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Abstract

:

Second-degree burns result in the loss of the epidermal barrier and could lead to delayed complications during the healing process. Currently, therapeutic options to treat severe burns are limited. Thus, this work aims to evaluate the effect of NaHS, a hydrogen sulfide (H2S) donor, in poloxamer hydrogel in topical application and the potentiating effect of injected encapsulated adipose-derived stem cells (ASCs) compared to monolayer ASCs using our previous second-degree burn model on human skin explants. Indeed, our model allows testing treatments in conditions similar to a clinical application. The observed benefits of NaHS may include an antioxidant role, which might be beneficial in the case of burns. Concerning ASCs, their interest in wound healing is more than well documented. In order to evaluate the efficiency of our treatments, we analyzed the kinetics of wound closure, keratinocyte proliferation, and dermal remodeling. The effect of NaHS led to a delay in re-epithelialization, with a decrease in the number of proliferating cells and a decrease in the synthesis of procollagen III. On the contrary, intradermal injection of ASCs, encapsulated or not, improves wound healing by accelerating re-epithelialization and collagen I synthesis; however, only encapsulated ASCs accelerate keratinocyte migration and increase the rate of procollagen III and collagen III. In conclusion, NaHS treatment did not improve burn healing. However, the injection of ASCs stimulated wound healing, which is encouraging for their therapeutical use in burn treatment.






Keywords:


burn; human skin; ex vivo; wound healing; H2S treatment; ASC treatment; encapsulation












1. Introduction


A second-degree or partial-thickness burn penetrates into but not through the dermis. This kind of wound is, therefore, not harmless, as the epidermal barrier is lost, while the wound could form a blister or, if uncovered, weeps interstitial fluid. Since the dermal plexus of vessels and nerves is intact, the wound blanches with pressure and the pain is severe [1]. Moreover, delayed complications may occur during the healing process requiring then the use of surgical treatments [2,3]. Currently, for second-degree burns, reference treatment consists of the topical application of 1% silver sulfadiazine which does not improve re-epithelialization or the quality of the scar [4,5]. The management of extensive and deep burns, such as epidermal sheets, is costly and requires qualified personnel [6]. It is, thus, essential to find new treatments for second-degree burns and test them on a reliable and standardized model as close as possible to physiological conditions to get relevant results and to limit animal studies. Because the human skin and human wound healing process show specificities, the model used must be reproducible and humanly applicable to test the effectiveness of treatments. This is why the use of an ex vivo model of human skin seems to be a relevant choice as it enables conditions similar to physiological conditions with all the structures and different cell types resident in human skin in vivo. Although the ex vivo model offers many advantages for the study of burn actives, few studies have established burn models on human skin [7,8,9,10,11]. The interest of our study was to evaluate new potential therapies in a second-degree burn context with our previously developed ex vivo model [12]. Indeed, studies using an ex vivo burn model have not been followed by a test to target a treatment or a wound healing signaling pathway. Only one of these studies investigated the impact of an active ingredient [11]; however, as in many ex vivo skin repair studies, the treatment was added to the culture medium [13,14]. Instead, our study focused on the evaluation of two treatments administered via two different routes: a topical application and an intradermal injection.



We decided to test NaHS, which is a fast hydrogen sulfide (H2S) donor, and encapsulated ASCs (EN) as a burn treatment on our second-degree burn model. H2S is found in particular in some sulfur thermal baths. Cures in these thermal waters have been used ancestrally in the treatment of inflammatory dermatological pathologies such as psoriasis, atopic dermatitis, and chronic wounds [15,16,17,18]. Although the molecular and cellular effects of H2S have not yet been defined, the observed benefits may include an antioxidant role, which may also be beneficial in the case of burns that result in increased ROS with a risk of oxidative stress [19,20,21,22]. The antibacterial and antifungal role of H2S could also help to improve wound healing. [23,24,25,26]. Although controversial, some studies indicated an anti-inflammatory effect of H2S, which could be responsible for the improvement of inflammatory skin pathologies [27,28,29,30]. The second target of our study was the injection of ASCs as a burn treatment. Even if the entire mechanism of action is not totally understood, the scientific community agrees on the fact that ASCs have huge potential in wound healing through their regenerative properties. Indeed, due to their plasticity [31] and their secretome [32], ASCs are especially interesting in tissue repair. They could improve angiogenesis [33], and they have immunomodulatory properties [34], as well as antifibrotic [35] and chemoattractant effects [36]. Moreover, their paracrine effect is able to influence cell behavior within a pathological environment [37,38]. In the particular case of burns, ASC treatment could potentially resolve immune system dysfunction, re-epithelialization delay, or the appearance of hypertrophic scar [39]. To potentialize the therapeutic effect of injected ASCs, the strategy with the most potential appeared to us to be microencapsulation. According to our previous results [40], encapsulation presents numerous advantages over the direct injection route. In addition to maintaining good cell survival, encapsulation increases and enriches the ASC secretome and recreates physiological conditions by mimicking the native ASC microenvironment without altering stem-cell properties.



In this study, our objective was to test the effect of a chemical active and a cellular therapy as possible treatments for the improvement of second-degree burns. We evaluated the efficiency of a topical application of NaHS in a poloxamer hydrogel, as well as the potentiating effect of microencapsulation of ASCs in a dermal injection compared to monolayer ASCs. In this context, the use of monolayer ASCs (MO) is a way to evaluate the potential benefits of encapsulation.




2. Materials and Methods


2.1. Ethical Statement


Skin samples were anonymized, and informed consent was obtained in accordance with the ethical guidelines from Lyon University Hospital (Hospices Civils de Lyon) and the principles of the Declaration of Helsinki. All the samples used in this study belong to a collection of human skin samples declared to the French research ministry (Declaration no. DC-2008-162 delivered to the Bank of Tissues and Cells of the Hospices Civils de Lyon).




2.2. Skin Explant: Burn Procedure and Culture


All skin explants were obtained from residual tissues generated during elective abdominoplasties. Burn management was carried out as previously explained [12]. Briefly, the skin explant was degreased, quickly rinsed with 70% ethanol, and washed in phosphate buffer solution (PBS) for 30 min. After obtaining a skin with a hexagonal shape of 2.5 cm on each side, it was sutured at each corner on a metal grid in order to produce mechanical tension. Burns were carried out with a 10 s application of a metal rod immersed in water heated to 100 °C. Several burns can be performed on an explant in order to compare different treatments. Debridement of the burn was performed 12 h post burn using a sterile compress.



A culture medium composed of DMEM (Dulbecco’s Modified Eagle Medium) supplemented with 10% FCS (Fetal Calf Serum) and antibiotics (20 mg/mL gentamicin (Phanpharma), 100 IU/mL penicillin (Phanpharma), and 1 mg/mL amphotericin B (Phanpharma)) was added the skin to create an air/liquid interface and replaced every other day.




2.3. NaHS Hydrogel Treatment


A poloxamer hydrogel was used as a vehicle for testing the impact of NaHS on our burn model. The hydrogel generously provided by Dr. Salmon (EA4169 “Fundamental, Clinical and Therapeutic Aspects of Skin Barrier Function”, University of Lyon 1, Lyon, France) was composed of 25% p407 and p188 (5:1) poloxamers diluted in PBS 1×. With this composition of poloxamers, the generated hydrogel is liquid at temperatures < 30 °C and acquires the physical features of a gel at temperatures > 30 °C. Since skin explants are cultured at 37 °C, the applied hydrogen was maintained on the site of tested skin area.



For each experiment, a fresh solution of 0.25 M NaHS (Sigma-Aldrich, St Louis, MO, USA) dissolved in PBS was prepared and then added to a poloxamer hydrogel to obtain the working concentration (0.25 mM–0.5 mM). The addition of NaHS to the poloxamer hydrogel did not alter the gel consistency or jellification point of the gel. The addition of NaHS did not change the thermosensitive properties of the poloxamer hydrogel.



The poloxamer hydrogel with or without NaHS was applied immediately after preparation on the burn. The poloxamer hydrogel without NaHS was the negative control. The hydrogel was applied daily to the burn and removed after 6 h on three skin donors.




2.4. Origin, Isolation, and Culture of ASCs


ASCs were obtained from three patients (women aged 43.3 years old (range: 35–56), with a BMI (Body Mass Index) of 22.5 kg/m2 (range: 22–23.4)), undergoing liposuction of abdominal subcutaneous adipose tissue under general anesthesia in the department of plastic and reconstructive surgery at Lyon university hospital. Liposuction was performed with a PAL® LipoSculptor™ (MicroAire Aesthetics, Charlottesville, VA, USA) using a 3 mm Coleman cannula. The volume of adipose tissue obtained was greater than 500 mL. Surgical residue was collected in line with French regulations, and our activity was declared to the French ministry for research (DC n°2008-162).



The stromal–vascular fraction (SVF) was isolated as previously described [40]. Freshly isolated ASCs were seeded at a density of 40,000 cells/cm2 (passage 0, P0) in proliferation medium—DMEM Glutamax (Gibco), 10% FCS (HyClone), 10 ng/mL GMP-grade fibroblastic growth factor (FGF-2 GMP-grade, Miltenyi Biotec, Bergisch Gladbach, Germany), 100 U/mL penicillin (Panpharma, Fougères, France), 100 µg/mL gentamicin (Panpharma), and 5 µg/mL fungizone (Panpharma)—at 37 °C, under humidified 5% CO2. The medium was replaced after cells adhered for 1 h, and it was subsequently replaced three times per week. Sub-confluent cell layers (90–95%) were detached using trypsin-EDTA (Ethylenediaminetetraacetic) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), centrifuged, resuspended in complete medium at 4000 cells/cm2, and amplified until the number of cells was sufficient for encapsulation.



ASCs were characterized using our previously published protocol [40]. The ASC donors (17,149, 18,019, and 18,020) in this present paper were the same donors as our previously published studies [40]. Briefly, the viability was assessed with trypan blue, and metabolic activity was assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test. We evaluated the proliferation rate with population doubling and doubling time; to evaluate the differentiation, potential cells were differentiated in the three stipulated lineages by the International Society for Cell-Based Therapy: adipocytes, osteocytes, and chondrocytes. The clonogenical capacity was assessed as colony-forming units. Then, the CD (Class Differentiation) marker expression profiles were assessed by flow cytometry. All the results from these experiments are available in our previous study [40].




2.5. Encapsulation of ASCs in Alginate


ASCs were encapsulated and characterized (differentiation potential, CD markers) as previously explained [40] to obtained microparticles of calcium alginate around 500 µm in diameter. Briefly, sodium alginate (Buchi, France) was dissolved in an aqueous 4% (w/v) glucose solution to produce sodium alginate solution at 2%. ASCs from each donor were dispersed in 20 mL of this 2% alginate solution, at 4 × 106 cells/mL. Then, cells were encapsulated using the prilling vibration technique using the B-390 Encapsulator (Buchi, France) fitted with a 150 µm nozzle. The droplets of sodium alginate containing encapsulated cells then encountered the aqueous jellification solution, containing 76 mM calcium chloride (Calbiochem, France), 85 mM glucose (Macopharma, France), and 6 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (Sigma Aldrich, St. Louis, MO, USA) at physiological pH and osmolarity, where the alginate microparticles were formed. Microparticles were rinsed with lactated Ringer’s solution (Macopharma, France) and stored in ASC culture medium.



The cell viability before encapsulation was around 97%, whereas it was over 70% after encapsulation for a 16 day period.




2.6. ASC Treatment


Encapsulated (EN) and monolayer (MO) ASCs were used for assessing their impact on wound healing on our burn model. The day after the burn, burnt epidermis was removed and ASCs were intradermally injected at a rate of 400 µL per burn area, corresponding approximately to 350,000 monolayer cells and 175,000 encapsulated cells on six skin donors. We used the cells (encapsulated or not) alone, never with the poloxamer gel which was dedicated to NaHS experiment.



To determine a suitable cell concentration for EN-ASC, after we rinsed the microparticles with Ringer lactate, we took 10 µL of microparticles; after dissolving the alginate with sodium citrate, we counted the cells. We repeated this operation 20 times and the obtained number of cells led to us determining that 400 µL of microparticles corresponded to 175,000 cells. For MO-ASC, the number of cells injected was around 350,000 cells corresponding to a 400 µL volume of cells in Ringer solution. We injected the cells (encapsulated or not) through a 21 G needle (inner diameter (i.d.) 0.80 mm).




2.7. Histological and Immunohistological Analysis of Skin Explants Treated with NaHS and ASCs


The skin explants were harvested and analyzed as explained previously, on days 0, 1, 3, 5, 6, 7, 8, 9, 10, and 14 for NaHS treatment and days 5, 10, and 15 for ASCs treatment [12]. Briefly, the lesioned area was excised and cut into two pieces which were either embedded in OCT (Optimal Cutting temperature) compound and stored at −20 °C until use or immediately fixed with 4% formaldehyde before being embedded in paraffin.



For histological analysis, paraffin-embedded formalin-fixed samples (5 µm), after dewaxing and rehydration, were stained with hematoxylin phloxine saffron (HPS staining: cell nuclei were stained blue with hematoxylin, the cytoplasm was stained pink with phloxine, and the extracellular matrix of connective tissue was stained orange/yellow with saffron). For immunohistochemistry, sections were incubated with HLA (Human Leukocyte Antigen)-R/DP/DQ/DX primary antibody (dilution 1:1500, clone CR3/43, sc-53302, Santa Cruz Biotechnology). For immunofluorescence, slides were incubated overnight at 4 °C with the following primary antibodies: Ki67 (dilution 1:50, clone MIB-1, GA626, DakoCytomation, Glostrup, Denmark), procollagen III (dilution 1:500, clone M-58, Merck, Darmstadt, Germany), α-SMA (α-Smooth Muscle Actin) (dilution 1:200, NCL-L-SMA, Novocastra Laboratories), collagen I (dilution 1:500, Novocastra Laboratories), and collagen III (dilution 1:250, Novocastra Laboratories). Nuclei were colored by a blue Hoechst staining (1:1000, Thermo Fisher Scientific, Waltham, MA, USA).



Image acquisition was performed using a slide scanner (Axioscan Zeiss) in order to enable a global view of the whole burnt area and of adjacent non-lesioned tissues.




2.8. Image Analysis


Image processing and analysis were performed using the Image J software (Research Service Branch, US National Institute of Health, United States). Ki67-positive epidermal cells were counted and expressed as a percentage relative to the total number of nuclei in the epidermal area analyzed. For α-SMA, procollagen III, collagen I, collagen III, and HLA, the surfaces covered by staining were measured and expressed as a percentage relative to the total dermal area analyzed. When needed, measurements were performed at both edges of the burnt area, as well as at the center of the lesioned area. To perform our measures, we used a program within Image J software where we selected a threshold (the same for each image but specific to each staining) from which the area could be considered as stained compared to negative control.



For epidermis thickness, an average of four measurements were performed at both edges of the burnt area, as well as at the center of the lesioned area. The measures were performed at the same place on all the images and the images were treated anonymously with only their sample number.




2.9. Statistical Analysis


For all data, GraphPad Prism 4 software (GraphPad Software Inc., La Jolla, CA, USA) was used to determine statistical significance with the paired t-test; statistically significant differences are indicated by asterisks as follows: * p < 0.05, ** p < 0.01.





3. Results


3.1. Impact of NaHS and Encapsulated ASCs on Epidermis on Second-Degree Ex Vivo Burn Model


To investigate the impact of NaHS and encapsulated ASCs on the second-degree ex vivo burn model, histological analysis and Ki67 immunostaining were performed.



NaHS was tested in poloxamer hydrogel at 0.25 mM and 0.5 mM on lesioned skin explant samples obtained from three distinct donors. The negative control was a topical application with poloxamer hydrogel without NaHS. In order to assess the impact of NaHS treatment on wound closure kinetics. The extent of re-epithelialization was assessed on days 0, 1, 3, 5, 6, 7, 8, 9, 10, and 14 post burn by HPS, as described previously [12]. Days of interest were subsequently analyzed by immunostaining. Daily topical applications of such a poloxamer hydrogen were performed on areas of lesioned skin explants in our model of experimental second-degree burn injury with or without NaHS (0.25 or 0.5 mM). On day 10 of the culture, we observed a similar re-epithelialization for the different conditions with or without NaHS (Figure 1) with an advancement of the epidermal tongue allowing closure by the wound edges. On the other hand, on day 14, we observed that wounds treated were not completely re-epithelialized at 0.25 mM NaHS (Figure 1b) and blocked at 0.5 mM (Figure 1c), compared to those treated with hydrogel alone (Figure 1a). In addition, at 0.25 mM NaHS, the epidermal advance contained fewer (1–2) layers of keratinocyte cells (Figure S1, Supplementary Materials) compared to the 4–5 layers for control (Figure S1, Supplementary Materials). Treatment at 0.5 mM NaHS had a more detrimental effect on the keratinocytes; on day 14, there was a regression of epidermal tongue advancement, with only one layer of keratinocytes remaining, and the wound remained completely open (Figure 1c and Figure S1, Supplementary Materials). NaHS then appeared to have a dose-dependent effect, resulting in delayed re-epithelialization.



We previously observed that NaHS leads to a decrease in epidermal stem cell proliferation [41]. We, thus, verified by immunostaining the Ki67+ proliferating cells relative to the total number of epidermal cells whether the NaHS at 0.25 mM or 0.5 mM in hydrogel poloxamer induced a delay in re-epithelialization compared with hydrogel poloxamer alone. At the wound edges on day 5, we observed no significant difference in the rate of proliferating cells (Figure 2d). On the other hand, on day 8, we observed a higher rate of proliferating cells for control (48%) compared to NaHS-treated lesions (29% at 0.25 mM and 36% at 0.5 mM). This difference in Ki67+ cells at the wound edge was no longer present on day 14 even though re-epithelialization was incomplete with NaHS treatment. Looking at proliferating cells in the center of the burn on day 14, the percentage of Ki67+ cells was similar to the control for the condition treated at 0.25 mM NaHS (Figure 2e). However, when immunostaining was observed (Figure 2a,b), fewer Ki67+ cells were observed in the center of the burn when treated with 0.25 mM (Figure 2b) than for the control condition (Figure 2a). The percentages of Ki67 are similar because the number of Ki67+ cells is related to the total number of cells in the epidermis; however, as mentioned above, the control contained more layers, i.e., more keratinocytes. Therefore, the number of proliferating cells remained higher for the control condition although it was more difficult to compare to conditions with NaHS.



Although a blockage of the re-epithelialization was observed with the treatment at 0.5 mM NaHS after 14 days, a large proportion of proliferating cells were observed on day 10. At the border on day 14, although progress was significantly reduced, proliferating cells were still present. NaHS appeared to slow down the proliferation without inhibiting it completely.



Encapsulated ASCs were injected on a second-degree ex vivo burn model from six distinct donors. (Figure 3a). Monolayer ASCs (MO) or encapsulated ASCs (EN) were injected in the dermis of distinct burnt areas. No cells were injected in the negative control (NC) in order to assess the impact of ASC treatment on wound closure kinetics. Five days post burn, the entire burn area was visible in the three conditions with few signs of re-epithelialization on treated skins. This observation was confirmed by statistical analysis, as shown in Figure 3b. Interestingly, on day 10 (Figure 3a), the epidermis of explants treated with MO-ASCs and EN-ASCs was almost fully restored, whereas the re-epithelialization barely began in the negative control. However, according to epidermal thickness analysis, the only significant difference was between skin treated with MO and EN ASCs. Epidermis from explants treated with MO-ASCs appeared thicker than that obtained after EN-ASC treatment. However, on day 15, a complete re-epithelialization was observed in all conditions. In explants treated with MO-ASCs, a thickening of the epidermis was observed on images at the center of the wound, while the new epidermis obtained with EN-ASCs treatment was more homogeneous. Nevertheless, ASC injection and, particularly, encapsulated ASC injection damaged the dermis. In MO and EN conditions, holes were observed as evidence of the dermis deterioration. According to these results, ASC treatment appeared to accelerate the wound closure and improve re-epithelialization in spite of dermis deterioration.



In order to assess the impact of ASC treatment on keratinocyte proliferation, immunostainings of Ki67 were performed on human skin explants on days 5, 10, and 15 after the burn in the three conditions: explant treated with monolayer ASCs (MO), explant treated with encapsulated ASC (EN), and explant not treated, i.e., negative control (NC) (Figure 4). In the negative control on day 5, keratinocytes started to proliferate on the edges of the burn, whereas, in explants treated with MO-ASCs and EN-ASCs, keratinocytes already reached the center of the burn (Figure 4a). However, this difference in proliferation on day 5 between the explants treated and negative control was not found in the statistical analysis, as shown in Figure 4b. Indeed, the analysis of the proliferation rate on the edges of the burn, defined as the ratio of proliferating Ki67+ cells relative to the total number of epidermal cells, only revealed a difference of 8.2% on day 10 between MO and EN conditions. Thus, on day 10 post burn, there were fewer keratinocytes proliferating on the edges of the burn in the EN condition than in the MO condition. Keratinocytes in the EN condition migrated to the center of the burn earlier than in the MO condition but this difference was not confirmed when compared with the negative control. Nevertheless, while differences in keratinocyte proliferation on the edges of the burn were not clearly demonstrated between the three conditions, statistical analysis showed a significative difference in keratinocyte proliferation at the center of the burn (Figure 4c). Indeed, on day 15 post burn, there were 7.9% more keratinocytes proliferating at the center of the wound in the EN condition than in the negative control. The encapsulated ASC treatment accelerated the proliferation process by improving keratinocyte migration to the center of the burn.



We, therefore, observed opposite effects of the two tested treatments with deleterious effects of NaHS and stimulating effects of encapsulated ASCs on re-epithelialization and keratinocyte proliferation.




3.2. Impact of NaHS and Encapsulated ASCs on Dermis in Second-Degree Ex Vivo Burn Model


We also investigated the impact of NaHS in dermal proteins. An analysis of different proteins was performed (αSMA, collagen I, collagen III, and procollagen III) on three donors. Although we were able to identify that, following the burn, in this ex vivo model, we did not observe any evolution in the staining for αSMA, collagen I, and collagen III [12], it was interesting to see if the NaHS could nevertheless modify these proteins. However, we did not observe any differences between the conditions independent of the culture day for the proteins αSMA (Figure S2, Supplementary Materials), collagen I (Figure S3, Supplementary Materials), and collagen III (Figure S4, Supplementary Materials). On the other hand, we observed a decrease in the intensity of procollagen III staining, starting from day 8, similar to the control (Figure 5). In the control condition, this decrease in procollagen occurred on day 10 and returned to a basal level on day 14 (Figure 5a). For wounds treated with NaHS, this decrease in procollagen III intensity was still significant on day 10, as well as on day 14 (Figure 5b,c). On day 14, the area of decrease in intensity of procollagen III was more difficult to delineate, although a difference can be observed when compared with the healthy (border) areas; therefore, the synthesis of procollagen III could be partly achieved although the epidermis was not re-formed.



Having identified that NaHS stimulates IL-8 (interleukin 8) secretion by keratinocytes in vitro [41], we sought to verify whether NaHS could then stimulate the recruitment of immune cells at the wound site. We then stained wounds treated or not treated with NaHS on different days of the culture with an HLA staining that marks cells with Complex MHC (Major Histocompatibility) class II (macrophages, monocytes, dendritic cells). We observed a slight increase in wound edge staining on day 8 for the NaHS-treated conditions (Figure S5b,c, Supplementary Materials) compared to the control condition (Figure S5a, Supplementary Materials). This increase was not maintained on day 14.



NaHS had a dose-dependent impact, resulting in a delay until wound re-epithelialization was blocked after a second-degree burn, as well as a delay in procollagen III synthesis.



To investigate the impact of ASCs on dermal protein, an analysis of αSMA, procollagen III, collagen III, and collagen I was performed on human explants. Although no differences between conditions independent of the culture day could be observed for αSMA (Figure S6, Supplementary Materials), some differences were observed for collagen synthesis. Indeed, in the negative control (NC), a decrease in the intensity of procollagen III staining was observed in the burn area on days 5 and 10, and this phenomenon was attenuated on day 15 (Figure 6a). However, in explants treated with MO-ASCs (MO), this decrease was not as clearly visible at any time point, although a difference could be observed when compared with the healthy border on days 5 and 10. For the explants treated with EN-ASCs (EN), this decrease in intensity was quite obvious on day 5 but more difficult to delineate on days 10 and 15. Moreover, this difference in procollagen III synthesis was confirmed by the statistical analysis, as shown in Figure 6b, whereby explants treated with EN-ASCs expressed 6% more procollagen III than the negative control. Thus, ASC treatment (especially EN-ASC treatment) plays a role in procollagen III dermal synthesis.



Collagen III synthesis was also studied in burn explants. Contrary to procollagen III, we could not highlight an intensity difference in collagen III signal between the three conditions. Nevertheless, we observed a slight density difference on day 15 between explants treated with monolayer or encapsulated ASCs and the negative control (Figure S7, Supplementary Materials). Interestingly, this difference was translated by the statistical analysis represented in Figure 7a, which confirmed the difference in collagen III rate between the second-degree burn model treated with encapsulated ASCs (EN) and the negative control (NC). ASC treatment decreased collagen III synthesis in the early phase of the wound healing process by almost 11% (10.9% for MO-ASC treatment and 10.7% for EN-ASCs); then, EN-ASC treatment increased its synthesis by 10.8% on day 15 compared to the negative control.



Then, we analyzed collagen I synthesis at the center of the wound in the three conditions described above at different time points (days 5, 10 and 15). Here again, we could not highlight a difference in the intensity of collagen I signal, and we also did not observe a visual difference in density on day 10 between the treated and non-treated second-degree burn model (Figure S8, Supplementary Materials). However, the rate of collagen I in the dermis appeared more important on day 10 in the explant treated with monolayer and encapsulated ASCs (13.9% and 11.2% more, respectively) than in the negative control (Figure 7b). This finding, coupled with previous outcomes, seems to suggest that ASCs improve the wound healing process by accelerating the kinetics of collagen I appearance.



Intradermal injection of human monolayer or encapsulated ASCs improves wound healing by accelerating re-epithelialization and collagen I synthesis; however, only intradermal injection of human encapsulated ASCs accelerates keratinocyte migration and increases the rate of procollagen III and collagen III in a second-degree burn model.



The two tested treatments showed opposite effects on procollagen III synthesis, which was inhibited by NaHS and stimulated by ASCs. Only ASC treatment has an impact on collagen I and III.





4. Discussion


We were able to observe the impact of two different target treatments on improving skin healing. It is interesting to note that we encountered results of decreased skin repair with the application of poloxamer hydrogel containing NaHS, whereas a stimulation of healing was observed with the injection of ASCs.



The effect of NaHS led to a delay in re-epithelialization, with a decrease in the number of proliferating cells at 0.5 mM NaHS and a decrease in the synthesis of procollagen III at the burn site. NaHS then caused a delay in procollagen III synthesis, either by acting directly on the fibroblasts of the dermis or by inducing the delay/blockage of re-epithelialization, whereby the keratinocytes did not send, or sent in lesser numbers, the signals enabling procollagen III synthesis.



As mentioned above, the role of H2S is still poorly understood, and it is associated with both proinflammatory and anti-inflammatory effects [42,43,44,45,46,47,48]. However, these results are in line with our findings showing that NaHS leads to a decrease in the proliferation of primary human keratinocytes. In addition, an increase in the secretion of proinflammatory cytokines (IL-8, CXC Motif Chemokine Ligand 2—CXCL2, IL-18, and IL-1β) was observed [41]. This increase could lead to an increase in inflammatory cells in the wound and explains the increase in HLA marker after the addition of NaHS.



Concerning the NaHS impact on keratinocyte proliferation, these results are consistent with our previous results on primary keratinocytes in vitro [41], indicating an inhibitory dose-dependent impact of NaHS on keratinocyte proliferation. However, the impact of 0.5 mM NaHS leading to the regression of keratinocyte advancement could be due to another process of NaHS which remains to be investigated. Furthermore, the procollagen III synthesis delay could be impacted by a delay in proliferation, as well as increased inflammation, at the wound edge.



Although these results do not explain the benefits of sulfurous thermal waters in the treatment of chronic ulcer repair, they may shed some light on their impact on psoriasis. Indeed, patients with psoriasis develop plaques caused by hyperproliferation of keratinocytes [49,50]. H2S could then improve this symptom by decreasing keratinocyte proliferation, thus improving patients’ quality of life. It would then be interesting to develop at least one skin culture model of a psoriasis patient, as has been done for different types of scars (keloid, hypertrophic scar) studied in ex vivo culture after sampling from human patients [51]. Our model did not permit the evaluation of the antimicrobial role of H2S. Indeed, human skin explants are grown in a sterile environment after being bathed in antibiotics. The beneficial effect of H2S in wound healing could be mainly due to its antimicrobial action, as in the commonly used cream containing 1% silver sulfadiazine [4,52].



Concerning the ASCs, the aims were to assess their impact on wound healing in a second-degree burn model and evaluate if encapsulation improved this action. Cellular microencapsulation was developed both to reduce premature death of cells following injection and to limit their migratory capacity [53,54]. In this study, adipose stem cells were reproducibly encapsulated as previously described [40], using a prilling vibration method, in microparticles of alginate, a biocompatible and biodegradable polysaccharide [55,56].



According to the literature, ASCs generate real interest in wound healing due to their anti-inflammatory and immunomodulatory effect [57,58], through their secretion which promotes angiogenesis, as well as keratinocyte proliferation and migration [59]. In our study, results obtained after HPS staining support these findings. Indeed, both monolayer (MO) and encapsulated (EN) ASCs improved wound closure kinetics with an acceleration of re-epithelialization. In our second-degree burn model, keratinocytes migrated faster from the edges to the center of the burn in explant treated with encapsulated ASCs than in the negative control. According to the pictures, this action on keratinocyte migration started on day 5 and occurred in MO and EN conditions, but it was not found in the statistical analysis, potentially due to the limited number of donors studied. However, as described in the literature [36,60], ASCs demonstrated their homing property on keratinocytes in our second-degree burn model, which was improved by encapsulation. Five days post burn, the re-epithelialization was extensive in the explants treated with MO and EN ASCs, whereas this was not indicated in the negative control. Moreover, in some donors, re-epithelialization started before day 5 in MO and EN conditions. Another interesting fact is that the epidermis formed in explants treated with MO-ASCs appeared thicker than that obtained with EN-ASCs in the images on days 10 and 15, as well as in statistical analysis. If we admit that encapsulation increases and enriches ASC secretion, as shown in a previous study [40], this could be the reason why the scar obtained with EN-ASCs was of better quality. EN-ASCs would be able to better regulate keratinocyte proliferation and matrix formation. Another hypothesis is that EN-ASCs might have a role in senescence slowdown, which may explain the increase in keratinocyte proliferation on day 15. Indeed, this effect was not observed with MO-ASCs and the negative control. However, we need to further assess the action of encapsulated ASCs on the epidermis, dermis, and senescence to understand these thickness and proliferation differences.



The impact of ASC treatment on dermis proteins was also studied. The negative control showed a clear decrease in procollagen III in the burn area on days 5, 10, and 15 which was not as clear in explant treated with ASCs. Indeed, the low intensity correlated with a lack of procollagen III was only visible on day 5 in explants treated with ASCs. Furthermore, statistical analysis highlighted this difference on day 15 between negative control and skins treated with EN-ASCs. These results suggest that ASCs, especially EN-ASCs, were involved in procollagen III synthesis and increased the dermal rate of procollagen III. However, the collagen III synthesis was surprisingly decreased on day 5 in MO and EN conditions compared to the negative control. This phenomenon could have been caused by the injection process which degraded the dermis, particularly with EN-. Indeed, the needle, although quite thin (0.80 mm), damaged the dermis damages and the microparticles which were around 500 µm in diameter created a hole in the dermis. Nevertheless, the level of collagen III returned to normal on day 10 and even increased on day 15 for explants treated with EN-ASCs. In addition, ASC treatment accelerated the kinetics of appearance of collagen I with a peak on day 10, but not its final rate. ASCs have an antifibrotic effect, which may explain the difference observed in collagen levels between the negative control and treated skins [61,62]. This property allows ASCs to regulate collagen production and prevent hypertrophic scar formation [63,64].



Thus, we demonstrated the impact of ASC treatment on collagens, but we did not obtain any results concerning myofibroblasts. Theoretically, ASCs should promote fibroblast conversion in myofibroblasts following (TGF)-β1 (Transforming Growth Factor β1) secretion [65] and through their angiogenic potential; however, we did not observe such an increase in the myofibroblast population. One of the hypotheses is that the burn model does not produce enough tension to mimic human skin in physiological conditions, thus allowing to observe any changes in myofibroblast rate.



For possible clinical application, it would be interesting to track ASCs in order to obtain data on the number of cells reaching the injured site, their viability, and the evolution of the capsules over time within the model. We also did not characterize the mechanical behavior of our microparticles after injection, which is an interesting point to investigate for the continuation of this study. To conclude, contrary to NaHS treatment, intradermal injection of human ASCs grown as a monolayer or encapsulated improved wound healing by accelerating re-epithelialization and collagen I synthesis; however, only the intradermal injection of human encapsulated ASCs accelerated keratinocyte migration and increased procollagen III and collagen III dermal rate in a second-degree burn model. This second-degree burn model on human skin provided results on the target treatments tested (hydrogel containing NaHS and ASC injection). This model allows testing treatments in conditions similar to a clinical application: either a topical application of a cream/gel/dressing or a dermal injection. This makes it easier to project results to a concrete clinical application of the treatment. We were able to obtain encouraging results in the use of encapsulated ASCs in the treatment of second-degree burns.
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Figure 1. Histological analysis of second-degree ex vivo burn model after treatment with poloxamer hydrogel containing NaHS (0.25 mM–0.5 mM). The impact of NaHS on burn re-epithelialization was observed by hematoxylin phloxine saffron (HPS) staining at different times of culture (day 10 and day 14): (a) poloxamer hydrogel alone (control) and (b) 0.25 mM or (c) 0.5 mM NaHS–poloxamer hydrogel. The control burn treated with poloxamer hydrogel alone was completely re-epithelized on day 14 (a), whereas it is not complete for lesions treated with NaHS (b,c). On day 14, we observed that a 0.25 mM NaHS treatment decreased the re-epithelialization of the epidermis (b). A 0.5 mM NaHS treatment resulted in a non-re-epithelialized wound. Moreover, the epidermal tongue observed on day 10 was no longer visible on day 14 (c). Dashed lines in black delineate the burnt area. Experiments were performed on skin explants derived from three donors. Scale bar: 100 µm. 
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Figure 2. Second-degree ex vivo burn model after treatment with poloxamer hydrogel containing NaHS (0.25 mM–0.5 mM) analyzed by Ki67 immunostaining. Immunostaining of Ki67 was performed on a second-degree burn model harvested at different time points post burn (days 5, 8, 10, and 14): (a) poloxamer hydrogel alone (control) and (b) 0.25 mM or (c) 0.5 mM NaHS–poloxamer hydrogel. Expression of Ki67 is shown in green color and cell nuclei are shown in blue color The proliferation index of keratinocytes (ratio of proliferating Ki67+ cells relative to the total number of epidermal cells) was measured in human skin explants harvested at different time points of the culture. On day 8, at the lesion edges, a decrease in proliferation was observed for lesions treated with NaHS–poloxamer hydrogel (48% in hydrogel-treated lesions vs. 29% and 36% in lesions treated with 0.25 mM and 0.5 mM NaHS hydrogel, respectively). On day 14, the proliferation index was similar in the different conditions with or without NaHS only at the lesion edges because, in the center of the burn (e), there were no cells on the lesion treated with the hydrogel containing 0.5 mM NaHS. For each donor and for each time point, measurements were carried out at the edges (d) or at the center (e) of the lesion and expressed as mean values. Dashed lines in white (a–c) delineate the burnt area. Experiments were performed on skin explants derived from three donors. Statistical significance was assessed with the paired t-test. * p < 0.05. Scale bar: 100 µm. 
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Figure 3. Histological analysis of second-degree ex vivo burn model after treatment with ASCs. (a) Encapsulated (EN) and monolayer (MO) ASCs were intradermally injected. In the negative control (NC), no cells were injected. The impact of ASC treatment on burn re-epithelialization was observed by HPS staining at different times of the culture (days 5, 10, and 15). Explants treated with monolayer ASCs (MO) and encapsulated ASCs (EN) were already re-epithelialized on day 10, whereas re-epithelialization of the control burn (NC, not treated) just started at this time point. Dashed lines in black delineate the burnt area. (b) Epidermal thickness was measured using Image J® at the center of the burn at three time points (days 5, 10, and 15) on images of HPS staining. On day 5, explants treated with ASCs already started their re-epithelialization, and the epidermis obtained after MO-ASC treatment appeared thicker than that obtained after EN-ASC treatment on day 10. For each donor and for each time point, measurements were carried out at the center of the lesion and expressed as mean values. Experiments were performed on skin explants derived from six donors. Statistical significance was assessed with the paired t-test. * p < 0.05, ** p < 0.01. Scale bar: 100 µm. 
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Figure 4. Second-degree ex vivo burn model after treatment with ASCs analyzed by Ki67 immunostaining. (a) Encapsulated (EN) and monolayer (MO) ASCs were intradermally injected. In the negative control (NC), no cells were injected. Expression of Ki67 at 5, 10, and 15 days is shown in green color and cell nuclei are shown in blue color. Dashed lines in white delineate the burnt area. (b) The proliferation index of keratinocytes (ratio of proliferating Ki67+ cells relative to the total number of epidermal cells) was measured at the edges of human skin explants harvested at different time points of the culture. On day 10, at the lesion edges, a decrease in proliferation was observed for lesions treated with EN ASCs compared to MO ASCs, but not to NC. (c) The proliferation index of keratinocytes (ratio of proliferating Ki67+ cells relative to the total number of epidermal cells) was measured in human skin explants harvested after 15 days of the culture on the center of the burn. An increase in proliferation was observed for explants treated with EN ASCs compared to negative control. Experiments were performed on skin explants derived from six donors. Statistical significance was assessed with the paired t-test. * p < 0.05, ** p < 0.01. Scale bar: 100 µm. 
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Figure 5. Second-degree ex vivo burn model after treatment with poloxamer hydrogel containing NaHS (0.25 mM–0.5 mM) analyzed by procollagen III. Immunostaining of procollagen III was performed on the second-degree burn model harvested at different time points post burn (days 8, 10, and 14): (a) poloxamer hydrogel alone (control) and (b) 0.25 mM or (c) 0.5 mM NaHS–poloxamer hydrogel. A decrease in intensity of procollagen III staining (area delimited by a red dotted line) was observed on day 8 and still present on day 10 until it returned to baseline levels on day 14. Expression of procollagen III is shown in green color and cell nuclei are shown in blue color. (b,c) For the NaHS–poloxamer hydrogel treatment, at both tested concentrations, a decrease in procollagen III intensity staining was also observed on day 8; however, it was still present and more expanded on day 10 and day 14. Experiments were performed on skin explants derived from three donors. White dashed lines delineate the burnt area. Scale bar: 100 µm. 
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Figure 6. Second-degree ex vivo burn model after treatment with ASCs from six donors analyzed by procollagen III. Immunostaining of procollagen III was performed on ASC-treated second-degree burn model harvested at different time points post burn (days 5, 10, and 15). Encapsulated (EN) and monolayer (MO) ASCs were intradermally injected. In the negative control (NC), no cells were injected. Expression of procollagen III is shown in green color and cell nuclei are shown in blue color. (a) A decrease in intensity of procollagen III staining (area delimited by a red dotted line) was observed on day 5 and still present on days 10 and 15 in the negative control. However, for explants treated with monolayer ASCs (MO), this intensity difference was not clearly visible on day 5 and was absent on days 10 and 15. In the explant treated with EN-ASCs, a decrease in intensity of procollagen III staining was observed on day 5 but not on days 10 and 15. White dashed lines delineate the burnt area. (b) Procollagen III area was measured at the center of the wound (ratio between procollagen III area and total dermis area). On day 15, burns treated with EN-ASCs appeared to express more procollagen III than negative controls. Experiments were performed on skin explants derived from six donors. Statistical significance was assessed with the paired t-test, ** p < 0.01. Scale bar: 100 µm. 






Figure 6. Second-degree ex vivo burn model after treatment with ASCs from six donors analyzed by procollagen III. Immunostaining of procollagen III was performed on ASC-treated second-degree burn model harvested at different time points post burn (days 5, 10, and 15). Encapsulated (EN) and monolayer (MO) ASCs were intradermally injected. In the negative control (NC), no cells were injected. Expression of procollagen III is shown in green color and cell nuclei are shown in blue color. (a) A decrease in intensity of procollagen III staining (area delimited by a red dotted line) was observed on day 5 and still present on days 10 and 15 in the negative control. However, for explants treated with monolayer ASCs (MO), this intensity difference was not clearly visible on day 5 and was absent on days 10 and 15. In the explant treated with EN-ASCs, a decrease in intensity of procollagen III staining was observed on day 5 but not on days 10 and 15. White dashed lines delineate the burnt area. (b) Procollagen III area was measured at the center of the wound (ratio between procollagen III area and total dermis area). On day 15, burns treated with EN-ASCs appeared to express more procollagen III than negative controls. Experiments were performed on skin explants derived from six donors. Statistical significance was assessed with the paired t-test, ** p < 0.01. Scale bar: 100 µm.



[image: Ebj 02 00002 g006]







[image: Ebj 02 00002 g007 550] 





Figure 7. Kinetics of collagen III and I dermal expression in ASC-treated second-degree burn model (a). Collagen III area was measured at the center of the wound (ratio between collagen III area and total dermis area). On day 5, it appears that there was more collagen III in the negative control (NC) than in burns treated with monolayer (MO) and encapsulated (EN) ASCs, and this trend was reversed on day 15 with a 10% increase in the collagen III surface in explants treated with EN-ASCs compared to the negative control. (b) Collagen I area was measured at the center of the wound (ratio between collagen I area and total dermis area). On day 10, an increase in collagen I surface was observed in ASC-treated second-degree burn model (MO and EN) compared to NC. Results obtained for each condition are representative of six series of experiments performed on skin explants derived from six donors. Statistical significance was assessed with the paired t-test. * p < 0.05, ** p < 0.01. 
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