSC-CM on improving wrinkles was lower than that of MSCs (Ueda and Nishino, 2010).


TABLE 9. Studies regarding mesenchymal stromal cell-conditioned medium for skin rejuvenation in animal models.
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Clinical Studies

Twelve studies evaluated the effect of MSC-CM on skin wrinkles (Seo et al., 2013; Zhou et al., 2013; Lee S. M. et al., 2014; Xu et al., 2016; Kim et al., 2018; Prakoeswa et al., 2019; El-Domyati et al., 2020; Kim J. et al., 2020) and acne scars (Zhou et al., 2016; Abdel-Maguid et al., 2019; El-Domyati et al., 2019; Park C. S. et al., 2019; Table 10). MSCs were isolated from human tissues: adipose tissue (Zhou et al., 2013, 2016; Xu et al., 2016; Park C. S. et al., 2019) (30.77%, 4/13), amniotic fluid (Abdel-Maguid et al., 2019; El-Domyati et al., 2019, 2020; Prakoeswa et al., 2019) (30.77%, 4/13), umbilical cord blood (Kim et al., 2018; Kim J. et al., 2020) (15.38%, 2/13), human embryos (Seo et al., 2013; Lee S. M. et al., 2014) (15.38%, 2/13), and the placenta (Xu et al., 2016).


TABLE 10. Studies regarding mesenchymal stromal cell-conditioned medium for skin rejuvenation in humans.
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Two hundred six healthy volunteers were treated with MSC-CM for anti-aging therapies (Seo et al., 2013; Zhou et al., 2013; Lee S. M. et al., 2014; Xu et al., 2016; Kim et al., 2018; Prakoeswa et al., 2019; El-Domyati et al., 2020; Kim J. et al., 2020). This research included women between 24 and 64 years. The studies evaluated the effects of microneedling, radiofrequency, or laser therapy alone compared with combined treatment with MSC-CM. They observed that combined therapy showed better improvement in macroscopic appearance (less pores and wrinkles), biophysical parameters (increased SCH and decreased TEWL, erythema, and melanin), and histology (increased dermal density) and had higher patient satisfaction scores. Similar results were found for the application of CM derived from human adipose tissue and human placenta, showing only a greater decrease in melanin index in the AT-MSC-CM group (Xu et al., 2016). The application of human UC-MSC-CM containing serum and cream on patients who underwent fractional laser therapy showed less microcrusts than the application of UC-MSC-CM only containing cream (Kim J. et al., 2020). No serious adverse events were observed in these reports.

Moreover, MSC-CM was also tested on acne scars (Zhou et al., 2016; Abdel-Maguid et al., 2019; El-Domyati et al., 2019; Park C. S. et al., 2019), suggesting that combined therapy (laser+MSC-CM) may increase the regenerative effects of fractional laser. Four studies evaluated the therapeutic potential in 71 patients with a mean follow-up of 82.5 days (range 60–90). After laser treatment, topical application of MSC-CM showed greater scar volume reduction than did with the control, by 23.5% on the MSC-CM side vs. 15.0% on the control side (Park C. S. et al., 2019). Furthermore, the MSC-CM-treated side improved subjective satisfaction and clinical assessment, showing better TEWL, SCH, elasticity, roughness, and collagen density than did the controls (laser alone or DMEM). Nevertheless, laser therapy+MSC-CM showed lower clinical improvement in acne scars than the combination of laser+platelet-rich plasma (Abdel-Maguid et al., 2019). Adverse events reported were erythema and edema, linked more to laser therapy than MSC-CM treatment.




Inflammatory Skin Diseases


Preclinical Studies

One study evaluated the effect of CM derived from murine adipose tissue for treating atopic dermatitis (AD) (Park H. S. et al., 2019; Table 11). Mice were followed up 33 days after AD lesions had developed and treated with subcutaneous injections every 3 days with saline, MSC, MSC-CM, or 2.5% cortisone lotion (n = 6/group). A higher AD severity index decrease was observed in groups treated with MSC, MSC-CM, or cortisone, as compared with the saline group. Moreover, the severity index (assessed by SCORAD) was lower in the MSC-CM group treated with MSCs or cortisone. Skin thickness decreases were similar between MSC-CM, MSC, and cortisone, and all greater than in the saline group. Likewise, mast cell infiltration was reduced in MSC-CM, MSC, and cortisone groups. Th2 expression, measured in optical densities, was lower in the MSC-CM groups than in the MSC, cortisone, or saline group (1.58 ± 1.84 vs. 3.79 ± 2.08 vs. 4.10 ± 3.32 vs. 19.19 ± 5.54). Ig E levels were slightly reduced in mice that were treated with MSC, MSC-CM, or cortisone. IL-4 was also reduced in the group treated with MSC-CM (Park H. S. et al., 2019).


TABLE 11. Studies regarding mesenchymal stromal cell- conditioned medium for treating inflammatory skin diseases.
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Clinical Studies

One study evaluated the effects of MSC-CM for treating AD (Kim Y. J. et al., 2020), and one case report showed the outcomes in a patient with scalp psoriasis treated with MSC-CM (Seetharaman et al., 2019; Table 11).

Twenty-eight patients (15 males and 13 females; mean age 24.68 ± 4.32 years) were treated with human UC-MSC-CM in cream bases for 4 weeks. MSC-CM was applied on both eczematous lesions and non-involved skin twice a day. After treatment, SCH increased by 15.67 arbitrary units (AU), a relative unit of measurement to show the ratio of amount of some quantities to a predetermined reference measurement, on eczematous lesions and 14.49 AU on non-involved skin. Moreover, TEWL decreased by 15.09 g⋅m−2⋅h−1 AU on eczematous lesions and 3.08 g⋅m−2⋅h−1 on non-involved skin (Kim Y. J. et al., 2020). In agreement with preclinical studies, these data showed that cosmetics that contained MSC-CM improved the skin barrier function and could be an effective treatment for AD patients.

One study also evaluated the clinical efficacy of MSC-CM derived from human adipose tissue for treating psoriasis scalp. A 38-year-old male was treated topically with MSC-CM on the lesions once a day. After 1-month follow-up, the number of psoriatic plaques was reduced and Psoriasis Scalp Severity Index (PSSI) changed from 28 to 0. Moreover, no relapse or adverse events were observed after 6 months’ follow-up (Seetharaman et al., 2019).





DISCUSSION

MSC-CM may be an alternative, safe, and easily delivered therapy for several skin conditions, but evidence in clinical studies is limited. They have been mainly tested in hair restoration (Shin et al., 2015; Lee et al., 2020; Narita et al., 2020; Oh et al., 2020) and skin rejuvenation (Abdel-Maguid et al., 2019; El-Domyati et al., 2019; Kim J. et al., 2020), with promising results. Preclinical studies are mainly focused on wound healing (Shin et al., 2015; Lee et al., 2020; Narita et al., 2020; Oh et al., 2020), showing high rates in wound closure. MSC-CM may also be an effective treatment for decreasing hypertrophic scars (Arjunan et al., 2020; Hu et al., 2020), improving flap reperfusion (Mirabella et al., 2012; Lee S. M. et al., 2014; Cooper et al., 2018; Pu et al., 2019), and treating psoriasis (Seetharaman et al., 2019) and AD (Park H. S. et al., 2019; Kim Y. J. et al., 2020). Nevertheless, there was significant variability between studies in the cell source, cell treatment, method of delivery, disease model used to assess efficacy, ways of assessment, and outcome evaluation. This review provides a useful summary regarding the use of MSC-CM for skin conditions and highlights the need to standardize manufacturing processes and characterize CM. The main findings of this review are summarized in Figure 2.
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FIGURE 2. Iconographic summary of this review’s main findings.


It is important to characterize the composition of CM, but there is a lack of evidence in this aspect. Some studies showed that CM contained high concentrations of growth factors and cytokines associated with angiogenesis and endothelial cell migration such as EGF, tissue inhibitors of metalloproteinase-1, or IGF-binding protein-7 (De Gregorio et al., 2020; Kim Y. J. et al., 2020). The properties of MSC-CM vary depending on the cell source (Sagaradze et al., 2019). More than 10 sources of MSCs were used to treat skin conditions. MSCs were mainly isolated from human adipose tissue, human bone marrow, and human umbilical cord blood. Another important aspect is the timing of the collection of CM from the cells and concentration steps carried out for obtaining CM (Im et al., 2019). Most studies used cells from passages 3 to 6 at 80–90% confluence. The secretome of cells may also vary depending on the age of the cells (Maguire, 2013). Furthermore, the same type of cells is reported to secrete different levels of paracrine factors depending on the culture condition (Park et al., 2010) (hypoxic vs. normoxic) and the scaffold type (Li T. et al., 2019) (monolayer vs. 3D cultures). Hypoxic treatment is one of the most frequently used ways to improve CM, as hypoxic stress reduces oxygen and improves cellular functions (Du et al., 2017). CM collected from MSCs cultured under hypoxic conditions improved the cells’ capacities of proliferation and self-renewal (Chen et al., 2014; Jun et al., 2014; Du et al., 2016a, 2017). Determining the levels of paracrine factors secreted by MSCs at different passages with different conditions may also provide knowledge about the best stromal cell growth stage for obtaining a specific group of paracrine factors. Furthermore, MSC-CM should be considered both an alternative therapy and a synergic therapy for improving skin conditions, as MSC-CM combined with the conventional therapy has been proved to have better results than MSC-CM or the conventional therapy alone (Pouriran et al., 2016; Amini et al., 2018; Bagheri et al., 2018; Fridoni et al., 2019; Kouhkheil et al., 2019). In fact, some studies regarding wound healing in diabetic and infected wounds showed that PBM+MSC-CM application accelerated the process of wound healing, while it did not happen when using MSC-CM alone (Pouriran et al., 2016; Fridoni et al., 2019; Kouhkheil et al., 2019).

Several routes of administration have been also tested. Topical application and subcutaneous injection of CM were the most common routes of administration, and they are also the least invasive ways, appearing as promising routes for future research on MSC-CM.

No adverse events were reported to be related to MSC-CM in either preclinical or clinical trials. This is one of the main advantages of using MSC-CM instead of CM, as adverse events related to cells such as hyperimmunogenicity or tumorigenicity can be avoided (Gunawardena et al., 2019b). Only three studies evaluated differences between MSCs and MSC-CM, showing similar results between them (Tamari et al., 2013; Park H. S. et al., 2019; Zhang S. et al., 2020). Similar effectiveness was observed between UC-MSCs and UC-MSC-CM for accelerating wound healing rate. The wound area of UC-MSC and UC-MSC-CM was ≈15% reduced as compared with controls without differences in UC-MSC and UC-MSC-CM (Park H. S. et al., 2019; Zhang S. et al., 2020). Other research also showed similar epithelialization rate when using MSC or MSC-CM (Tamari et al., 2013). Moreover, it was observed that the effect of autologous AT-MSCs and AT-MSC-CM was similar for treating AD in mouse and higher than in the control group (Park H. S. et al., 2019).

It is also important to differentiate MSC-CM from culture media only. MSC-CM is the one in which MSCs have been grown for a period of time and with some requirements, and the culture media only is the media in which we grow the MSC-CM but has not been exposed to the cells. The culture media were used as control in some studies to prove the effectiveness of MSC-CM in wound healing (Jun et al., 2014; Deng et al., 2019; Rong et al., 2019). Higher wound healing rates and faster healing were observed with MSC-CM treatment than DMEM. Moreover, it was observed that hypertrophic scar reduction was higher using MSC-CM than DMEM (Zhang et al., 2015; Liu et al., 2018; Hu et al., 2020). It was also found that the topical application of MSC-CM after laser treatment showed less erythema and less pigmentation than the application of DMEM (Zhou et al., 2013, 2016). This might mean that the effect observed of MSC-CM in these diseases is due to the secretome and is not being caused by the culture media alone.

One of the limitations of MSC-CM is that, to translate its use to patients, it is necessary to know the exact composition of each CM and that its use validation should be conducted for every disease it is to be used for. Moreover, CM needs to be given more frequently than MSC, as the half-lives of cytokines and growth factors are mostly shorter than those of stromal cells, which may survive for rather long periods (Pawitan, 2014). Further research is needed to determine the components of MSC-CM that improves skin diseases. Moreover, regulatory requirements for manufacturing, standardization, and quality control of MSC-CM regarding MSC origin, isolation methods, and culture conditions are necessary to establish the safety and efficacy profiles of these products (Park H. S. et al., 2019).

Although there are some reviews regarding MSC-CM (Pawitan, 2014; Mizukami and Yagihashi, 2016; Bogatcheva and Coleman, 2019), they include little information about cutaneous disease. Pawitan et al. included some studies where MSC-CM was used for skin repair and alopecia. Bogatcheva and Coleman only included two articles where MSC-CM was used for skin diseases, one on treating dermatitis and the other on burns. Mizukami and Yagihashi reviewed the status of preclinical studies on stromal cell therapy for diabetic polyneuropathy, but they focused on MSCs and did not include information on other diseases. As far as we know, here, we review the use of MSC-CM in all skin conditions reported in the literature for the first time.

In conclusion, MSC-CM is a promising therapy for skin conditions. Studies on animals showed important rates of wound closure after MSC-CM treatment and clinical studies showed good results for skin rejuvenation. Further studies are needed to corroborate safety and effectiveness and to standardize CM manufacturing.
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ASCs, antler stem calls; AT, Adipose tissue-derived; bFGF basic fbroblast growth factor; AF; amniofic fluid; BM, bone marrow; CM, conditioned medium; DMEM, Dulbecco’s modified Eagle medium; DR, dental pulp;
ECM, oxtracellular matrix; EGF. opidermal growth factor; ELISA, enzyme-linked immunosorbent assay: EVs, extracollular vesicles; Exos, exosomes; HE, homatoxylin and eosin; hCB, human cord blood; hESC, human
embryonic stem cel; IMC, immunohistochemistry; I, immunofluorescence; MPF, micro-nano polylactic acid electrospun fiber; MSCs, mesenchymal stromal cels; MT, Masson's trchrome; PBM, photobiomodulation;
PBS, phosphate-buflered saline; GRT-PCR, real-time quantitative polymerase chain reaction; SVF. siromal vascular fraction; UCM, unconditioned medium; W8, Western blotting; WA, Wharton's jely.

*0, 10, 50, and 100% MSC-CM refers to the dilutions of the conditioned medium in DMEM/F12 with 2% FBS.
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inhibitor +hypoxic
MSC-GM
(0 = 10/group)
Ou ot al, Human Praconta Flow Gytometry and  MSGa of 100 wtinjoctod 5 Macroscopic Hypoxic Docroased tovels of
20160 placonta collected immunofluorosconce. passages 3-6 at subcutancousty appoarance. MSG-om TGF-p1 and collagen |
positive for CO73+.,  80-90%. scaid mouse Normai medivem @notography. roduced scar wore obsorved Uaing
OO0+ CO106+.  confiuonce woro  model, 20 mm. Normoxio contracture rato formation and  hypoxic MSC-CM.
D34~ CDAS—.  imed.Normoxc  back MSC-GM iatology (HE). Tiypan  decroased Fiypoxic MSC-CM also.
HUAOR— M and hypoxic - Hyporic o staining. wound sizo innistod the
O v MSS-OM ART-PGR, W, comparod with  proliforation and
coltected = 10/gr0up) EUISA. wound normal medium  migration of skin
hoaing assay and nomoxic. Treinng
MSC oM
W ot al Humanbone  — Flow cytomotry. MSGCs of Murin. Siin 100 i injoctodt 21 Macroscopic MSG-om MSG-CM docroased
2015 marrow (©014] Cosa, Ppassages 5-10 at fibrosia model.  subcutancousy appoarance. docronsed skin  the ibrobiast viabiy.
D45.CD44. and  BO% confluonce  Hypertroptic into the losion histology (HE). IHC.  fiorosis. roduced siin dermal
cor3; wore Usod. GM. akin, aimost overy Coliar proiitoration thicknass, and innibited
as thon 2-foid groater “Praceno o7y cola protioration.
Back. with TGF-pa. oxnibited significantly
ioakod towor prottorating cals
= S/orouy comparod i
MSC A with
TGF-p3-biockod
Znang otal.  Rabbit adipose  Surgical Flow ytomotry MSCs of passage  Rabii 200t 56 Macroscopic MSGa and MSCo and MSG-GM
2018 s oxcision of  (CD734/COP0+/ 3t 80-90% Fullthicknoss  intraosionally appoarance. mSC-CMs docroased a-smooth
inguinal fat  CD34—/CO14-).  confuence were  wound scar, injoctod into Riatology (ME, MT),  decroased scar  muscio actin and
podt Adipogonic and. usod, GM was 10 mim, car contor of oach IHC. QRT-PCR. gene  hyportrophy and  collagen typo.
osteogoric hon colioctod scar oxprossion. 100 10 scar with & MSG-CM was loss.
ditoroniiation. ~Unwroatod utrasoncgraphy more normal aftoctive than MSCe.
ey appearance
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Prakoeswa Human Amniocentesis Chronic Randomized 5218 +1.383 56 Topical 56 Macroscopic All groups reduced wound
etal, 2018 amniotic fluid plantar ulcer controlled application every appearance size and depth. Healing
in leprosy trial 3 days (photography), percentage increased in all
- MSC-CM spectrophotometric  groups. Size reduction was
- MSC- 1.7 +1.05vs. 2.01 £1.19
CM+vitamin C vs. 2.84 + 1.67 cm?, and
- MSC- depth was decreased
CM-+vitamin E 0.35 £0.14 vs.
(n = 22/group) 0.25 £0.11vs.
0.27 £0.15¢cmin
MSC-CM,

MSC-CM-vitamin C, and
MSC-CM+vitamin E group,
respectively. No adverse
events were reported

CM, conditioned medium; MSC, mesenchymal stromal cells.
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MSCsource  Methodof  MSC
tissue. characterization
‘extraction
Zhovetal,  Human Unbiical cord  Flow cylomery
2019 umbilcal cords  sectionfrom  (CD29+, CD44+,

full-term healthy - CD73+, CD90+,
fetuses that CD105+, CD34 -,

werebomvia  CD45, CD31-,
cesarean co271-)
section

Sunetal, 2010 Wharton'sjely  Sectionfrom  ~
fomhuman  umbiical cords.
umbikcal cords.

LiJ.Y.etal, Humanfetal  Placenta Flow cytometry

2019 placenta saction adpogenic and
GRT-PCR(CD29+,
CO73+,CD105+,
C0Y0+, 034,
CD45~, CD133-).
Adpogenic and
osteageric
differentiation

Kouhkhelletal, Humanbone  Aspiration Flow cytometry
2019 marrow

frdorietal,  Humanbone  Aspiraion  Flow cylomelry
2019 marrow

0073+, CO%4-,

0045-)
Ayanetel,  Humanbone = Flow cylometry
2019 marton (CD73+, CO80+,

CD105+, 0045-)

(CD1054, C00+, 4 were used. O~ diabetic rats

Preparationof  Model

MSC-CM

MSCs of Muine.

passages 3-8at  Thirc-degree

70-80% bumedmice, 15

confluence were  mm

used. CM was

colected. The

themosensitive

MSC-

CMhydrogel was

prepared by

mixing the

precodled

MSC-CM,

chitosanVp-GP,

and collagen

solutions at a

ratioof 1:2:1 on

ico

MSCs of passage  Murie.

3a160% Radiation-

confluence were  induced skin

used. CMwas  injuy rat mode,

colected 20mm x 20mm

MSCs of Murine.

passages 3-Tat  Second-degree

80% confluence  burn injury model,

were used. CM  Back skin of mice:

‘was collected was injured with
80°C water for
1005to ceatoa
10-mm diameter
wound

MSCs of passage  Murine. MRSA

4at80% rats infected.

confuencewere  Ful-tickness

used. CMwas  excisional wound,

colected 15 mm, on the
back

MSCs of passage  Murne, MRSA

wascolected  infecled.
Ful-thickness
wound, 15-mm
cameterround,
ontheback

MSCs of Muing,

passages -4t Second-degree

80-90% burns nduoed

confluence were  from boling

used. CMwas ~ waler,

colected 30mm x 30 mm

Groups of
treatments and
via of
administration

Wound was
covered and
changed twice
daly

- Unconditioned
medium (UM)

- MSC-CM group
- UMhydroge!
-MSC-
CMhydrogel

n = 18/group)

200 mlof

hydrogel was
pipetted ontothe
radiation wound
every 2 days

- Nontreated
-EGF

- MSC-CM

0= 12/group)

200 wlofthe
treatments was
subcutaneously
injected near the
wound at four
sites

- PBS containing
2x 10°MSCs

- MSC-CM

-PBS

- DVEM
n=Sigroup)
PBM was
administered
once daly, 6 days
per week, 50l
ofthe 10-fold CM
was administered
from day 0 until
day3

- Control

-PBM

- MSC-CM

- PBM+MSC-CM
= 18/group)

PBMwes
adminitered
once daly, 6 days
per week, 500!
of the 100 CM
was nfected
intrapertoneally
dally from day 0
unllcay3

- Conlrol group
-PBM

MSC-CM
PBMMSC-CM
r=18gow)

- Not reated ras
(contro)

-0 mlof DMEM
ected
repertonealy
every ofher day

« 1% topical siver
suladazine
cream daly

<08 mlof
MSC-CM injected
lrepertonealy
every other day
(n=Sigoup)

Follow-up
(days)

28

2

1

Assessment

Macroscopic
appearance
(photography),
histology (HE),
He

Macroscopic
appearance
(photography),
histology (HE),
HC

Macroscopic
appearance
(photography),
Tistology (HE), IF

Clinical
observation,
tensiomelic, and
stereological

Hstolgy ().
He

Macroscopic
appearance
(pholoyaphy)
histology (HE,
M, e

Main outcomes.

Appication of the
MSC-
CMhydrogel
shortened healing
time. The average
healng time in
MSC-
CMhydrogel
group vas
approximately

5 days shorter
thanin UM group
and shorter than
MSC-CMand
UMhydrogel
goups

MSC-CM
significantly
acceleraled
wound closure
and enhanced
the wound
heang qualiy.
The greal
diference was
observed at day
42, vith arelative
‘wiound size of the.
MSC-CM group
2.63-fold smaler
than the EGF
goupand
3.38-fold smaller
than the
non-treated
group
08029,
21037,
27 £034 mn?,
respectively)
MSCs and
MSC-CMs
promoted wound
heaing
compared with
PBS and DMEM

There was a
signifcant
decrease in
colony-forming
units in
PBM+MSC-CM
and PBM groups
compared with
contols

PBMMSC-CM
hastened wound
healng process

Wound closure
aneavas
signfanty
increasedinthe
MSC:CMend
sufadizine
goups

Other outcomes

MSC-CM/hydrogel
limited the area of
inflammaion;
enhanced
re-epithefalzaton;
promoted the
formaton of
high-quaity,
wellvascularized
granualion issue;
and attenuated the
formation offotic
and hypertrophic
scar issuo

@SV, K67
expression, and the
number of
vessalgHPF wero
increased n
MSC-CM group

High levels of new
blood vessels and
tubuler structures
were observed in
the MSC and

MSC-CM groups

PBM+MSC-CM,
PBM, and
MSC-CM groups
sigifcantly
increased wound
strength compared
with the control
group. The
PBM+MSC-CM
and PBM groups
had more stable
MCs, less
significant
degranvlated and
disintegrated MCs,
and less signficant
total number of
MCs compared
with the control

goup
PBIHMSC-CM,
MSC-CM, and
PBM growps
showed a decrease
inthe number of
nevlrophis and
macrophages and
aninerease in te
number of
fbvoblasts and
angiogenes's
compared wilh
those of the contrl
goup
Therowasa
teduction n the
volume of the
epidermis and
demis inthe bur
wound of the
conol, OMEM,
and suladazine
groups compared
vilh the MSC-CM
gowp

M, conditined meclum; DVEM, Dubeoco’s moified Eagle medium; ECM, extracedular malrs; EGF, epidermal growth factor; HE, hemaloryin and eosin; IHC, immunohistochemisty; I, immunoforescence;
MRSA, methiclin-resistant Staphylococcus aureus; MSCS, mesenchymal stromal cell; MT, Masson's trichvome; PBM, photobiomadaton; PBS, phosphate-buffered saline; GRT-PCR, reakime quanfative

polmerase chai reaction,
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tissue characterization MSC-CM treatments and (days)
extraction via of
administration
Zhang S. etal., Human Full-term Flow cytometry MSCs of Murine. Diabetic 150 pl 14 Macroscopic UC-MSC and UC-MSC and
2020 umbilical cords ~ delivered (CD105+, CD73+, passages 3-4at  model. subcutaneously appearance UC-MSC-CM UC-MSC-CM
infants CD90+, CD166+4,  80% confluence Full-thickness injected around (photography), treatment increased the
CD54+, CD13+, were used. CM excisional skin the wounds at six histology (HE), accelerated percentage of M2
CD45—, CD34—, was collected wounds, 800 injection sites IHC, gRT-PCR wound healing macrophages in the
CD14—, CD19—, mm?2, on the (25 pl per site) rate. The wound  local wounds and
CD117—, back every day for area of UC-MSC  the levels o
HLA-DR-) three consecutive and anti-inflammatory
days UC-MSC-CM cytokines, IL-10,
- Control was ~15% and VEGF and
(non-CM) reduced significantly
-FB compared with decreased the
- UC-MSC controls levels of
- UC-MSC-CM proinflammatory
(n = 12/group) cytokines, IL-1B,
TNF-a, and IL-6
Saheli et al., Human bone - Flow cytometry MSCs of passage Murine. Diabetic 50-fold 15 Macroscopic MSC-CM MSC-CM treatment
2020 marrow (CD73+, CD90+, 4 at 80% were model. concentrated appearance, accelerated leads to
CD105+, CD34—,  used. CM was Full-thickness DMEM or CM histology (HE, diabetic wound upregulation of EGF
CD45-). then collected excisional skin twice at 12 and MT), gRT-PCR closure (67% and bFGF genes
Osteogenic and wounds, 20 mm 24 h after wound closure in - and higher cell
adipogenic long, on the chest  wounding CM group vs. viability/proliferation
differentiation proximal part intraperitoneally 33% in placebo and migration
intraperitoneal - Control (no group, p < 0.05)
treatment)
- Placebo
- hBM-MSC-CM
(n = 6/group)
De Gregorio Human Liposuction Flow cytometry MSCs of passage Murine. Diabetic Intravenous 14 Macroscopic MSC-CM MSC-CM derived
et al., 2020 subcutaneous (CD29+, CD13+, 3at 70% mice. administration of appearance accelerated from DFX-
adipose tissue CD105+, CD73+,  confluence were  Full-thickness 50 pl of CM every (photography), wound healing. preconditioned
samples from CD90+, CD235a—, used. Cells were  skin 2 weeks histology (HE, The wound area MSCs had a more
abdominal CD31—, CD45-). supplemented (2.5mm x 3.5 mm) - CM derived MT), gRT-PCR, of MSC-CM was  potent effect in
region Adipogenic and with 400 puM DFX  surgically from DFX- proteomic ~20% reduced recovering the skin
osteogenic (preconditioned removed from the  preconditioned analysis compared with vasculature
differentiation MSCs) or with dorsal surface of ~ MSCs controls at day 7
saline (vehicle) as  both feet, - CM derived
non- mimicking a foot  from non-
preconditioned ulcer preconditioned
MSCs. CM was MSCs
then collected - Vehicle
(n = 6/group)
Bian et al., Human Cesarean Flow cytometry MSCs of Murine. Diabetic 100 pl was 28 Photography, MSC-EVs CXCR4, p21
2020 placenta section births (CD73+, CD90+, passages 3—7 model. injected around histology (HE, significantly PCNA, and a-SMA
CD105+4, CD19—, were used. CM Full-thickness the wounds at 4 MT), IHC accelerated were upregulated in
CD34—, CD45—, was collected, excisional sites (25 pl per wound healing. the MSC-EV group
HLA-DR-). and EVs were wounds, 16 mm,  site) The narrowest
Osteogenic, obtained on the back - MSC-EVs scar widths were
adipogenic, and - PBS observed at day
chondrogenic (n = 5/group) 14
differentiation post-wounding
(2.41 £0.24 mm
in MSC-EVs
group vs.
3.87 + 0.60 mm
in PBS group)
Raj et al.,, 2019  Human Umbilical cord Flow cytometry MSCs were Murine. Diabetic 100 pl of: 28 Macroscopic Thickness of the  AV/PCL groups
umbilical cord dissection (CD13+, CD29+, transduced with a  model. - PBS with appearance epidermis and showed an earlier
CD44+-, CDO0+, lentiviral vector Full-thickness 1 x 108 MSCs (photography), dermis was re-epithelialization
CD10—, CD14—, (green excisional - MSC-CM histology (HE), significantly and increases in
CD34—,CD117—)  fluorescence wounds, 6 mm, - UCM IHC, gRT—PCR greater in both thickness of dermis
protein tagged). on the back - PBS with MSCs and and epidermis,
MSCs of 1 x 108 MSC-CMs cellularity,
passages 3-4 MSCs+AV/PCL without AV/PCL vasculature, and
were used. CM - MSC- compared with hair follicle numbers
was collected. CM+AV/PCL their controls
Wound dressing - UCM+ AV/PCL without AV/PCL
patches: - Untreated group
impregnated with (n = 12/group)
aloe
verapolycaprolactone
(AV/PCL)
nanoscaffolds
with hWJSCs or
hwJSC—-CM
were also created
LiT.etal, 2019 Murine adipose  — Flow cytometry and MSCs of Murine. Diabetic 200 pl of each 14 Macroscopic All groups The newly formed
tissue oil red O staining passages 3-5 murine model. solution was appearance improved wound  capillary network
(CD29+, CD90, were used. They  Full-thickness used (150 pl (photography), healing. The around the
CD45-) were cultured on  skin defects, injected histology (HE, highest excisional regions
various matrices 7 mm diameter subcutaneously MT), IF wound-healing was the most
(tissue culture around the defect rate was intense in the
plates (TCP), pure and 50 pl observed in DOPA-BC-CM
three- smeared onto the DOPA-BC-CM group. Higher levels
dimensional- wound bed) group. Remaining of CD31 and a
printed - DMEM (control) wound area at higher amount of
bioceramic (BC), - MSC-CMs day 14 was collagen deposition
and derived from TCP 71+£8.4%in were also observed
polydopamine- - MSC-CMs DOPA-BC-CM in this group
modified BC derived from BC group,
scaffolds - MSC-CMs ~156.2+6.6% in
(DOPA-BC), and derived from BC-CM,
each CM was DOPA-BC ~21.2+11.3%
collected (n = 4/group) in TCP-CM, and
~31.8+7.2%in
DMEM group
Deng et al., Human adipose  Liposuction - SVF gel was Murine. Diabetic 100 pl was 14 Macroscopic The wound size Gel-CM-treated
2019 tissue prepared, and its  model. Full- administered appearance in all groups was  rats exhibited
CM was collected  thickness intradermally (photography), reduced. complete
(Gel-CM). CM excisional wound, every 2 days: histology (HE), Wound-healing re-epithelialization
from MSCs was 20-mm diameter, - Gel-CM ELISA rate in the of the wound, while
also collected on the back - MSC-CM Gel-CM-treated MSC-CM did not.
(MSC-CM) - PBS group was Number of
(n = 18/group) significantly capillaries in the
higher than that Gel-CM-treated
in the MSC-CM group was higher in
group (p < 0.05)  MSC-CM
Dalirfardouei Human Collecting Flow cytometry MSCs of Murine. Diabetic 100 pl was 14 Macroscopic Increased wound  Microvessel density
etal., 2019 menstrual menstrual (CD29+, CD44+, passages 4-6 at  mice models. intradermally appearance closure was was significantly
blood blood from CD90+, CD34—, 70-80% Full-thickness injected around (photography), observed in higher in the
healthy women CD45—, CD117—,  confluence were  excisional wound  the wound histology (HE, Exo-group Exo-group
HLA—DR-). used. CM was including the - PBS MT), IHC, compared with compared with the
Adipogenic and collected, and panniculus - MSCs qRT-PCR the control or other two groups.
osteogenic exosomes were carnosus, 8 mm, - Exos-MSCs MSC group. At Size of scar tissues
differentiation isolated on the back (n = 6/group) day 12, wound significantly
closure was decreased in
84.34 + 7.00% in  themice treated
Exo-MSCs, with MSCs and
46.4 £8.5% in their exosomes
MSCs, and compared with
43.78 £ 6.95% in  control group.
controls A major reduction
in the granulation
tissue cellularity
was observed in
mice treated with
exosomes
compared with the
cell group
Irons et al., Adipose tissue  Wound incision  — MSCs at 90% Pigs. Diabetic -Injection of 28 Macroscopic Wounds treated Decreases in the
2018 from pigs’ were used. CM pigs. low-dose MSCs appearance with MSCs and acute inflammation
gluteal regions was collected Full-thickness - Injection of (photography), MSC-CMs scores were
skin wounds, high-dose MSCs histology (HE) displayed a observed in
50 mm circular, - Injection of significant wounds treated
on the back low-dose increase in the with MSCs and
EC/MSCs percentage of MSC-CMs
- Injection of wound closure compared with
high-dose compared with controls
EC/MSCs controls
-2 mlof (p < 0.05)
SC-CM
opically applied
every 3 days
- 2 ml of EC-CM
opically applied
every 3 days
-2 ml of
serum-free
medium topically
applied every
3 days (control)
(n = 7/group)
ChenZ. et al., Human Umbilical cords  Electron MSCs of Murine. Diabetic ~ Treatment was 14 Macroscopic Wound area was  New hair was only
2018 umbilical cord sections microscopy passages 3-5 at  rat model. used topically appearance significantly evident in the
(CD63+, CD81+) 100% confluence  Full-thickness - 100 png (photography), smaller in the MSC-Exos/PF-127
were used. CM skin wounds, MSC-Exos histology (HE), MSC-Exos/PF- group. Number of
was collected, 10 mm circular, dissolved in IHC, gRT-PCR, IF 127 group thanin  blood vessels was
and Exos were on the back 100 wl Pluronic the other groups.  higher in the
obtained. PF-127 F127 hydrogel Wounds in the MSC-Exos/PF-127
hydrogel was 24%) MSC-Exos/PF- and MSC-Exos
mixed with Exos, -100 png 127 group were groups than in the
and PF-127 SC-Exos almost PF-127 hydrogel or
composite (MSC- dissolved in completely control group
Exos/PF-127) 100 nl PBS healed at day 14,
was obtained - 100 pl PF-127 while the wound
hydrogel (24%) healing rates in
- 100 ul PBS the MSC-Exos,
(control) PF-127 hydrogel,
n = 6/group) and control
groups were
8.95, 14.52, and
23.09%,
respectively
ChenC. Y. Human urine Urine sample Flow cytometry, MSCs of Murine. Diabetic ~ Treatment was 12 Macroscopic Faster wound Higher rate of
etal., 2018 samples collection and electron passages 2-6 at  rat model. subcutaneously appearance closure was re-epithelialization,
microscopy 80-90% Full-thickness injected around (photography), observed in lower level of scar
(CD29+, CD44+, confluence were  skin wounds, the wounds at 4 histology (HE, MSC-Exos group  formation, and
CD73+, CD9O0+, used. CM was 6 mm, on upper injection sites MT), IHC, compared with higher number of
CD34—, CD45-). collected, and back (25 pl per site) qRT-PCR, IF controls and newly formed blood
Osteogenic, Exos were - 100 !l PBS MSC-Exos vessels were
adipogenic, and created. -200 png without DMBT1 observed in
chondrogenic Lentivirus MSC-Exos in MSC-Exos group
differentiation shRNAs were 100 wl PBS compared with
transfected -200 png controls and
MSC-Exos MSC-Exos without
without DMBT1 DMBT1
in 100 pl PBS
(n = 8/group)
Bagheri et al., Human bone Aspiration Flow cytometry MSCs of passage Murine. Diabetic PBM was 15 Stereological MSC-CM and MSC-CM, PBM,
2018 marrow (CD73+, CD90+, 4 at 80% rat model. administered methods, PBM+MSC-CM and
CD105+4, CD34—, confluence were Full-thickness once daily, 6 days tensiometric increased the PBM+MSC-CM
CD45-) used. CM was skin wounds, per week. CM examination tensiometric groups showed a
collected 12 mm, on upper  was administered properties significant decrease
back at days O and 1 compared with in the three types of
intraperitoneally DMEM and PBM  mast cells and in
- DMEM vehicle the total number of
(control) mast cells
- MSC-CM compared with
- PBM controls
- PMB+MSC-CM
(n = 18/group)
Amini et al., Human bone Aspiration Flow cytometry MSCs of passage Murine. Diabetic PBM was 15 Stereological All treated groups  Number of
2018 marrow (CD73+, CD90+, 4 at 80% rat model. administered methods, significantly fibroblast and
CD105+4, CD34—, confluence were Full-thickness once daily, 6 days tensiometric enhanced wound  epidermal cells, the
CD45-) used. CM was skin wounds, per week. CM examination, healing compared  lengths of blood
collected 12 mm, on upper  was administered qRT-PCR with controls. The  vessels, and bFGF
thoracic and at days O and 1 extent of healing  and SDF-1a
lumbar regions intraperitoneally was significantly ~ expression were
- DMEM vehicle greater in the significantly higher
(control) CM+PBM group  in the CM+PBM
- MSC-CM group
- PBM
- PMB+MSC-CM
(n = 18/group)
Pouriran et al.,  Human bone Aspiration Flow cytometry MSCs of passage Murine. Diabetic PWLLLT was 15 Macroscopic PWLLLT and PWLLLT was more
2016 marrow (CD1054, CD90+, 4 at 80% rat model. administered appearance MSC-CM, alone effective compared
CD73+, CD34—, confluence were  Full-thickness once daily, 6 days (photography), or in combination, with MSC-CM
CD45-) used. CM was skin wounds, per week. biomechanical improved
then collected 12 mm, on the MSC-CM was examination biomechanical
thoracic and administered parameters in the
lumbar regions twice wound
intraperitoneally
- Non-treated
- MSC-CM
- PWLLLT
- MSC-
CM+PWLLLT
(n = 7/group)
- Cream
containing 1 ml
MSC-CM in ratio
10 g cream base
- Povidone iodine
(control)
(n = 6/group)
Kusindarta Human - - MSCs of passage Murine. Diabetic ~ Topical 9 Macroscopic MSC-CM MSC-CM promoted
etal, 2016 umbilical cord 4 at 60% rat model. application twice appearance induced faster increasing density
confluence were  Full-thickness daily (photography), re-epithelialization  of collagen fiber
used. CM was skin wounds, histology (HE) than other groups  and stimulated hair
then collected 7 mm, on the left follicle and muscle
side of the body regeneration
greater than the
other groups
Ma et al., 2015 Human hair Dissection from  Flow cytometry MSCs of passage Murine. Diabetic 100 ml injected 24 Macroscopic HF-MSC-CM The epidermal
follicle excess scalp (CD105+, CD29+, 1 at80-90% rat model. into each wound appearance accelerated thickness of the
tissue CD49b+, CD49d+, confluence were  Full-thickness - DMEM (photography), wound healing HF-MSC-CM-
discarded after CD73+, CD271+4,  used. CM was skin wound, - Normal histology (HE) compared with treated wound sites
surgery GD2+, CD90—, then collected 6 mm, on dorsal  fibroblast-CM he other groups.  was significantly
CD44—, CD34—, surface - HF-MSC-CM The average higher than the
CD45-). (n = 3/group) number of days other groups
Adipogenic, o complete
osteogenic and wound closure in
chondrogenic he group
differentiation administered with
HF-MSC-CM
was 18.7 days
compared with
22.3 days in the
group treated
with
fibroblast-CM
and 24 days in
DMEM group
Tam et al., Wharton's jelly ~ Cutting Flow cytometry MSCs of passage Murine. - MSCs+AV/PCL 28 Macroscopic MSCs+AV/PCL MSCs+AV/PCL
2014 from human umbilical cords ~ (CD13+-, CD29+, 3-4 were used. It Full-thickness - MSC- appearance and MSC- and
umbilical cord CD44+-, CDO0+, was constructed  skin wounds, CM+AV/PCL (photography), CM+AV/PCL MSC-CM+AV/PCL
CD10—, CD14—, wound dressing 6 mm, on dorsal - UCM + AV/PCL histology (HE and  groups showed groups showed
CD34, CD117) patch made up of region (n = 12/group) MT), IF, WB, faster wound increased numbers
an aloe qRT-PCR closure of sebaceous
vera—PCL compared with glands and hair
(AV/PCL) other groups follicles and greater
nanoscaffold cellularity and
impregnated with vasculature
WJ-MSCs or its compared with
CM other groups
Fong et al., Wharton’s jelly ~ Full-term Immunofluorescence MSCs of Murine. 100 pl injected 28 Macroscopic MSC and MSCs and
2014 from human delivery (CD10+, CD13+, passages 34 at  Full-thickness intraperitoneally appearance MSC-CM healing  MSC-CMs showed
umbilical cord CD29+, CD44+, 80% confluence  excisional skin - MSCs (photography), rates were greater
CD90+) were used. CM wound, 6 mm, on - MSC-CM histology (HE), greater compared re-epithelialization,
was then dorsum - UCM IHC with controls increased
collected (n = 12/group) vascularity, cellular
density, sebaceous
gland, and hair
follicle numbers
compared with
controls
Kim et al., 2010 Human Not specified Cells were Murine. Diabetic Intradermal 12 Macroscopic MSC-CM and MSC-CM and MSC
umbilical cord (CD34+, CD31+, cultured, and CM  rats. injections injected appearance MSC promoted groups showed
KDR+, Tie2+) was then Full-thickness at three different (photography), wound healing greater increases in
collected excisional intact dermis site histology (HE) greater than neovascularization
wounds, 5 mm, near the wound controls compared with

on dorso-lateral
area

- MSC

- MSC-CM

- PBS

(n = 6/group)

controls. The effect
of MSC and
MSC-CM improving
wound healing was
similar

AT, adipose tissue-derived; bFGF, basic fibroblast growth factor; AF, amniotic fluid; BM, bone marrow; CM, conditioned medium; DFX, deferoxamine; DMEM, Dulbecco’s modified Eagle medium,; DF, dental pulp; EC,
endothelial-differentiated;, ECM, extracellular matrix; EGF, epidermal growth factor; ELISA, enzyme-linked immunosorbent assay; EVs, extracellular vesicles; Exos; exosomes; HE, hematoxylin and eosin;, hCB, human cord
blood; hESC, human embryonic stem cell; IHC, immunohistochemistry; IF, immunofluorescence; MPF, micro-nano polylactic acid electrospun fiber; MSCs, mesenchymal stromal cells; MT, Masson'’s trichrome; PBM,
photobiomodulation; PBS, phosphate-buffered saline; gRT-PCR, real-time quantitative polymerase chain reaction; SVF, stromal vascular fraction; UCM, unconditioned medium,; WB, Westem blotting; WJ, Wharton’s jelly.
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MSC source Method of MSC character- MSC treatment Model Groups of treatments Follow-up  Assessment Main outcomes
tissue ization and via of (days)
extraction administration
Zhang K. Human Umbilical cord Western blotting MSC-CMs of Murine. Photoaged - Control 14 Macroscopic SHS-Exos reduced
et al., 2020 umbilical cord dissection (CD9+-, CD6B3+, passage 6 at mouse model (non-photoaged appearance, microwrinkles, alleviated
CD81+, and 80-90% mouse) microscopic histopathological changes,
calnexin—) confluence were - SHS-PBS appearance and promoted the
used. CM was - Exos (microwrinkles expression of extracellular
collected, and Exos - SHS-Exos analysis), matrix constituents, while
were obtained (n = 6/group) histology, and Exos alone produced
gRT-PCR weaker effects
Kwon et al., Human bone Aspiration Flow cytometry MSCs of passage 6~ Murine. 200 pl of treatment 56 Macroscopic The MSC-CM group
2016 marrow from (CD73+, at 80% confluence UVB-irradiated topically applied three appearance exhibited significantly
the posterior CD105+, were used and mice model times a week (photography, reduced levels of total
iliac crest CD14—, CD34—, cultured in hypoxic - Vehicle solution visual skin wrinkle area compared with
CD45-) conditions. CM was (polyethylene grading), tape the vehicle-treated group.
then collected glycol:ethanol) stripping, TEWL levels decreased
- Adenosine 0.04% biophysical while hydration increased in
- MSC-CM 1% measurements MSC-CM
- MSC-CM 10% (TEWL and
(n = 8/group) hydration),
histology (HE,
IHO)
Ueda and Human dental Healthy — MSCs of passage 1 Murine. Wrinkled Subcutaneous 35 Macroscopic SCs and MSC-CM
Nishino, 2010 pulp tissue permanent to 3 were used, and  mice induced by injections appearance decreased wrinkles more
deciduous CM was collected uvB - MSC-CM (photography, han the PBS group. The
teeth - MSCs histology (HE) greatest effect was
extraction - PBS (n = 8/group) observed in MSC group.

easurement of the dermal
hickness showed
significant increases in
SC and MSC-CM groups

CM, conditioned medium; Exos, exosomes; HE, hematoxylin and eosin; IHC, immunohistochemistry; MSCs, mesenchymal stromal cells; MT, Masson’s trichrome; PBS, phosphate-buffered saline; gRT-PCR, real-time
quantitative polymerase chain reaction; SHSs, sponge Haliclona sp. spicules; TEWL, transepidermal water loss.





OPS/images/fcell-09-654210-t008.jpg
MSC source  Method of
tissue
extraction

Msc
characterization

Ohetal.,
2020

Human
umbical cord

Umbilcal
ord section

Flow oytometry
(CD14, CD4S5,
HLADR,
PE-conjugated
human CD73,
D166, D,
€D, and
CD108)

Nartaetal.,
2020

Human
subcutancous.
‘adipose tissues

Liposuction  Flow cytometry
(CD73+/CD0+/
CD34~/CD14-).
Adipogenic and
osteogenic
difterentiation

Human
subcutaneous.
adpose tissues

Leeetal,
2020

Liposuction  Flow cytometry
(CD73+/CD0+/
CD34-/CD14-).
Adipogenic and
osteogenic
diferentiation

Human
subeutaneous
adipose tisues

Shinetal.,
2015

Liposuction  Flow cytometry
(CD73+/CD0+/
CD34-/CD14
Adipogenic and
osteogenic
differentiation

Msc
treatment

Indication ~ Study type  Age (years)

fomale)

MSCs of
passaged §
160-70%
confiuence
were used.
CM enriched
with TGF-1
and LiCI
(primed-
MSC-CM).
CMwas
collected
without
pretreatment
with TGF-1
and LiClto
actas the
control

Healthy
aduts
diagnosed
with AGA
(males: Type
1l according
tothe
modified
Norwood-
Hamiton
classiication,
women:
Ludwig
dassifcation
Typel)

Doublebind 469 (range
placebo-  33-55)
controlled

clincal tral

MSCs of
passage 4
were used.
Celis were.
cuitured

Patients with Prospective  Range 23-74 21:19
AGA observational

Study.

conditions.
CMwas then
collected

MSCsare  Patients with Double-
cultured with  AGA binded,
hydrogel, and randomized
the CMis placebo-
collected, controlled
after being study
fitered using

0.22.0m

fiers. Then, it

isaddedtoa

solution, and

SoM2-

Black3is

obtained

46,6 (range
20-61)

MSCs of
passage 4
wero used.
Cells were
cultured
under
hypoxia
conditions.
CMwas then
collected

Patients with  Retrospective 419+ 13.4 027
AGA, female  obsenvational  (range 22-69)
pattern hair  study.

foss

Sex (male:

Groups of
treatments and
viaof
‘administration

5% CM topically
‘applied twice.
daily

Primed-MSC-CM
=16
- Placebo (n = 14)

Intradermal
injection of
ADSC-CM every
month (n = 40)

Before CM
appiication, a
single session of
treatment was
pedomed at the
firs visit and
weekly
single-pass
self-applcations
of microneedie
stamps. Topicaly
‘appiied once per
week

-MSC-CM

- Normal saline
(placebo) (0 = 30)

Itradermal
injoction of
MSC-CM every
week (n =27)

Follow-up Assessment

(days)

112

180

Hair density and
dameter
(phototrichogram),
hair density (hair
count/em?,
counting the totel
number of hais in
the target area),
hair thickness
() and hair
growth rate
(mvday), ate of
hair growth

Trichograms,
physiological
examinations
(TEWL, SCH fpid
evel),
ultrasonogray
(dermal thickness
and echogeniaity),
histology (HE,
Eastica
Masson-Goldner
Staining, Siius
redtast green
staining)

Macroscopic
appearance
(photography).
phototichograms
(hai densit
gross hair volume.
improvement,
investigator's
improvement
(measured by
questionnaire
response)

Patients' medical
records and
phototrichographic
images (hair
density and
thickness)

Main outcomes

Primed-MSC-CM
improved
‘androgenetic
alopecia. Hair
density increased
by 14.24% in
primed-MSC-CM
group, whie no
improvement was.
observed in
placebo group. Hair
thickness increased
by 28.19%, and
hair growh rate
increased by
19.54% in primed-
MSC-CM-treated
group. Primed-CM
significantly
increased the
viabity of DPCs
Har density and
‘anagen hair rate
increased
significantly
compared with
baseiine, TEWL
increased, whie
SCH and fpid level
showed no obvious.
changes. Dermal
thickness and
dermal
‘echogenicity
increased
significantly
MSC-CM group
had significantly
higher hair density
than placebo
(1021 £ 4.09vs.
803 £ 3.79/cn?),
The gross hair
votume of the
MSC-CM group
was also
significantly higher
@£013vs. 124
0.19/c?).
Investigator's
improvement was.
simiar in both
groups. No adverse
effects associated
with ADSC-CM
were reported

Hair density
increased from
173 hairs/cm?,
‘and hair thickness
increased by

6.5 pm compared
with basafine. None.
ofthe patients
reported severe
adverse events.
The only
inconvenience
reported was the
pricking of the
needies during
applcation

AGA, androgenetic alopecia; CM, conditioned medium; DPC, dermal papilia cells; HE, hematoxyiin and eosin; IHC, immunohistochemistry; IF, immunofuuorescence; MSCs, mesenchymal stromal cels; MT, Masson's
trichrome; PBS, phosphate-buflered saline; GRT-PCR, real-time quantitalive polymerase chain reaction; SCH, stratum comeum hydration; TEWL, transepidermal water loss.
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Human adipose
tissue.

ou etal., 2020 Donor hair
folicles from
the adult
occipital scalp

Human
‘amnotic fluid

hDP-MSCs:
human
deciduous.
teeth
hHF-MSCs:
human donor
hair folicles

Gunawardena
etal, 2019

Method of
tissue
extra

Fat grafting

Biopsy sample
of hair folicles:

Amriocentesis
performed for
fetal
karyotyping
between 16-
and 20-week
gestation

hDP-MSCs:
teeth extraction
hHF-MSCs:
scalp biopsy

Human adipose  Liposuotion

subcutaneous.
fat

Park etal.
2010

Human
subcutaneous
adipose tissue

CELLATEC

Needie
aspiration

Msc
characterization

IF (alkaline:
phosphatase-+ and
pcatenin+)

IFand
quantification
(CD13+, CD29+,
and CD44+).
Osteogenic,
adipogenic, and
chondrogenic
differentiation

Flow cytomelry
(CD73+, CDOO+,
CD105+).
Adipogenic,
chondrogenic,
osteogenic
differentiation

Flow cytometry
(integrin a6 and
cort)

Flow cytometry.
Adipogenic,
chondrogenic,
osteogenic
diferentiation

Flow cytometry
(CD29+, CDAd+,
CD73+, CD 14~
©D34, CD45,
CD133-).
Adipogenic,
chondrogenic,
osteogenic
differentiation

IHC alpha smooth
muscie acti
akalne
phosphatase)

MSC treatment

MSCs of passage
3were used. CM
flom MSCs and
from
ECM/SVF-gel
was collected

MSCs at80%
confluence were
used. CM was
then collected

MSCs of passage
3a170-80%
confluence were
used. CM was
then collected

SHED of
passages 2-5
and HFSCs of
passage 1 at
80% confluence
were used. GM
was then
collected

MSCs were of
passages 4-6
were used. Cells
were seeded and
reated with
HB-EGF. CM was
then collected.

MSCs were
obtained from
CELLATEC.
MSCs were used
at 100%
confluence. CM
was then
collected

MSCs of passage
2 were used. CM
was then
collected

MSCs were
transfected with
murine Wtta
CDNA retroviral
vector. MSCs and
Whtta-MSCs at
50-60%
confluence were
used. CM was
collected from
MSCs and
Whtta-MSC-

MSCs were
transfected with
plasmid canying
SV4OT antigen
and c-myc gene.
and neomycin-
resistant gene.
MSCs of
passages 3-4
were used. CM
was collected
MSCs of
passages 4-5
were used. MSCs
were cultured in
nomoxic and
hyporic
conditions. OM
was then
collected

Murine. Back hair
shaved with
ciippers and then
completely
removed using
hair remover
cream

Murine. Left and
fight body of
‘each rat shaved
as close as
possible to the
skin

Murine. Plucking
the dorsal skin of
mice n the
telogen phase of
the hair cycle,
inducing the.
second anagen
stage

Murine. Dorsal
region shaved
with clippers

Murine. Dorsal
region shaved
with clippers

Murine. Dorsal
side shaved with
aclipper and
electric shaver

Murine. Dorsal
region shaved
with a cipper

Murine. Dorsal
region shaved
with a clipper

Groups of
treatments and

Injected
subcutaneously
in the dorsal skin
once per week

- PBS (control)

ECM/ADSVC-CM
- ADSVC-CM
(0 = 10/group)

Goltopically
appled

~Vehicle (contro)
- MscC-CM

0= 4igroup)

50 ! topically
applied
-MSC-CM

MSC-Nanog-CM
- Minoxidil 2%
(control)

(0 =3group)

100 pl
‘subcutaneously
injected at the
dorsalregon
every 3 days

- hDP-MSCs -CM
=9

- hHF-MSC-CM
0=9

- STK2 meda,
control 0 = 3)

~No treatment,
control (0 = 2)

Subcutaneously
injected

- ADSC-CM

- ADSC-HB-EGF-
M (n = 4/group)

Subcutaneously
injocted every
2days

- PBS (control)
-MSC-CM

(= S5/group)

100 i topically
‘applied daily

- MSC-CM or

- Minoxicil

- Non-treated
growp.

(n = 6/group)

100mi
intradermally
injected

- Wit-CM

- MSC-CM

- DMEM (control)
{n = 3group)

Topical
application

- MSC-CM

- DMEM

{n = 3/group)

Suboutaneously
injected

- Normoxic
MSC-CM (0 = 5)
- Hypoxic
MSC-CM (0 = 5)
- Control (1=3)

Follow-up
(days)

Assessment

Macroscopic
appearance (skin
darkening, hair
growth score,
gross obsenvation
of the inner skin
of the
hair-regrowtt),
IHC (CD31), W8

Macroscopic
appearance

(photography).
histology (HE)

Macroscopic
appearance
(photograpty),
histology (HE),
IHC (ALP, CK15),
QRT-PCR, WB
(ALP,LEF, and
Versican)

Macroscopic
‘appearance
(photography)

Macroscopic
appearance

(photography),
histology (HE),
IHC, GRT-PCR

Visual scoring of
hair growth

Macroscopic
appearance

(photography),
histology (HE),
IHC, aRT-PCR

Macroscopic
‘appearance
(photography)

Macroscopic
appearance
(photography)

Main outcome

Both CMs.
enhanced hair
growth. CM from
ECM/SVF had a
stronger abilty to
stimuiate hair
growth, 95-100%
hair regeneration
o fulllength was
observed in the
ECM/SVF group.
and 70-75%in
the ADSVC-CM
group

No significant
differences in hair
growth were
observed
between
MSC-CM and
control group

The dorsal skin of
MSC-Nanog-CM
and
minoxici-treated
mice was fully
darkened, whie
bare spots were
observed in
MSC-CM group

hDP-MSC-CM-
treated group
showed a faster
stimulation of hair
growthin
comparison vith
hHF-MSC-CM.
The visual
observance for
the appearance
of dark patches.
indicating the
transition from
telogento
anagen stage by
hDP-MSC-CM
ranged from 8 to
12 days while
hHF-MSC-CM
ranged from 12
1015 days
MSC-CM and
MSC-HB-EGF-
CM promoted
hair growth.
MSC-HB-EGF-
CM showed
higher increase in
hair weight

MSC-CM-treated
group increased
hair growth
compared

with controls.

MSC-CM
increased hair
regeneration.
After the
follow-up, hair
weight was
around 20, 40,
and80mgin
‘control, minoxidl,
and MSC-CM
group,
respectively

Both Wnt-CM
and MSC-CM
promoted the hair
folicle cycing
more than control
group

MSC-CM
enhanced hair
growth. Hair
weight was 2- to
5-fold higher in
MSC-CM
‘compared with
control group

MSC-CM
increased hair
regeneration
compared with
control

Other outcomes.

Both OM promoted
dermal papila cells
and buige cell
prolferation,
neovascularization,
and anagen
induction. Growth
factor levels (VEGF,
bFGF, PDGF, KGF)
increased
CM-treated mice,
even more than in
ECM/ADSVC-CM
group
MSC-CM-treated
group showed a
darker area of the
skin and bigger
diffusion.
Histologically, the
hair folicle cycling
was enlarged in the
MSC-CM-treated
group
MSC-Nanog-CM
acoslerated the
telogen-to-anagen
tansition in HFs
andincreased HF
density to a greater
extent than
MSC-CM. The
expression of DP
and HF stem coll
markers and genes
related to hair
induction were
higher in
MSC-Nanog-CM
thanin
AF-MSC-CM.
Paraciine factors
contained in
MSC-Nanog-CM
upreguiated the
expression of hair
induction genes
and accelerated
hair regeneration
VEGF-A and HGF
were
overexpressedin
hDP-MSC-CM and
hHF-MSC-CM
group. No adverse
events were
reported

MSC-HB-EGF-CM
more rapidly
induced
telogen-to-anagen
hair cycling and
showed higher
number of mature
i olicles.
Expression levels o
Several growth
factors in the.
MSC-HB-EGF-OM
were upregulated
compared vith
MSC-CM group
MSC-CM
enhanced the
profferation of HFs,
The level of
phosphoryated
AKT and
phosphoryated
ERK1/2 was
significantly
increased after

promoted early
telogen-to-anagen
phase conversion
of hair follcles
compared with
minoxidil treated
group and
non-treated mice

Wt-CM induces
hair to enter earlier
anagen of the hair
cycle. ALP
expression vas
enhanced n both
MSC-CM and
Wt-CM group.
More KI6T-positive
calls were observed]
in Wint-CM-treated
mice. Both
MSC-CM and

induction-related
genes

MSC-CM
accelerated hair
growth

MSC-CM induced
the anagen phase.
Hair regeneration
growth factors
significantly
increased by
hyporia

ADSCs, adipose-derived stem cells; ADSVCs, adipose-derived stromal vascular cells; BM, bone marrow; DR, dermal papills; hDPs, human dermal papilla cells; ECM, extracelluar matrix; HF, hair folicle; hFDPS, huma
folicle dermal papilla cells; hHF-MSCs, human hair follcle mesenchymal stromal cells; hDSPC, human dermal stem/progenttor cell; hDP-MSC, human dental pulp mesenchymal stromal cell; IF, immunofluores
‘SHED, dental pulp stem celts obtained from human deciduous teeth; SVF|

IHC, immunohistochemistry; KSCs, keratinocyte stem/progenitor cells; MSCs, mesenchymal stromal cells, PBS, phosphate-buftered sali

stromal vascular fraction: WB, Western biotting.






OPS/images/fcell-09-654210-t006.jpg
MSC source Method of MSC character- MSC treatment Model Groups of Follow-up Assessment Main outcome
tissue ization treatments and via (days)
extraction of administration
Puetal., Human Liposuction Flow cytometry MSCs of passages Murine. Treatment was 5 Macroscopic MSC-CM treatment
2019 abdominal and IHC (CD34, 3-8 at 70-80% Ischemia/reperfusion  applied to the appearance attenuated the necrotic
adipose tissue CD45, CD73, confluence were flap model by subcutaneous layer (photography), area and reversed the
CD90, CD105). used. CM was then clamping the flap between the flap and histology (HE, detrimental proliferation
Adipogenic, collected (ischemia) and then its bed and at the MT), IHC, effect induced by I/R
osteogenic, releasing it proximal, middle, and qRT-PCR compared with saline
chondrogenic (reperfusion) distal parts of the skin
differentiation flap
- Saline injections
- MSC-C
(n = 6/group)
Cooper et al., Human Elective — MSCs of at Murine. 20 .l topically applied 21 Macroscopic SC-CM accelerated
2018 adipose tissue surgery 70-90% Full-thickness daily appearance closure of ischemic
confluence were excisional wounds - MSC-CM (photography) wounds. In
used. CM was then were created in the - Control media SC-CM-treated group,
collected. EVs were  center of a (n = 6/group) he wound area reduction
isolated by 105 mm x 35 mm was 65% compared with
centrifugation flap (ischemic only 15% wound closure
wounds) or the control
Lee S. M. Human — Flow cytometry MSCs of passage 3 Murine. Intravenously injected 30 Macroscopic SCs and MSC-CM
etal, 2014 subcutaneous (CD29+, CD44+, at 80% confluence Full-thickness skin -PBS appearance increased skin allograft
adipose tissue CD73+, CD90+, were used graft, - MSCs (photography), survival compared with
CD105+, 30 mm x 30 mm, - MSC-CM histology (HE), control (23.9 £ 2.0,
CD34—, CD45—, back (n = 12/group) IHC 196 +24,and9.3+ 14
CD14—-) days, respectively), without
differences between these
both groups
Mirabella Human Amniocentesis — MSCs of passage 6 Murine. A membrane with 7 Macroscopic Perfusion was increased in
etal., 2012 amniotic fluid at 80% confluence. Ischemia/reperfusion  MSC-CM or saline appearance flaps treated with MSC-CM
Lyophilized gelatine epigastric flap was positioned under (photography), compared with controls.
film membranes model. Flap the elevated skin flap histology Necrosis was decreased in

were prepared by
using MSC-CM or
saline as control

70 mm x 70 mm
with vasculature
ligated and then
opened

(n = 5/group)

the MSC-CM group

CM, conditioned medium, EVs, extracellular vesicles; HE, hematoxylin and eosin; IHC, immunohistochemistry; I/R, ischemia/reperfusion; IF, immunofiuorescence; MSCs, mesenchymal stromal cells; MT, Masson’s
trichrome; PBS, phosphate-buffered saline; gRT-PCR, real-time quantitative polymerase chain reaction.
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MSC source  Method of
tissue
extraction

Animals
ParkH. S Murine Inguinal
etal, 2019 adipose incision

tissue from

inguinal

fegion

Human

KimY.J, Human Umbilical cord
etal, 2020 umbiical cord  dissection
Seetharaman  Human Lipoaspiration
etal, 2019 adipose

tissue from

the waist area

MsC
characterization

Flow cytometry
(OD45-, CD29+,
D105+,
D73+, CO%-,
D44+, and
€090+

Flow cytometry
(OD24+, €029+,
CDAd+, CD73+,
D90+,
D105+,
CD10-,CD14=,
CDG1-, CDB4-,
CD45-, 062~
D183~
HLADR-).
Osteogeric,
adipogenic, and
chondrogenic
dierentiation

Msc
treatment

MSCs of
passage 1t
0%
confluence
were used. CM
was then
collected

MSCs of
passage 6 were
used. CMwas
collected

MSCs of
passage at
0%
confluence
were used, CM
was then
colected

Modeland  Groups of
patients treatments
‘and via of
administration
Muine. AD 2004
model. 24 subcutaneously
dnitrochlorobenzeriejected every
was appliedon 3 days (on days
the shaved 13, 16,and 19)
dorsal skin of - Saline
every mouse. - MSCs
for7.5weeks - MSC-CM
toinduce -25%
AD-like skin cortisone lotion
lesions (n = Blgroup)
Prospective MSC-CM
observational  containing
study Patients  cream bases
vith atopic were applied
dermatitis. twice a day to
patients. Age  patients' lesion
2468432 and non-lesion
Sex 15:13 skin = 28)
male:female
Caserepot.  MSC-CMwas
Patient with topically
scalp psoriasis.  applied on the
3ByeasMae  lesions oncea
day

Follow-up  Assessment

(days)

8

30

Skin
biophysical
parameters

(TEWL, SCH)

Clnical
examination
(PSs))

Main outcome

AD severty
index was
sigpifcanty
lower in grops
reated vith

MSC:CM, or
cotisone,
compared with
saine grop
(0 <0001)

MSC-CM
improved skin
barer
functions

Psoriatic
plaques were
reduced after
MSC-CM
reatment

Other outcomes

Skin thickness decreases
were simiar between MSC,
MSC-CM, and cortisone
and al greater than
placebo. Mast cell
infitration was reduced in
the MSC-treated group
(4020 + 9.44 cels,

p <0.001), MSC-CM
(47.33 £ 13.13 cells,

P <0.001), or cortisone
(61,00  21.46 cels,

P <0.001) compared with
saline (13400 7.42 cells).
Thymic stromal
ymphopoietin expression
Jevel in saline group was
higher (1.7 & 1.69) than in
MSC group (6.07 £ 0.76,
P <0.001), MSC-CM
(452 £1.33,p < 0.001),
or cottisone group

(6724 1.66,p < 0.001).
CD45 expression was
elevated in saiine~treated
group (1.68 £ 0.29), but it
‘was reduced in MSC group
(0.38 £0.18,p < 0.001),
MSC-CM (0.19.0.17,

P <0.001), or corisone
(037 0.1, p < 0.001)
Moreover, TH2 expression
levels were lower in
MSC-treated mice
(3.79£2.08, p < 0.001),
MSC-CM (1.58 % 1.84,

P <0.001), or cortisone
(4.10£3.32,p < 0.001)
compared with saline group
(19.19 + 5.54). CXCL9
expression levels were
lowerin MSC group

(449:£1.25,p < 001),
MSC-CM (8.78 £ 051,

p <0.01), or cortisone
(16834394, p < 0.05)
compared with saline group
(41.2 £4.15).COL20
expression was higher in
saline-treated group
(61.18 2 1.97), but t was.
reduced by MSCs
(23994 2.46,p < 0.001),
MSC-CM (2698 +3.19,
p <0.001), or cortisone
(2887 £3.1,p < 0001).
gE levels were slightly
reduced in mice that were
treated with MSC,
MSC-CM, or cortisone.
Tissue levels of IFN-y were
reduced MSCs

(66.20  14.51 pg/m,

p <0.001) or MSC-CM
(3627 £ 3.26 py/m,

P <0.001) compared with
safine.

(11714 45,84 pg/m).
Similarly, serum levels of
1L=33 were lower in MSC
group (32.20 & 3.04 py/m;
p <0.001) and MSC-CM
group (42.83 4 6.07 pg/m,
p <0.001) than in saline
group

(64.06 + 8.58 py/m). IL-4
levelin the MSC-CM group
(30.03 £ 8.39 py/ml,

p <0.001) was decreased
compared with saline
(51.97 224 peym).
Serum IL-13 level was
decreasedin
MSCs-treated group
(027 £0.08 pg/m,

P < 0.06) compared with
saline group

(8,68  1.40 pg/mi) SCH
increased and TEWL
decreased on both the
lesion and non-involved
‘skin after MSC-CM. SCH
increased by 15,67 and
14.49 AU on the lesion and
non-involved skin,
respectively. TEWL
decreased 15.09 AU and
3.08 AU on the lesion and
non-involved skin,
respectively

PSSl score reduced from
28100 and diseases
regression continued for
6 months of follow-up

AD, atopic dermatitis; CM, conditioned medium; HE, hematoxylin and eosin; IHC, immunohistochemistry; MSCs, mesenchymal stromal cel; PSS, Psoriasis Scalp Severity Index; SCORAD, SCORing Atopic Dermatitis
Index; SCH, stratum corneum hydration, TEWL, transepidermal water loss.
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MSCsource  Mothod of
tissuo

extraction
Human =

‘amniotic fluid

Human Umbilical cord

umbiical cord  dissection

‘amnotic fluid

Human -
‘amniotic fluid

adipose tissue

amniotic

Human -
umbiical cord

Human -
‘adipose tissue
and placenta

Human Liposuction
subcutaneous.
‘adipose tissue

Human
embryo

Human -
embryo

Human Liposuction
subcutaneous

adipose tissue

samples.

Type of study

Prospective
obsonvational

Randomized,

Indication and
population

Volunteers with

facial aging
49.9 5,50 yoars
37 M)

Patient with large

investigator—blinded, pores or wrinkles

prospective,
spit—face
comparison study

randomized
split-face study

Prospective
observational
study

Prospective
randomized
spit-face study

Randomized,
malching pair,
clnical trial

Prospective
observational
study

Prospective
randomized
cinical tial

Prospeciive
obsenvational
study

Prospeciive
randomized
controlled
observerbind
spit face study

Prospective
randomized
controlled,
investigator-
blinded, spit-face
study

Prospective
obsenvational
study

on the face that
underwent laser
resurfacing

(422 yoars, range.
25-56)

Patients with
atrophic acne scars

Patients with
atrophic acne
scars.

Patients vith
atrophic acne scars

Healthy women
with clnical
photoageing

(5031 5.1 years)

Healthy women
with face wrinkles

(range 18-65 years)

Healthy volunteer

Patients with facial
wrinkles and
patients vith
atrophic acne
scars. 36.4 years.
(range 24-50) 5:6
male:female

Healthy indiiduals
with face wrinkies
(51.6 years, range
41-64)

Healthy volunteers.
5384321 years,
range 41-64

Healthy volunteers.
24-33 years 5:14
male:female

Groups of
treatments and
via of

‘administration

1 mi of MSC-OM
was topically
applied to the
treated group.

- Skin needing
(control)

-Skin

noeding +MSC-CM
(=10

Topical application
twice a day

- MSC—CM cream
(control)

- MSC-CM cream
and serum (n = 23)

- Group! (o =17).
FxCRtopical
MSC-CM on one
sido of the face or
FxCR plus saline on
the other side

- Group i (0 = 16).
FXCR+- topical PRP.
on one side of the
face or FXCR

topical MSCs on
the other side

Topical application
after five sessions
of microneediing
‘with dermaroller
=1mlof
MSCs-CM

- Non-treated
=10

‘Topical application
twice aday after
laser treatment
-80%
MSC-CM+20% HA
-HA(p=15)

3 mi topicaly
applied every

2 weeks after
microneediing

- Normal saline:
(control)

- MSC-CM (n = 48)
10% MSC-CMs in
cream base
topicaly applied
daily on face skin
(=22)
Intradermal

- ATMSC-CM+HA
- P-MSC-CM+HA
- HA (control)

= 6lgroup)

30mitopical
application after
FCR

- MSC-CM

- DMEM (0 = 9 vith
facial wrinkles.

n =13 vith atrophic
acne scars)

Treatment every
2weeks

- Microneeding
(control)

- Microneeding +
1.5 mi of MSC-CM
(=29

- Microneeding
fractional
radiofrequency
(control)

- Microneeding
ractional
radiofrequency +MSC-

(n=15)

Topical application
after laser
treatment:

- FXCR8 mJ, with
MSC-CM

- FXCR8 mJ with
DMEM

- FXCR 16 mJ with
MSC-CM
-FxCR8 mJ vith
DMEM (0= 19)

Follow-up.
(days)

21

15

28

21

Assessment

Cinical
examination,
photographs,
histology (HE. MT.
Orcein stains)

Macroscopic
‘appearance
(photography, area
of microcrusts),
skin biophysical
paramters. (TEWL,
SCH, erythema)

Macroscopic
appoarance
(photography).
histology (HE, M1,
GRT-PCR

Ciinical
‘examination,
histology,
histometric analysis

Scar volume and
erythema wore
objectively
evaluated using an
Antora 3DVR CS

‘appearance
(photography,
Glogau scale)

Macroscopic:
appesrance
(photography),
uitrasound

Biophysical
measurements

Macroscopic

(photography).
‘subjective
satistaction scale,
biophysical
measurements.
(erythema, melanin,
TEWL, dasticity
skin surface
roughness,
hydration), and
histology (HE, MT,
Gomori's aldehyde
fuchsine staining)
Macroscopic

(photography),
biophysical
parameters
(erythema, melanin,
elasticity)

Macroscopic
appearance
(photography),
biophysical
parameters (SCH,
erythema, melanin,
wrinkles, elastcty),
histology (HE), IHC

aldehyde fuchsine
staining), qT-PCR

Main outcome

e percentago of
improvement was.
higher in the
MSC-CM group
compared with
controls
(65.40 % 1134 vs.
3860+ 002
P <0001
The percentage of
the total microcrust
arcavas
signiicanty smaler
in the MSC—CM
cream and serum
group than in the
croam group
@70£056vs.
3132076,
<008
Inboth groups,
scars improved

er treatmen. No
signifcant
diference in clical
improvement of
cbserved between
the
FCREMSC-CM
and FxCR, whie
beter and faster
improvement was
detected on
FACRAPRP side
compared with
FXCR +MSC-OM
side
There vas a
significant increase
in the improvement
percentage of acne
‘scars on the
MSC-CM-treated
side
(65.40 11.34 vs.
3860+9.02)

Scar volume was
roduced by 23.5%
inMSC-CM side
¥s. 16.0% in control
side, and the
volume of the skin
pores was reduced
by37.6%in
MSC-CM side vs.
16.9% in control
side

MSC-CM group
showed better
improvements in
pore and wrinkle

Dermal density was
increased by
2.46% compared
before treatment

Erythema, melanin,
elasticity, TEWL,
and hydration

‘compared with the
‘control group.
Subjective
satistaction

(235 £0.69vs.
208076,

P <005 and
objective clinical
assessment
@.78:+045vs.
189 0,60,

P <0.05) were
higher in MSC-CM
‘group than DMEM

Overall satisfaction
'was higher in
MSC-CM group
than in controls
(325 +1.26vs.
2.72 +1.45)and
also objective
clinical
improvement
(192 £0.42vs.
1.49 £0.48)
More
improvements of
wrinkies and overal
skin appearance
were observed in
combined
treatment
compared with
microneeding
alone (2.06  0.70
forradiofrequency
and2.20 068 for
the combined
wreatment,
P <005
The
MSC-CM-treated
side shows less
erythema and less
pigmentation

Other outcomes.

Remodeing of the denal
structures was observed
‘mairly on the combined
side. Epidermal thickness
increased on both treated
sidos.

Asightincrease in SOH
values wero observed in
‘both groups without
changes in TEWL. Patient
satistaction was similar in
both groups. No adverse

events were reported
related to MSC-CM

application

Al pationts developed
transient erythoma and mild
odema without difieronces
between groups. Demmal
colagen was increased and
procolagen type | gene
was uprogulated in both
FCLPRP and FCUSC-OM
sides compared with FOL
only sides

Improvement of character
of collagen and elastic
fibers was noticed,
especially on MSC~CM
side. Significant increase in
epidermal thickness on
both sides of face was
detected. Enythema and
slight edema appeared on
both cheek sides

The erythema increase was
lowerin MSC-CM side
(2:8% vs. vs. 3.1%)

Skin tone did not improve:
in ether of the groups.

Wrinkdes of eye-end area
‘were decreased after the
reatment. No initation,
stinging, or any adverse
reactions were observed
Only the melanin index of
the hAD-MSC-CM group
was significantly lower than
that of the hP-MSC-CM
g

Eastcity and hycration
were significantly higher in
MSC-CM side, while TEWL
and roughness were lower.
Increased demmal collagen
‘and elastin density were
found in MSC-CM side. No
‘adverse events were
reported in the study

Erythema, melanin, and
elasticity improved more in
MSC-CM group. No.
serious adverse events
were observed; only mild
desquamation were found

Patients’ overall satisfaction
scores were higher in
combined treatment
(235042 s,

2,00 +0,65). SCH showed
agreater increase in the
‘combined treatment.
‘Simiar docreases in
eythema and melanin
indox were observed in
both groups. No serious
adverse events were

reported

MSC-CM side also showed
a greater reduction of
TEWL. There were no
iferences i dlasticity
‘parameters. The mANA of
type lll procollagen in
MSC-CM-treated group
was 2.6 times that of
control. No adverse events.
were reported

AT, adipose tissue-derived; CM, conditioned medium; DMEM, Dulbecco’s modified Eagle medium; FXCR, fractional carbon dioxide laser resurfacing; HA, hyaluronic acid; HE, hematoxylin and eosin; hCB, human
cord blood; hESC, human embryonic stem cel; IHC, immunohistochemistry; MSCs, mesenchymal stromal cels; MT, Masson's trichrome; P-MSCs, placenta-derived mesenchymal stromal cels; GRT-PCR, real-time

quantitative polymerase chain reactior

PRR, platelet-rich plasma.
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Human adipose tissue

Main Tissue Sources

Human bone marrow

Human umbilical cord blood

Mesenchymal Stromal Cells Culture

Passage 3-6
at 80-90%
confluence

Conditioned Medium collection

Administration

Most common routes

2
u Topically applied

Subcutaneously
injected

Main skin condition tested

- Accelerate wound
healing, increase
wound healing rate,
improve wound
vascularization

- Increase hair
density, diameter, )
thickness, growth rate  ©

- Reduce hypertrophic
scars
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Records identified though database searching (n=1424)
Embase (n=611)

Scopus (n=420)

Medline (n= 389)

Clinicaltrials.gov (n=4)

\ 4

Duplicated excluded (n=667)

y

Records screened (title and abstract) (n=737)

Records excluded (n=360)

- In vitro studies (n=232)

- Not skin conditions: (n=167)
- Not MSCs-CM: (n=41)

"| -Poster(n=77)

- Review (n=22

- Other language: (n=11)

- Not Access: (n=10)

y

Full-text articles assessed for elegibility (n=197)

Records excluded (n=96)

- In vitro studies (n=69)

| - Not skin condittons: (n=8)
" | - Not MSCs-CM: (n=18)

- Review (n=1)

\ 4

Studies for systematic review (n=101)
- Wounds
* Wound healing (n=35)
* Hypertrophic scars (n=9)
= Flapsreperfuston (n=3)
- Hair growth (n=15)
- Skin rejuvenation (n=15)
- Inflammatory skin diseases (n=3)






