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The therapeutic potential of mesenchymal stem/stromal cells (MSC) is widely recognized for the treatment of several diseases, including acute graft-vs.-host disease (GVHD), hematological malignancies, cardiovascular, bone, and cartilage diseases. More recently, this therapeutic efficacy has been attributed to the bioactive molecules that these cells secrete (secretome), now being referred as medicinal signaling cells. This fact raises the opportunity of therapeutically using MSC-derived soluble factors rather than cells themselves, enabling their translation into the clinic. Indeed, many clinical trials are now studying the effects of MSC-secretome in the context of cell-free therapy. MSC secretome profile varies between donors, source, and culture conditions, making their therapeutic use very challenging. Therefore, identifying these soluble proteins and evaluating their production in a reproducible and scalable manner is even more relevant. In this work, we analyzed the global profile of proteins secreted by umbilical cord matrix (UCM) derived-MSC in static conditions by using mass spectrometry, enabling the identification of thousands of proteins. Afterwards, relevant proteins were chosen and monitored in the supernatant of a fully-controllable, closed and scalable system (bioreactor) by using multiple reaction monitoring (MRM) mass spectrometric technique in a time-dependent manner. The results showed that the majority of interesting proteins were enriched through time in culture, with the last day of culture being the ideal time for supernatant collection. The use of this regenerative “soup,” which is frequently discarded, could represent a step toward a safe, robust and reproducible cell-free product to be used in the medical therapeutic field. The future use of chemically defined culture-media will certainly facilitate secretome production according to Good Manufacturing Practice (GMP) standards.
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INTRODUCTION

Mesenchymal stem/stromal cells (MSC) are multipotent cells with recognized therapeutic potential for several diseases, confirmed by the exponential increase of clinical trial studies in recent years (Mao et al., 2017). Besides their differentiation versatility, immunomodulatory properties of MSC have been considered the most promising characteristic for cellular therapy applications (Le Blanc et al., 2008). MSC can be found in almost all tissues and share specific characteristics by consensus definition: spindle-shaped morphology, plastic-adherent, positive expression of CD73, CD90, and CD105, lack of expression of hematopoietic stem cell markers and multilineage differentiation (Dunavin et al., 2017).

The discovery that only a small portion of MSC (after local or systemic injection) is capable of engrafting onto the injured tissue, led to the supposition that the therapeutic effect from this therapy is directly related to its paracrine effect. Indeed, studies have shown that <1% of MSC survive for more than 1 week after infusion (Vizoso et al., 2017). This hypothesis opened up new therapeutic perspectives with the aim of developing cell-free strategies based on the use of the MSC secretome as a safe and potential alternative in the cell therapy field (Baglio et al., 2012). These paracrine or autocrine effects are related to several cellular processes (immunomodulation, chemoattraction, apoptosis, and angiogenesis), making the set of proteins secreted by MSC of great relevance. In the context of immunological disorders, MSC are capable of modifying the immune response and secreting paracrine mediators, reducing inflammation and accelerating tissue regeneration by activating resident stem cells and mobilizing systemic stem cells through chemotactic signaling (Nonnis, 2015). Thus, MSC can be considered a vehicle of multiple bioactive factors in situ, possessing the great advantage of being site-specific (Faça, 2012).

MSC-sourced secretome could be obtained from the expended medium after cell culture, namely conditioned medium (CM), and may represent advantages compared to living cells in terms of storage, handling, safety, and cost-effectiveness, since cell harvesting is not necessary (Vizoso et al., 2017). Moreover, the CM could be recovered from monolayer-culture, and the use of fully-controllable, closed and scalable bioreactor could limit heterogeneity, improving reproducibility and robustness, while enhancing predictability in the composition and function of secretome-derived products (Phelps et al., 2018).

The proteomic profile has been widely used to uncover the MSC secretome and allows for the large-scale investigation of secreted proteins, their function but mainly the understanding of pathological conditions and mechanisms in vivo (Stastna and Van Eyk, 2012). Since the MSC secretome are considered environment-dependent, and consequently dynamic, it is expected that there are multiple relevant proteins to be characterized. Based on these findings, a qualitative and quantitative analysis of the secreted proteins from these cells is a fundamental step to better understand the mechanisms underlying the therapeutic effects and to evaluate the actions of the identified components (Salgado and Gimble, 2013). So far, mass spectrometry (MS) technology allows for a more accurate identification and quantification of these extended lists of proteins, making possible in the near future a more rational application of MSC in human therapy.

The objective of this work was the identification of a globally secreted proteomic profile of MSC derived from umbilical cord matrix (UCM MSC) under static conditions using LC-MS/MS and to monitor the production of selected proteins in the bioreactor supernatant by multiple reaction monitoring (MRM) experiments during the time of bioreactor-culture.

MATERIALS AND METHODS

Mesenchymal Stem/Stromal Cell Culture

Human umbilical cords were collected from full-term newborns (39–40 weeks, cesarean births), after informed consent from the person legally responsible for the donor. Institutional Ethical Review Board (Clinics Hospital, Ribeirão Preto Medical School, University of São Paulo, Protocol HCRP number 14906/2010). Mesenchymal stem/stromal cells derived from umbilical cord matrix (UCM MSC) were isolated according to the protocol described previously (Mizukami et al., 2013). Cells were cultured in alpha-MEM (GIBCO, Grand Island, NY) with 10% fetal bovine serum (FBS) (HyClone, Canada) at 37°C and 5% CO2 in a humidified atmosphere. UCM MSC at passages 4–5 were used in this study.

Generation of Enriched Supernatant From UCM MSC

UCM MSC was cultured under static conditions and the secretome was analyzed using LC-MS/MS for global profile of secreted proteins. Afterwards, the most promising and interesting proteins were selected for further identification in the bioreactor supernatant by MRM experiments in a time-dependent manner (during time of bioreactor-culture). The schematic procedure is summarized in the Figure 1.
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FIGURE 1. Schematic representation of global experimental procedure used in this work.



UCM MSC Culture Under Static Conditions

Static cultures (T-flasks) (n = 3, three different donors) were performed to generate enriched supernatants with proteins. For this, UCM MSC were culture plated at 3,000 cells/cm2 on 75 cm2 T-flasks with culture medium supplemented with 10% FBS. Upon reaching 70–80%, cells were washed with pre-warmed PBS and the media was replaced by alpha-MEM without FBS. Supernatant was collected after 48 h of culture for proteomic analysis.

UCM MSC Culture Under Dynamic Conditions

Stirred tank bioreactor was used to generate enriched supernatant released by UCM MSC in a closed and controlled bioprocess. The experimental procedure was described in detail in our previous report (Mizukami et al., 2018). Briefly, 5,000 cells/cm2 of UCM MSC (n = 3, three different donors) was inoculated with 2.0 g/L CultispherTM S microcarriers (Sigma Aldrich, Saint Louis, USA) in 800 mL of working volume. Fifty percentage of culture medium change was performed daily after 96 h. Thus, this remaining CM after medium exchange was used for MRM analysis. The cell culture parameters used were: pH 7.30, 20% of dissolved oxygen (DO) by headspace aeration (N2, O2 and air) and 37°C (water jacket).

Sample Processing for Proteomic Analysis

After collecting CM (static and dynamic conditions), 5% v/v protease inhibitor mixture (product number P8340; Sigma-Aldrich, St. Louis, USA) was added. Then, the supernatant was centrifuged at 4,700 rpm for 30 min and concentrated in a centricon filter (5 kDa MWCO) (GE Healthcare, Buckinghamshire, UK). Samples were diluted in 200 μL of Urea 0.1 M/Tris-HCl 0.1 M, pH 8.0, and the total proteins were quantified by the Bradford method (Bio-Rad, Hercules, CA, USA).

Static Conditions: In-Gel Digestion and LC-MS/MS Analysis

After Bradford quantification, 30 μg of protein were dissolved in 30 μL Laemmli sample buffer containing dithiothreitol (1 mg/mg of total protein), boiled for 5 min to reduce disulfide bonds and alkylated with iodoacetamide (5 mg/mg of total protein). Samples were separated using a 10% SDS-PAGE (Bio-Rad, Hercules, CA, USA). Then, each gel sequence was sectioned into 6 equal fragments of 1 cm, washed 3 times with 50% acetonitrile in 50 mM ammonium bicarbonate and held overnight. The samples were then washed for 5 min with 100% acetonitrile and dried for 30 min by SpeedVac. Samples were rehydrated in 20 μL of 100 mM ammonium bicarbonate solution containing 0.5 μg of trypsin (Promega, Madison, USA). Tryptic peptides were successively extracted with 50% acetonitrile/0.1% formic acid, 70% acetonitrile/0.1% formic acid, and 100% ACN/1% formic acid. The peptide extraction solutions were dried in SpeedVac for further analysis by mass spectrometry.

Samples were analyzed in triplicate by LC-MS/MS using LTQ-ORBITRAP (Elite Model—Thermo-Finnigan) mass spectrometer coupled with a nano-LC. The liquid chromatographic separation was performed in a 25 cm column (Picofrit 75 μm ID, New Objectives), packed in the laboratory using Magic C18 resin. The separation was performed with a gradient of 5–40% acetonitrile/0.1% formic acid at a flow rate of 250 nL/min. The spectra were acquired in data-dependent mode in the m/z 400–1,800 range with selection of the 5 most abundant ions with +2 or +3 charges of each mass spectrum for the ms/ms analysis. The parameters of the mass spectrometer were: capillary voltage of 2.0 KV, capillary temperature of 200°C, resolution of 100,000 and “FT target value” of 2 × 106 ions.

Dynamic Conditions: Multiple Reaction Monitoring (MRM) Analysis

After quantification, 200 μg of protein were dried and dissolved using buffer solution (Urea 0.1 M/Tris-HCl 0.1 M, pH 8.0). Since Fetal Bovine Serum (FBS) was used for culture medium supplementation in the bioreactor culture, an additional step of albumin depletion was performed, according to the protocol described by Kay et al. (2008). Briefly, 20 μL of the bioreactor sample was diluted with 40 μL of deionized water and vortexed. Afterwards, 90 μL of acetonitrile was added, sonicated for 10 min and centrifuged at 12,000 × g for 10 min. The supernatant was transferred to a new tube and dried by SpeedVac (Kay et al., 2008). Depletion of albumin was confirmed by SDS-PAGE gel. Then, samples were reduced, alkylated, proteins separated (SDS-PAGE) and digested (trypsin) using the same protocol described in the item 2.3.1. Samples were then desalted using solid-phase extraction columns Oasis HLB (Waters) according to the manufacturer's instructions. Peptides were eluted in 50% ACN/0.1% formic acid and dried in SpeedVac. Samples were reconstituted in 50 μL of 5% acetonitrile/0.1% formic acid solution before MRM analysis. Each sample was injected in triplicate through the LC-MS/MS Xevo TQs system (Waters). Chromatographic separation was performed in a UPLC (I-class, Waters) using a C18 column (1.8 μm particle size, 100 Å pore size, 1 mm × 150 mm, Waters) in a linear gradient of 5 to 30% acetonitrile over 15 min at 100 μL/min in a formic acid:acetonitrile:water solvent system.

Data Analysis

The high throughput data obtained for static conditions of cell culture were processed using the Labkey suite (Rauch et al., 2006). Peptides and proteins were identified using the X!Tandem search engine (2013.2.01 release) (MacLean et al., 2006), and Peptide Prophet (Nesvizhskii et al., 2003) and Protein Prophet (Keller et al., 2002) algorithms for statistical validation of data and protein grouping. MS data were searched against a human proteome database (Uniprot April 2014 − 68,561 entries). Search parameters for tryptic peptides included up to two missed cleavages, mass tolerance of 0.5 Da for fragment ions, fixed cysteine modification with carbamidomethylation (+57.02146), variable methionine oxidation (+15.99491). Only peptides with a Peptide Prophet score above 0.90 and precursor ions with delta mass <20 ppm were considered for protein quantification. The list of proteins was generated with a Protein Prophet cut-off value of 0.90, representing an overall protein false discovery rate of approximately 1% based on the Protein Prophet estimation. The MRM data was analyzed using the Skyline v3.1 software (Pino et al., 2017). Protein concentrations were estimated based on the analysis of a standard protein solution (Bovine Serum Albumin, BSA, Biorad). For this, different concentrations (0, 1, 10, 100 pg/μL and 1 and 10 ng/μL) of BSA were diluted in an equivalent sample matrix and two calibration curves were plotted based on the monitoring of two peptides (AEFVEVTK, SLHTLFGDELCK). The linear correlation signal (peak area) × concentration was obtained by the resulting bisector of the curves from the analyzed BSA standards. Proteotypic peptides were selected for each protein based on their identification in our high throughput data and supported by SRMAtlas (http://www.srmatlas.org/). For differentially abundant proteins selected in our study (n = 21), MRM quantification was based on the average of total peak areas for each peptide (composed by the sum of areas of all the transitions). Supplementary Table 2 and Supplementary Figure 1 in Data Sheet 2 present detail information for the method developed. Maximum productivity of secreted proteins (ng/mL/day) was calculated based on the ratio of maximum concentration (ng/mL) divided by the corresponding time of culture. In addition, data was evaluated by several bioinformatic tools for protein-protein interactions and networks using STRING-DB (string-db.org) (Szklarczyk et al., 2018) as well as by gene ontology annotation using PANTHER tool (phanterdb.org) (Mi et al., 2017).

RESULTS

Global Proteomic Profile of UCM MSC Grown (Cultivated) Under Static Conditions

As previously described in the section UCM MSC culture under static conditions, static cultures (T-flasks) (n = 3, three different donors) were performed to generate supernatants enriched with proteins. Then, the concentration of total protein obtained was quantified using the Bradford assay and the results obtained can be found in Table 1.


Table 1. Protein quantification of UCM MSC culture supernatant (n = 3, three independent donors) in static conditions by the Bradford method.
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Thus, 30 μg of proteins from each sample (duplicate) were submitted to SDS-PAGE electrophoresis for separation and characterization of the secreted proteins. As expected, a similarity in the pattern of bands was observed between the three different donors (Figure 2). Therefore, gel lanes were cut into six fragments of 1 cm each to increase the sampling of ions (peptides) detected by the mass spectrometer, thus allowing for the identification of low abundance proteins. Each fraction was subjected to in-gel trypsin digestion and individually analyzed by LC-MS/MS.
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FIGURE 2. SDS-PAGE electrophoresis of the culture supernatant in static conditions from three different donors (duplicate). Illustration of the gel fragments generated after the sectioning of each sample into six equal parts.



After mass spectrometry analyses, it was possible to identify ~2,400 proteins. The complete list of protein identification is presented in Supplementary Table 1. In order to further explore the results obtained, the secreted proteins were clustered between the three different donors analyzed in duplicate based on the relative abundance (Figure 3).
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FIGURE 3. Graphical representation of the spectral count result of proteins secreted by UCM MSC using three different donors (in duplicate) analyzed by mass spectrometry (MS). The software used for this analysis was MeV (MultiExperiment Viewer). The color of the scale illustrates the relative expression of the proteins: blue denotes low expression and red, high expression.



A similar pattern of absolute amount of proteins secreted was observed among the donors. In addition, the secretory pattern between the replicates was very similar, increasing the reliability of the analyses. Thus, based on the spectral counting criteria, the secreted proteins were divided into 3 groups: (I) proteins of greater abundance (log 2 = 8–11), (II) intermediate abundance (log 2 = 4–8) and (III) low abundance (log 2 = 0–4).

The proteins with higher relative abundance refer mainly to extracellular matrix proteins (ECM) including COL1A2 and COL3A1 (Collagen type α-1 and 2), FN (Fibronectin), LUM (Lumican), VCAN (Versican), BGN (Biglican), DCN (Decorin), FBLN1 (Fibrilin-1), SPARC (Secreted Protein Acidic and Cysteine Rich), and TGF-β1 (Transforming Growth Factor Beta 1). Also involved in the dynamic processes of ECM production and degradation, MMPs (Metalloproteinases), and TIMPs (Inhibitors of metalloproteinases) were identified with high abundance.

Chemokines and the growth factors are among the proteins showing intermediate abundance. The major chemokines identified were CCL2 (Monocyte chemotactic protein-1), CCL6 (Small-inducible cytokine A6), CCL8 [Monocyte chemoattractant protein 2 (MCP-2)], CXCL2 [Macrophage inflammatory protein 2a (MIP2a)], CXCL5 (ENA-78), CXCL6 [Granulocyte chemotactic protein 2 (GCP-2)], and CXCL12 [Stromal cell-derived factor 1 (SDF1)]. Although IL-6 and IL-8 interleukins have been secreted in low abundance, many studies describe them as the most expressed cytokines by MSC from a variety of sources (Liu and Hwang, 2005; Hwang et al., 2009; Blaber et al., 2012). The growth factors detected were: IGF-1 and 2 (Insulin-like growth factor) and IGFBP −2, −3, −4, −5, −6, −7 (Insulin-like growth factor-binding protein).

Monitoring of Selected Proteins Through UCM MSC Culture Under Bioreactor-Based System

Based on the list of global proteins identified in the static experiments, a set of proteins with known biological relevance was selected for further time-course quantification in the bioreactor supernatant using MRM mass spectrometric approach. The selected proteins were: COL1A2, COL3A1, COL1A1, SPARC, FN1, TGFBI, TIMP1, TIMP2, MMP1, MMP14, CCL2, CXCL1, CXCL3, IL-6, THBS1, IGFBP2, IGFBP3, IGFBP4, IGFBP5, IGFBP6, and IGFBP7. Supernatants were quantified for time points of 96, 120, 144, and 168 h of bioreactor-culture. It is important to highlight that the same donors for the global protein experiments (static system) were used herein (n = 3). The cell growth kinetic of the three independent donors during the time in culture is presented in the Supplementary Figure 2.

Overall, the majority of the selected proteins were enriched during time in culture, i.e., higher concentrations at 144 and 168 h, as can be seen in Figure 4. It was observed that the rate of selected proteins secretion was varied between the donors, but the average of maximum productivity was around 2.0 ng/mL/day (Table 2).
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FIGURE 4. Concentration of each protein during UCM MSC expansion in stirred-tank bioreactor in the period analyzed (96, 120, 144, and 168 h). Results are expressed using three independent donors (n = 3). One hundred and sixty eight hours data point for donor 3 was missed.




Table 2. Maximum productivity (ng/mL/day) of selected proteins obtained for UCM MSC culture in the stirred-tank bioreactor (three independent donors).
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DISCUSSIONS

Over the past few years, MSC secretome has been attracting attention with its composition, since it contains many proteins involved in mechanisms of cell-cell interaction, cell-substrate adhesion, receiving and emitting signals that control and orchestrate cell migration, proliferation and differentiation. Because of such secretome relevance, these protein components necessitate a more detailed and analytically consistent quantification (Faça, 2012; Vizoso et al., 2017).

MSC derived-secretome has been explored in pre-clinical studies for treatment of fulminant hepatic failure, wound healing, periodontal tissue regeneration, bone defects and others (Parekkadan et al., 2007; Heo et al., 2011; Osugi et al., 2012; Kawai et al., 2015). However, until now, few human clinical studies have been described. Zhou et al. (2013) showed an enhancement of wound healing after fractional carbon dioxide laser resurfacing on human skin by using conditioned-medium from MSC. The first in-human clinical study was published in 2016 for alveolar bone regeneration using MSC-secretome. The results showed an initial bone formation in all cases, with no associated complications. The authors highlighted the importance of previously identified IGF-1, VEGF, TGF-β1, and HGF cytokines in the bone regeneration process and classified the approach used as safe and efficient to be used in bone regenerative medicine (Katagiri et al., 2016). One year later, the same research group published a paper on the use of MSC-secretome for maxillary sinus floor elevation (SFE) with promising outcomes (Katagiri et al., 2017). Due to a large number of approved clinical trials using MSC as a product, it is expected that MSC-secretome usage will increase rapidly, potentially being an alternative for regenerative therapy.

In this work, a proteomic approach using mass spectrometry (MS) technique allowed for the identification of thousands of proteins in the MSC supernatant under static conditions. As observed, the proteins of greater abundance are derived from the extracellular matrix (ECM), such as collagen, fibronectin, lumican, and versican, among others. These proteins actively contribute to the assembly and organization of ECM by providing a microenvironment in which signals from the cell-ECM interaction are functionally integrated to allow for the maintenance of stem-cell homeostasis (Gattazzo et al., 2014). Of note, SPARC was secreted at high levels by MSC, which has the ability to bind to several ECM resident proteins (collagen, vitronectin, thrombospondin) in order to affect the expression of MMPs and alter the cell format. Thus, SPARC acts to regulate the interaction of cells with the extracellular environment in response to injury (Bradshaw and Sage, 2001). In addition, some works have shown that SPARC could modulate osteoblast function (Chiellini et al., 2008; Choi et al., 2010). Indeed, deprivation of SPARC causes osteopenia due to decreased numbers of osteoblasts and osteoclasts, suggesting that SPARC may regulate the recruitment or proliferation of osteoblastic precursors, and therefore might represent a potential therapeutically applicable protein (Delany et al., 2000). In human tumors, SPARC could alter the activity of cancer cells, modulating cell growth, apoptosis, adhesion migration, and invasion (Han et al., 2016).

MMPs and TIMPs were also identified with high abundance in this work and actively participate in cellular physiology, such as cell communication, migration, and apoptosis. The balance between the activity of MMPs and TIMPs is involved in tissue remodeling, angiogenesis and hematopoiesis. MSC give rise to mature cells via paracrine mechanisms through the secretion of ECM that regulates cell differentiation by inter- and intra-cellular signaling. Such ECM components can coordinate the activation/deletion of genes from different MMPs capable of remodeling the matrix, culminating with cell migration to specific tissues or modulating cell grafting (Mannello, 2006; Bonnans et al., 2014). TNF is an important cytokine involved in inflammation initiation, but an excessive or prolonged release of this molecule underlies tissue damage, hemodynamic changes, organ failure, and other effects (Chen et al., 2018). TIMP3 has been postulated to protect the organism against an overactive innate immune response by inactivating this cytokine. Based on this finding, it was suggested that TIMP3-based therapies can be developed to control inflammation (Smookler et al., 2006). Although few studies have demonstrated the use of TIMPs for therapeutic interventions, their use in model systems gives essential information about the efficacy of metalloproteinase inhibitors in the resolution of disease (Murphy, 2011).

TGF-β1 protein identified in our study (intermediate abundance) is considered one of the most prominent immunomodulatory cytokines produced and constitutively secreted by MSC. TGF-β1 regulates multiple cell functions including proliferation, differentiation, migration, adhesion and apoptosis, affecting innumerable biological processes such as: scarring, carcinogenesis, angiogenesis, and immune response (Ghosh et al., 2017). The regulation of the immune response is its main activity, orchestrating the initiation and resolution of the inflammatory response, as well as the induction and maintenance of immune tolerance through leukocyte proliferation, differentiation, activation, and survival (Xu et al., 2014). This property can be seen by the inhibition of TGF-β1-mediated proliferation of T cells by MSC (Kyurkchiev et al., 2014). Nemeth et al. (2010) conducted an in vivo study using MSC from bone marrow in a murine model of asthma. They observed a considerable increase in the secretion of TGF-β1, which was able to suppress the allergenic response, evidencing its anti-inflammatory activity (Nemeth et al., 2010). By its ability to suppress the immune system, TGF-β could be used for therapeutic applications, especially for the treatment of wounds with impaired healing, ischemia-reperfusion injuries, mucositis, fractures, and others (Flanders and Burmester, 2003). TGF-β also display an important role in cancer progression and according to Haque and Morris, TGF-β inhibits cellular transformation and prevents cancer progression at early stages (Haque and Morris, 2017).

Thrombospondin-1 (TSP-1) has been identified as a critical factor for cell proliferation and migration. Belotti et al. (2016) described TSP-1 as being mostly responsible for proliferative capacity of MSC. This effect was mediated by TSP-1-induced activation of endogenous TGFβ. The authors found that their use could increase MSC expansion by 2–4-fold, facilitating the therapeutic application (Belotti et al., 2016). In our study, TSP-1 was secreted in a higher quantity at 168 h of culture, which was consistent with maximum cell growth (Supplementary Figure 2).

Different classes of chemokines were secreted with intermediate abundancy in this study. Chemokines are relatively small molecules (7.5–12.5 KDa) that participate in processes of inflammation, differentiation, angiogenesis, and migration of immune cells. Chemokines play an important role during in vivo immunomodulatory activities through the mediation of interactions between MSC and other immunocompetent cellular types (Kyurkchiev et al., 2014). MSC secrete chemokines in response to the pro-inflammatory stimulus in order to attract and activate neutrophils, monocytes, lymphocytes, NK cells, hematopoietic, endothelial progenitors, and other effector cells to the site of infection (Kyurkchiev et al., 2014). Ren et al. (2008) demonstrated that the chemokines CXCL9, CXCL10, and CXCL11 produced by MSC stimulate the migration of T cells, causing their response capacity to be suppressed by nitric oxide (NO). The results obtained by these researchers corroborate with several studies demonstrating that the chemokines released by MSC predominantly possess chemotactic activity, playing a direct role in the immunomodulation process (Ren et al., 2008).

IL-6 and IL-8 were secreted at a low abundance. IL-6 is a multifunctional cytokine with important role in the regulation of immune response and homeostasis process. In addition, IL-6 is involved in tissue remodeling, acting on connective tissue cells, proteases and protease inhibitors (Liu and Hwang, 2005). Park et al. (2009) evaluated 120 cytokines secreted by MSC at mRNA levels and demonstrated that IL-6 had the highest expression amongst all cytokines, leading to the conclusion that IL-6 is the main cytokine responsible for the immunoregulatory effects of MSC. Similarly, IL-8 (CXCL8) was the first chemokine described with pro-angiogenic properties, confirmed in several tumor types (Hou et al., 2014). A study headed by Wang et al. (2015) clearly demonstrated that MSC promoted tumor growth (colorectal cancer) by increasing angiogenesis by mechanisms dependent on IL-8 secretion in animal models. They also suggested that the disruption of tumor-stroma interactions and suppression of IL-8 secretion by MSC may represent an original approach for the treatment of colorectal cancer (Wang et al., 2015). In a similar study, researchers reported that IL-8 may potentiate tumor progression through the induction of the Epithelial-Mesenchymal Transition (EMT) process (Fernando et al., 2011).

With the increase of clinical trials using MSC secretome-derived products, an important key factor is the development of a reproducible, scalable, and well-controlled platform. The use of bioreactor meets these criteria, improving the predictability in the composition and function of secretome-derived products. We evaluated the secretion pattern of the selected proteins in the bioreactor-supernatant during 96, 120, 144, and 168 h of culture. We observed that the majority of proteins were enriched during the time, being the last day of culture the ideal time for supernatant collection. The average of maximum protein productivity was about 2.0 ng/mL/day, representing a total production of micrograms in the 800 mL-bioreactor vessel at 168 h of culture.

Corroborating with static results, proteins such as collagen, SPARC, TGFB1, TIMP-1, TIMP-2, MMP-14 were secreted at higher rates. Interestingly, certain chemokines (CCL2 and CXCL1) and growth factors (IGFBP-2,−4, and−6) were released with high abundance. It is well-known that the culture system used to expand MSC can modulate and impact the composition and bioactivity of the MSC secretome (Teixeira et al., 2015). For example, Teixeira et al. (2016) showed that culturing MSC using the same bioreactor used in this work enhanced the neuroregulatory profile of the secretome, compared with cells grown in static culture plates.

Of note, the rate of secreted proteins was slightly different between the donors, especially for the donor 3. It is well-known that inherent variability exists related to factors such as the age and health of the individual (Mendicino et al., 2014). Independently of that observation, the overall secretome was considered similar in standardized growth conditions, producing the same set proteins.

It is worth mentioning that FBS was used as culture medium supplementation, being necessary to perform an extra step of albumin depletion. FBS presents several additional drawbacks, such as batch-to-batch variability, risks of infection, high amount of proteins, compromising MSC use for therapeutic settings (Chase et al., 2010; Gottipamula et al., 2014). Thus, isolating/expanding MSC in a chemically defined culture medium is mandatory for the translation of secretome-derived products to the clinic (Phelps et al., 2018) and future experiments need to be performed.

CONCLUSIONS

In conclusion, proteins secreted by MSC are involved in important biological processes and may represent a promising alternative to cell-based therapy. Global proteomic studies of MSC contribute significantly to the understanding of the regeneration processes and the characterization of these proteins will certainly expand the clinical applications of MSC. In this work, the analysis of the conditioned medium of MSC culture (secretome) showed the secretion of important proteins involved in different cellular processes, such as immunomodulatory activities, cell differentiation, tissue remodeling, angiogenesis and hematopoiesis. Also, MRM analysis allowed for monitoring the rate of accumulation of selected proteins in the bioreactor supernatant, representing an important analytical platform to guarantee reproducibility and robustness of bioreactor cell production. Finally and most importantly, relevant proteins monitored are secreted and concentrated in the bioreactor supernatant at an average rate of 2.0 ng/mL/day, representing a safe and efficient method of producing cell-free therapeutic products.

AUTHOR CONTRIBUTIONS

AM carried out the experiments of MSC expansion, proteomics, and wrote the manuscript. CT and GF prepared the samples for proteomic analysis. GF and GL analyzed the samples in the mass spectrometry. DC, KS, and VF supervised the project. SP designed and developed proteomic experiments. VF helped to design the experiments. All authors discussed the results and contributed to the final manuscript.

ACKNOWLEDGMENTS

This work was financially supported by FAPESP (2012/23228- 4), CTC Center for Cell-based Therapies (FAPESP 2013/08135-2), and National Institute of Science and Technology in Stem Cell and Cell Therapy (CNPq 573754-2008-0 and FAPESP 2008/578773).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2019.00154/full#supplementary-material

Supplementary Figure 1. Representative chromatogram for each representative peptide evaluated using Multiple Reaction Monitoring (MRM) methodology.

Supplementary Figure 2. Growth profile of UCM MSC cultured in stirred-tank bioreactor for three independent donors (n = 3).

Supplementary Table 1. Global list of protein identified after mass spectrometry analysis of UCM MSC cultured under static conditions (n = 3, three independent donors).

Supplementary Table 2. Multiple Reaction Monitoring (MRM) parameters for quantification of target proteins in cell supernatants.

REFERENCES

 Baglio, S. R., Pegtel, D. M., and Baldini, N. (2012). Mesenchymal stem cell secreted vesicles provide novel opportunities in (stem) cell-free therapy. Front. Physiol. 3:359. doi: 10.3389/fphys.2012.00359

 Belotti, D., Capelli, C., Resovi, A., Introna, M., and Taraboletti, G. (2016). Thrombospondin-1 promotes mesenchymal stromal cell functions via TGFbeta and in cooperation with PDGF. Matrix. Biol. 55, 106–116. doi: 10.1016/j.matbio.2016.03.003

 Blaber, S. P., Webster, R. A., Hill, C. J., Breen, E. J., Kuah, D., Vesey, G., et al. (2012). Analysis of in vitro secretion profiles from adipose-derived cell populations. J. Transl. Med. 10:172. doi: 10.1186/1479-5876-10-172

 Bonnans, C., Chou, J., and Werb, Z. (2014). Remodelling the extracellular matrix in development and disease. Nat. Rev. Mol. Cell Biol. 15, 786–801. doi: 10.1038/nrm3904

 Bradshaw, A. D., and Sage, E. H. (2001). SPARC, a matricellular protein that functions in cellular differentiation and tissue response to injury. J. Clin. Invest. 107, 1049–1054. doi: 10.1172/JCI12939

 Chase, L. G., Lakshmipathy, U., Solchaga, L. A., Rao, M. S., and Vemuri, M. C. (2010). A novel serum-free medium for the expansion of human mesenchymal stem cells. Stem Cell Res. Ther. 1:8. doi: 10.1186/scrt8

 Chen, L., Deng, H., Cui, H., Fang, J., Zuo, Z., Deng, J., et al. (2018). Inflammatory responses and inflammation-associated diseases in organs. Oncotarget 9, 7204–7218. doi: 10.18632/oncotarget.23208

 Chiellini, C., Cochet, O., Negroni, L., Samson, M., Poggi, M., Ailhaud, G., et al. (2008). Characterization of human mesenchymal stem cell secretome at early steps of adipocyte and osteoblast differentiation. BMC Mol. Biol. 9:26. doi: 10.1186/1471-2199-9-26

 Choi, Y. A., Lim, J., Kim, K. M., Acharya, B., Cho, J. Y., Bae, Y. C., et al. (2010). Secretome analysis of human BMSCs and identification of SMOC1 as an important ECM protein in osteoblast differentiation. J. Proteome Res. 9, 2946–2956. doi: 10.1021/pr901110q

 Delany, A. M., Amling, M., Priemel, M., Howe, C., Baron, R., and Canalis, E. (2000). Osteopenia and decreased bone formation in osteonectin-deficient mice. J. Clin. Invest. 105, 915–923. doi: 10.1172/JCI7039

 Dunavin, N., Dias, A., Li, M., and McGuirk, J. (2017). Mesenchymal stromal cells: what is the mechanism in acute graft-versus-host disease? Biomedicines. 5:39. doi: 10.3390/biomedicines5030039

 Faça, V. M. (2012). Human mesenchymal stromal cell proteomics: contribution for identification of new markers and targets for medicine intervention. Expert Rev. Proteomics 217–230. doi: 10.1586/epr.12.9

 Fernando, R. I., Castillo, M. D., Litzinger, M., Hamilton, D. H., and Palena, C. (2011). IL-8 signaling plays a critical role in the epithelial-mesenchymal transition of human carcinoma cells. Cancer Res. 71, 5296–5306. doi: 10.1158/0008-5472

 Flanders, K. C., and Burmester, J. K. (2003). Medical applications of transforming growth factor-β. Clin. Med. Res. 1, 13–20. doi: 10.3121/cmr.1.1.13

 Gattazzo, F., Urciuolo, A., and Bonaldo, P. (2014). Extracellular matrix: a dynamic microenvironment for stem cell niche. Biochim. Biophys. Acta 840, 2506–2519. doi: 10.1016/j.bbagen.2014.01.010

 Ghosh, D., McGrail, D. J., and Dawson, M. R. (2017). TGF-β1 pretreatment improves the function of mesenchymal stem cells in the wound bed. Front Cell Dev. Biol. 5:28. doi: 10.3389/fcell.2017.00028

 Gottipamula, S., Ashwin, K. M., Muttigi, M. S., Kannan, S., Kolkundkar, U., and Seetharam, R. N. (2014). Isolation, expansion and characterization of bone marrow-derived mesenchymal stromal cells in serum-free conditions. Cell Tissue Res. 356, 123–135. doi: 10.1007/s00441-013-1783-7.

 Han, W., Cao, F., Chen, M. B., Lu, R. Z., Wang, H. B., Yu, M., et al. (2016). Prognostic value of SPARC in patients with pancreatic cancer: a systematic review and meta-analysis. PLoS ONE 11:e0145803. doi: 10.1371/journal.pone.0145803

 Haque, S., and Morris, J. C. (2017). Transforming growth factor-beta: a therapeutic target for cancer. Hum. Vaccin. Immunother. 13, 1741–1750. doi: 10.1080/21645515.2017

 Heo, S. C., Jeon, E. S., Lee, I. H., Kim, H. S., Kim, M. B., and Kim, J. H. (2011). Tumor necrosis factor-alpha-activated human adipose tissue-derived mesenchymal stem cells accelerate cutaneous wound healing through paracrine mechanisms. J. Invest. Dermatol. 131, 1559–1567. doi: 10.1038/jid.2011

 Hou, Y., Ryu, C. H., Jun, J. A., Kim, S. M., Jeong, C. H., and Jeun, S. S. (2014). IL-8 enhances the angiogenic potential of human bone marrow mesenchymal stem cells by increasing vascular endothelial growth factor. Cell Biol. Int. 38, 1050–1059. doi: 10.1002/cbin.10294

 Hwang, J. H., Shim, S. S., Seok, O. S., Lee, H. Y., Woo, S. K., Kim, B. H., et al. (2009). Comparison of cytokine expression in mesenchymal stem cells from human placenta, cord blood, and bone marrow. J. Kor. Med. Sci. 24, 547–554. doi: 10.3346/jkms.2009.24.4.547

 Katagiri, W., Osugi, M., Kawai, T., and Hibi, H. (2016). First-in-human study and clinical case reports of the alveolar bone regeneration with the secretome from human mesenchymal stem cells. Head Face Med. 12:5. doi: 10.1186/s13005-016-0101-5

 Katagiri, W., Watanabe, J., Toyama, N., Osugi, M., Sakaguchi, K., and Hibi, H. (2017). Clinical study of bone regeneration by conditioned medium from mesenchymal stem cells after maxillary sinus floor elevation. Implant Dent. 26, 607–612. doi: 10.1097/ID.0000000000000618

 Kawai, T., Katagiri, W., Osugi, M., Sugimura, Y., Hibi, H., and Ueda, M. (2015). Secretomes from bone marrow-derived mesenchymal stromal cells enhance periodontal tissue regeneration. Cytotherapy 17, 369–381. doi: 10.1016/j.jcyt.2014.11.009

 Kay, R., Barton, C., Ratcliffe, L., Matharoo-Ball, B., Brown, P., Roberts, J., et al. (2008). Enrichment of low molecular weight serum proteins using acetonitrile precipitation for mass spectrometry based proteomic analysis. Rapid Commun. Mass Spectrom. 22, 3255–3260. doi: 10.1002/rcm.3729

 Keller, A., Nesvizhskii, A. I., Kolker, E., and Aebersold, R. (2002). Empirical statistical model to estimate the accuracy of peptide identifications made by MS/MS and database search. Anal. Chem. 74, 5383–5392. doi: 10.1021/ac025747h

 Kyurkchiev, D., Bochev, I., Ivanova-Todorova, E., Mourdjeva, M., Oreshkova, T., Belemezova, K., et al. (2014). Secretion of immunoregulatory cytokines by mesenchymal stem cells. World J. Stem Cells 6, 552–570. doi: 10.4252/wjsc.v6.i5.552

 Le Blanc, K., Frassoni, F., Ball, L., Locatelli, F., Roelofs, H., Lewis, I., et al. (2008). Mesenchymal stem cells for treatment of steroid-resistant, severe, acute graft-versus-host disease: a phase II study. Lancet 371, 1579–1586. doi: 10.1016/S0140-6736(08)60690-X

 Liu, C. H., and Hwang, S. M. (2005). Cytokine interactions in mesenchymal stem cells from cord blood. Cytokine 32, 270–279. doi: 10.1016/j.cyto.2005.11.003

 MacLean, B., Eng, J. K., Beavis, R. C., and McIntosh, M. (2006). General framework for developing and evaluating database scoring algorithms using the TANDEM search engine. Bioinformatics 22, 2830–2832. doi: 10.1093/bioinformatics/btl379

 Mannello, F. (2006). Multipotent mesenchymal stromal cell recruitment, migration, and differentiation: what have matrix metalloproteinases got to do with it? Stem Cells 24, 1904–1907. doi: 10.1634/stemcells.2005-0608

 Mao, F., Tu, Q., Wang, L., Chu, F., Li, X., Li, H. S., et al. (2017). Mesenchymal stem cells and their therapeutic applications in inflammatory bowel disease. Oncotarget. J. 8, 38008–38021. doi: 10.18632/oncotarget.16682

 Mendicino, M., Bailey, A. M., Wonnacott, K., Puri, R. K., and Bauer, S. R. (2014). MSC-based product characterization for clinical trials: an FDA perspective. Cell Stem Cell. 14, 141–145. doi: 10.1016/j.stem.2014.01.013

 Mi, H., Huang, X., Muruganujan, A., Tang, H., Mills, C., Kang, D., et al. (2017). PANTHER version 11: expanded annotation data from Gene Ontology and Reactome pathways, and data analysis tool enhancements. Nucleic Acids Res. 45, D183–D189. doi: 10.1093/nar/gkw1138

 Mizukami, A., Chilima, T. D. P., Orellana, M. D., Neto, M. A., Covas, D. T., Farid, S. S., et al. (2018). Technologies for large-scale MSC expansion: experimental performance and cost of goods analysis. Biochem. Eng. J. 135, 36–48. doi: 10.1016/j.bej.2018.02.018

 Mizukami, A., Orellana, M. D., Caruso, S. R., de Lima Prata, K., Covas, D. T., and Swiech, K. (2013). Efficient expansion of mesenchymal stromal cells in a disposable fixed bed culture system. Biotechnol. Prog. 29, 568–572. doi: 10.1002/btpr.1707

 Murphy, G. (2011). Tissue inhibitors of metalloproteinases. Genome Biol. 12:233. doi: 10.1186/gb-2011-12-11-233

 Nemeth, K., Keane-Myers, A., Brown, J. M., Metcalfe, D. D., Gorham, J. D., Bundoc, V. G., et al. (2010). Bone marrow stromal cells use TGF-beta to suppress allergic responses in a mouse model of ragweed-induced asthma. Proc. Natl. Acad. Sci. U.S.A. 107, 5652–5657. doi: 10.1073/pnas.0910720107

 Nesvizhskii, A. I., Keller, A., Kolker, E., and Aebersold, R. (2003). A statistical model for identifying proteins by tandem mass spectrometry. Anal. Chem. 75, 4646–4658. doi: 10.1021/ac0341261

 Nonnis, S. (2015). Effect of fetal bovine serum in culture media on MS analysis of mesenchymal stromal cells secretome. EuPA Open Proteomics 10, 28–30. doi: 10.1016/j.euprot.2016.01.005

 Osugi, M., Katagiri, W., Yoshimi, R., Inukai, T., Hibi, H., and Ueda, M. (2012). Conditioned media from mesenchymal stem cells enhanced bone regeneration in rat calvarial bone defects. Tissue Eng. Part A 18, 1479–1489. doi: 10.1089/ten

 Parekkadan, B., van Poll, D., Suganuma, K., Carter, E. A., Berthiaume, F., Tilles, A. W., et al. (2007). Mesenchymal stem cell-derived molecules reverse fulminant hepatic failure. PLoS ONE 2:e941. doi: 10.1371/journal.pone.0000941

 Park, C. W., Kim, K. S., Bae, S., Son, H. K., Myung, P. K., Hong, H. J., et al. (2009). Cytokine secretion profiling of human mesenchymal stem cells by antibody array. Int J Stem Cells. 2, 59–68. doi: 10.15283/ijsc.2009.2.1.59

 Phelps, J., Sanati-Nezhad, A., Ungrin, M., Duncan, N. A., and Sen, A. (2018). Bioprocessing of mesenchymal stem cells and their derivatives: toward cell-free therapeutics. Stem Cells Int. 2018:9415367. doi: 10.1155/2018/9415367

 Pino, L. K., Searle, B. C., Bollinger, J. G., Nunn, B., MacLean, B., and MacCoss, M. J. (2017). The Skyline ecosystem: informatics for quantitative mass spectrometry proteomics. Mass Spectrom. Rev. doi: 10.1002/mas.21540. [Epub ahead of print]

 Rauch, A., Bellew, M., Eng, J., Fitzgibbon, M., Holzman, T., Hussey, P., et al. (2006). Computational proteomics analysis system (CPAS): an extensible, open-source analytic system for evaluating and publishing proteomic data and high throughput biological experiments. J. Proteome Res. 5, 112–121. doi: 10.1021/pr0503533

 Ren, G., Zhang, L., Zhao, X., Xu, G., Zhang, Y., Roberts, A. I., et al. (2008). Mesenchymal stem cell-mediated immunosuppression occurs via concerted action of chemokines and nitric oxide. Cell Stem Cell 2, 141–150. doi: 10.1016/j.stem.2007

 Salgado, A. J., and Gimble, J. M. (2013). Secretome of mesenchymal stem/stromal cells in regenerative medicine. Biochimie 95:2195. doi: 10.1016/j.biochi.2013.10.013

 Smookler, D. S., Mohammed, F. F., Kassiri, Z., Duncan, G. S., Mak, T. W., and Khokha, R. (2006). Tissue inhibitor of metalloproteinase 3 regulates TNF-dependent systemic inflammation. J. Immunol. 176, 721–725. doi: 10.4049/jimmunol.176.2.721

 Stastna, M., and Van Eyk, J. E. (2012). Investigating the secretome: lessons about the cells that comprise the heart. Circ. Cardiovasc. Genet. 5, 8–18. doi: 10.1161/CIRCGENETICS

 Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., et al. (2018). STRING v11: protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids 47, D607–D613. doi: 10.1093/nar/gky1131.

 Teixeira, F. G., Panchalingam, K. M., Anjo, S. I., Manadas, B., Pereira, R., Sousa, N., et al. (2015). Do hypoxia/normoxia culturing conditions change the neuroregulatory profile of wharton jelly mesenchymal stem cell secretome? Stem Cell Res. Ther. 6:133. doi: 10.1186/s13287-015-0124-z

 Teixeira, F. G., Panchalingam, K. M., Assunção-Silva, R., Serra, S. C., Mendes-Pinheiro, B., Patrício, P., et al. (2016). Modulation of the mesenchymal stem cell secretome using computer-controlled bioreactors: impact on neuronal cell proliferation, survival and differentiation. Sci. Rep. 6:27791. doi: 10.1038/srep27791

 Vizoso, F. J., Eiro, N., Cid, S., Schneider, J., and Perez-Fernandez, R. (2017). Mesenchymal stem cell secretome: toward cell-free therapeutic strategies in regenerative medicine. Int. J. Mol. Sci. 18:1852. doi: 10.3390/ijms18091852

 Wang, J., Wang, Y., Wang, S., Cai, J., Shi, J., Sui, X., et al. (2015). Bone marrow-derived mesenchymal stem cell-secreted IL-8 promotes the angiogenesis and growth of colorectal cancer. Oncotarget 6, 42825–42837. doi: 10.18632/oncotarget.5739

 Xu, C., Yu, P., Han, X., Du, L., Gan, J., Wang, Y., et al. (2014). TGF-beta promotes immune responses in the presence of mesenchymal stem cells. J. Immunol. 192, 103–109. doi: 10.4049/jimmunol.1302164

 Zhou, B. R. Y., Guo, S. L., Wang, Y., Zhu, F., Permatasari, F., Wu, D., et al. (2013). The effect of conditioned media of adipose-derived stem cells on wound healing after ablative fractional carbon dioxide laser resurfacing. Biomed Res. Int. 2013:519126. doi: 10.1155/2013/519126

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Mizukami, Thomé, Ferreira, Lanfredi, Covas, Pitteri, Swiech and Faça. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fbioe-07-00154-t001.jpg
Total volume (xL) ~ Concentration (1g/pL)  Total mass (g)

Donor #1 100 121 121
Donor #2 100 249 249
Donor #3 100 135 135





OPS/images/fbioe-07-00154-t002.jpg
Proteins

COL1A1
COL1A2
COL3A1
SPARC
TGFB1
FN1
TIMP1
TIMP2
MMP1
MMP14
ccL2
cxeLt
CXCL3
IGFBP2
IGFBP3
IGFBP4
IGFBPS
IGFBP6
IGFBP7
-6
THBS1

Donor #1

1.72
027
0.32
4.63
265
021

152
1.98
0.54
0.24
4.20
0.58
0.15
6.62
4.30
8.78
0.30
207
0.26
0.64
1.49

Maximum Productivity (ng/mL/day)

Donor #2

094
022
030
284
271

0.1

180
163
037
036
381

093
0.14
482
3.41

529
036
253
0.03
047
131

Donor #3

1.63
0.13
0.25
1.62
171
0.19
1.90
0.62
0.36
1.37
1.70
0.38
0.07
261
317
3.08
0.41
1.37
0.03
0.33
0.59





OPS/images/fbioe-07-00154-g003.gif





OPS/images/fbioe-07-00154-g004.gif





OPS/images/fbioe-07-00154-g001.gif





OPS/images/fbioe-07-00154-g002.gif





OPS/images/cover.jpg
’ frontiers

in Bioengineering and Biotechnology

Proteomic Identification and
Time-Course Monitoring of Secreted
Proteins During Expansion of Human

Mesenchymal Stem/Stromal in
Stirred-Tank Bioreactor









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
' frontiers

in Bioengineering and Biotechnology





