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Our understanding of tendon biology continues to evolve, thus leading to opportunities for developing novel, evidence-based effective therapies for the treatment of tendon disorders. Implementing the knowledge of tendon stem/progenitor cells (TSPCs) and assessing their potential in enhancing tendon repair could fill an important gap in this regard. We described different molecular and phenotypic profiles of TSPCs modulated by culture density, as well as their multipotency and secretory activities. Moreover, in the same experimental setting, we evaluated for different responses to inflammatory stimuli mediated by TNFα and IFNγ. We also preliminarily investigated their immunomodulatory activity and their role in regulating degradation of substance P. Our findings indicated that TSPCs cultured at low density (LD) exhibited cobblestone morphology and a reduced propensity to differentiate. A distinctive immunophenotypic profile was also observed with high secretory and promising immunomodulatory responses when primed with TNFα and IFNγ. In contrast, TSPCs cultured at high density (HD) showed a more elongated fibroblast-like morphology, a greater adipogenic differentiation potential, and a higher expression of tendon-related genes with respect to LD. Finally, HD TSPCs showed immunomodulatory potential when primed with TNFα and IFNγ, which was slightly lower than that shown by LD. A shift from low to high culture density during TSPC expansion demonstrated intermediate features confirming the cellular adaptability of TSPCs. Taken together, these experiments allowed us to identify relevant differences in TSPCs based on culture conditions. This ability of TSPCs to acquire distinguished morphology, phenotype, gene expression profile, and functional response advances our current understanding of tendons at a cellular level and suggests responsivity to cues in their in situ microenvironment.
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INTRODUCTION
Tendon injuries and pathologies are frequently painful and debilitating conditions affecting athletes and nonathletes alike. Historically, tendons are considered to be affected primarily by chronic degenerative events due to overuse. However, emerging research has revealed the presence of immune cells and inflammatory cytokines within tendons that might be key contributors to tendon-related disorders such as tendinopathies (Millar et al., 2009; Kendal et al., 2020). The role of inflammation that leads to a recruitment of immune cells to the site of the lesion is crucial. The interaction of these cells with tendon cells precedes establishment of an inflammatory amplification loop, which involves multiple alterations of the tissue matrix (Garcia-Melchor et al., 2021). Under physiological condition, the neural compartment is involved in normal movement of the body. However, it also plays an important role in the pathogenesis of tendinopathy as excessive stimulation leads to neo-innervation together with tissue breakdown and degeneration. The release of neuropeptides, such as substance P, stimulates the degranulation of mast cells, with the subsequent release of agents that modulate many cellular activities within the matrix (Scott and Bahr, 2009; Han et al., 2021; Millar et al., 2021). Despite the numerous advances in characterizing the pathogenesis of tendon disorders, a gold standard clinical treatment remains somewhat elusive (Millar et al., 2021). Basic research underpinning tendon biology and associated pathologies continues to be pursued to guide our development of novel evidence-based therapies.
New frontiers of tendon-related research are focusing on the study of a rare cell population harbored by the tissue exhibiting stem cell characteristics that represent an attractive and promising option for the development of more targeted treatments (Bi et al., 2007). Cells belonging to this heterogeneous population are termed tendon stem/progenitor cells (TSPCs) (Bi et al., 2007). They are generally defined as clonogenic, self-renewing and multipotent cells and expressing a surface antigen profile shared with mesenchymal stem cells (MSCs), for example, CD44+, CD90+, CD105+, CD146+, CD31-, and CD45- (Lui and Chan, 2011). TSPCs differ from MSCs for their transcriptional profiles with higher tendon-related gene expression levels (Tan et al., 2012). Many advances in the identification and characterization of distinct TSPC subpopulations have been made using single-cell analyses, giving a more complete view of the TSPC identity (Harvey et al., 2019; Mienaltowski et al., 2019; Kendal et al., 2020; Huang et al., 2021). TSPCs have attracted a lot of attention playing a key role in tendon development, homeostasis, and healing (Bi et al., 2007; Millar et al., 2021). However, several aspects concerning TSPCs are still controversial as to date no specific marker uniquely identifies these cells making their discrimination both in vitro and in vivo challenging (Lui, 2013). Overall, more efforts are needed to exploit their potential in a clinical setting. A growing number of studies have stated that a low-density culture method of isolated tendon cells would favor the growth of TSPCs (Rui et al., 2010; Mienaltowski et al., 2014; Lee et al., 2018; Wu et al., 2020) in culture. However, a relevant heterogeneity of methods is observed in characterization studies of TSPCs in vitro (Li et al., 2021). Starting from this premise, we wanted to assess the influence of culture condition on phenotypic and functional characteristics of TSPCs to further dissect their role in both physiological and pathological environment. In this regard, we performed modulation of density culture (Wu et al., 2020) by seeding TSPCs at both low (50 cells/ cm2) and high density (5000 cells/ cm2) and by performing a switch from low to high density during cell expansion to obtain a phenotype with hybrid features. The phenotypic, transcriptional, and secretory profiles of these three groups were characterized and comprehensively described. Furthermore, we investigated their gene expression and secretory activity responses to an inflammatory stimulus. We also explored both their immunomodulatory capacities and functions by co-culturing them with stimulated T cells and their ability to degrade the nociceptive stimulator substance P that is produced in the early phases of tendinopathy (Backman et al., 2011; Tran et al., 2020).
MATERIALS AND METHODS
Study Approval
This study was performed at the University of Miami (UM-Miami) and IRCCS Istituto Ortopedico Galeazzi (IOG-Milan). Tendon tissue was obtained at the IOG from de-identified informed consented human donors prior to elective procedures for collection of waste materials. The protocol was approved by the local IOG Institutional Review Board (M-SPER-014-Ver.8-08.11.2016). After cell collections, samples were then transferred to UM-Miami where all other analyzes were performed. The study was conducted in accordance with the Declaration of Helsinki.
Tendon Stem/Progenitor Cell Isolation and Cultures
Semitendinosus and gracilis tendons were collected from donors (n = 6, males, 33 ± 8 years/o) undergoing elective anterior cruciate ligament (ACL) reconstruction. Harvested samples were enzymatically digested with 0.3% w/v collagenase type I (185 U/mg, Worthington Biochemical Corporation) for 16 h to isolate human tendon stem/progenitor cells (TSPCs), cleaning the tendon from residues of other tissues. TSPCs were plated at low (50 cells/cm2, LD TSPCs) (Rui et al., 2010; Viganò et al., 2017; Wu et al., 2020) or high density (5000 cells/cm2, HD TSPCs) and cultured with low-glucose DMEM, L-glutamine, and penicillin-streptomycin (Life Technology), containing 20 and 10% FBS, respectively (GE Healthcare) at 37°C in 5% CO2. LD TSPCs grew as colonies. When colonies reached a particular size, LD was detached and reseeded in low density or in high density (the latter named as LDHD). The gauge of confluency was based on the percentage of colonies to remaining surface area where contact between the colonies was avoided. On the contrary, HD were detached at 80% of confluency and reseeded only in high density. Consequently, three groups were obtained thereafter (LD, HD, and LDHD). A schematic of the procedure used is represented in Figure 1. At passage 2, cells were evaluated for morphology, growth kinetics, and proliferation rate. Each cell culture condition was tested for growth kinetics by the IncuCyte® Live Cell Analysis System. Images were acquired at 10× magnification for morphology and analysis of the proliferation rate using IncuCyte ZOOM® software (Essen Bioscience).
[image: Figure 1]FIGURE 1 | Schematic representation of the procedure used to isolate and culture LD, LDHD, and HD TSPCs.
Cell Differentiation
Adipogenic, osteogenic, and chondrogenic differentiation assays were performed on LD, HD, and LDHD. For adipogenic differentiation, cells cultured with StemPro™ Adipogenic medium for 14 days (Gibco). For osteogenic differentiation, cells were cultured with StemPro™ Osteogenic Differentiation medium for 21 days (Gibco). All cells were fixed with 10% neutral buffered formalin (NBF) for 10 min, washed, and stained with respective stains: lipid droplet formation was detected by Oil Red O, whereas calcium deposition was detected by Alizarin Red. Images were acquired at 10× magnification, and stains were eluted for quantification. In brief, Oil Red O and Alizarin Red stained cells were incubated for 1 h in isopropyl alcohol or 10% cetylpyridinium chloride solution, respectively. Absorbance measurements of elusions were read using a plate reader at 584 nm optical density. De-stained cells were washed, and protein lysates were obtained using Pierce® RIPA Buffer (Thermo Fisher Scientific). Using a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific), lysates were quantified for total protein. Adipogenesis and osteogenesis were represented as the OD values normalized to total protein for each sample.
Chondrogenic differentiation was induced on chondro-pellet cultures (0.25 × 106 cells) by MesenCult-ACF differentiation medium (STEMCELL Technologies Inc). Sulfated glycosaminoglycans (sGAG) were quantified using the Blyscan Glycosaminoglycan Assay (Biocolor) according to manufacturer’s instructions after digestion (1 mg/ml papain solution overnight at 65°C). DNA was quantified using a Fluorescent DNA Quantitation Kit (Bio-Rad Laboratories). Histology for both hematoxylin and eosin (H&E) and 1% toluidine blue was performed on harvested and cryo-sectioned chondro-pellets. For each condition, samples not induced to differentiate served as controls.
Phenotypic Analysis
Flow cytometric analysis was performed on LD, HD, and LDHD using a CytoFLEX flow cytometer (Beckman Coulter Life Sciences). 2 × 105 cells were suspended in staining buffer and incubated for 20 min at 4°C with fluorescently conjugated anti-human antibodies: CD90-FITC (Clone 5E10, BioLegend), CD105-PE (Clone SN6h, BioLegend), CD44-BV605 (Clone IM7, BioLegend), CD73-APC (Clone AD2, BioLegend), CD166-PerCP-eFluor™ 710 (Clone 3A6, Fisher Scientific), CD14-APC (Clone 61D3, eBioscience), CD45-VioBlue (Clone 5B1, Miltenyi), CD31-PE (Clone WM59, BD Biosciences), HLA-DR-PE-CF594 (Clone G46-6, BD Biosciences), CD10-APC (Clone HI10a, Biolegend), CD146-PE (Clone 541-10B2, Miltenyi Biotec), CD200-FITC (Clone OX104, Invitrogen), CD133-PE (Clone TMP4, eBioscience), and CD107-PerCP/Cy5.5 (Clone H4A3, BioLegend). Acquisition of 50,000 events for each cell sample was performed. Subsequent gating strategies were standardized for each sample based on scatter, singlets, and positive expression, which were overlaid with corresponding isotype controls.
Gene Expression
Total RNA from LD, HD, and LDHD was isolated with RNeasy® Plus Mini Kits (Qiagen) according to the manufacturer’s instructions. One microgram of RNA from each sample was then reverse-transcribed to obtain cDNA using a SuperScript™ VILO™ cDNA Synthesis Kit (Invitrogen). Following, 10 ng of cDNA of each sample, together with the QuantiFast SYBR Green qPCR kit (Qiagen) and primers selected for PPARγ, SOX9, RUNX2, SCX, TN-C, COL1A, COL3A1, and βACTIN, was used for the real-time quantitative polymerase chain reactions (qPCR) and analyzed with a StepOne Real-time thermocycler (Applied Biosystems). Human transcript primers were selected using PrimerQuest (Supplementary table 1).
Inflammatory Priming
LD, HD, or LDHD designated for inflammatory induction was primed or not by incubation in culture media containing 10 ng/ml IFNγ and 15 ng/ml TNFα (R&D Systems) for 48 h, as previously performed (Kouroupis et al., 2019; Bowles et al., 2020). Cell supernatants were collected, centrifuged, and analyzed for the release of pro-inflammatory and anti-inflammatory factors. Cells were then detached and counted, and pellets were collected for gene expression analysis by using RT2 Profiler Arrays designed for Mesenchymal Stem Cell genes (Qiagen).
Master mixes containing 500 ng/ml of each cDNA sample, SYBR Green Supermix (Qiagen), and ultrapure water were prepared for each sample. Pathway-focused gene expression analysis was pre-assembled with primers of 84 genes related to known mesenchymal stem cells transcription profiles and five housekeeping genes (Supplementary table 2). Ct values were obtained and analyzed by the Qiagen’s Data Analysis Center. βACTIN gene was selected after being tested with reference genes stability test (Ragni et al., 2019) as the optimal housekeeping gene and used to obtain the dCt values.
Inflammation-Related Cytokines Production
Media collected of naive (non-stimulated) or primed cells were tested for production of inflammatory-related cytokines. Human C-Series ELISA Inflammation Arrays (RayBiotech Life, Inc.) were used. In brief, cell supernatants were collected, centrifuged, and transferred to new tubes to remove remaining cells and debris. Supernatants were incubated with each membrane according to the manufacturer’s instructions and imaged for densitometry measurements. Samples were normalized by background subtraction using the provided Excel-based analysis plug-in. All values were then normalized to cell counts, and data were expressed as densitometry values/total cells.
Evaluation of the Immunomodulatory Capacities of Naive and Primed TSPCs
Prostaglandin E2 (PGE2) production was detected by single Elisa assay (Cayman Chemical). Moreover, the enzymatic activity of indolamine 2,3-dioxygenase (IDO), a cytoplasmic hemoprotein that oxidizes tryptophan yielding N-formylkynurenine (NFK), was evaluated on cell lysates by an IDO1 Activity Assay Kit (Abcam) according to manufacturer’s instruction. IDO metabolic activity was obtained by interpolating the fluorescence values obtained to the standard curve corresponding to the NFK concentration. The metabolic activity was then obtained as pmole of L-tryptophan metabolized by IDO during the reaction time. The level of expression of the indolamine 2,3-dioxygenase gene (primer sequence are reported in supplementary table 1) was evaluated by real-time PCR, as previously described.
Immunopotency Assays With Stimulated T Cells
Naive or primed TSPCs (LD, HD, or LDHD) were co-cultured with T cells (n = 1) at a 1:2 ratio for 72 h to evaluate the TSPC immunomodulatory potential. Initially, human Pan T cells (STEMCELL™ Technologies) were thawed and cultured in flasks with complete RPMI containing 15% human serum AB (Corning), 1% 1 mM sodium pyruvate, 1% 0.1 mM nonessential amino acid, 1% 1X Vitamins, 1% 10 nM HEPES, and 1% 2 mM L-glutamine (Thermo Fisher Scientific). After culture recovery, T cells were stained with CellTrace™ CFSE Cell Proliferation Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions and counted using live dead exclusion method. Simultaneously, complete RPMI replaced culture media in naive or primed LD, HD, and LDHD cohorts. Following, T cells were co-cultured directly with naive or primed TSPCs, at a 2:1 ratio (T Cells: TSPCs). ImmunoCult (STEMCELL™ Technologies) was used for T cell groups designated for stimulation and co-cultures were kept at 37°C in 5% CO2 for 72 h. After 72 h of co-culture, T cells were collected in each condition and stained with Ghost Dye™ Red 780 viability dye. Using Cytoflex LS (Beckman Coulter) and CytExpert software, at least 20,000 events were acquired for each sample. T cells were gated based on scatter, singlets, live/dead discrimination, and then positivity for CFSE. T cell proliferation rates (%) were calculated as [(CFSELOW events/ CFSE+) x100]. Remaining data were represented as the percent gated (%) of the reported phenotype.
Substance P Degradation and CD10 Immunolocalization
Parameter substance P competitive immunoassay (R&D Systems) was used to quantify the levels of endogenous and exogenously added substance P (SP) to culture-expanded LD and HD (105/well, 12-well; cells obtained from three donors) before and after priming, following manufacturer’s instructions and as previously described by our group (Kouroupis et al., 2019; Kouroupis et al., 2020). After 24 h in DMEM/10% FBS, cells were induced with inflammatory medium (supplemented with TNFα/IFNγ) for 48 h. SP was then quantified in centrifuged (1500 rpm; 5 min) conditioned media (in technical triplicates run in duplicates within the membrane) obtained from naive and primed TSPCs: 1) in baseline cultures (i.e., endogenous TSPC-derived SP); 2) after exogenous addition of substance P (720.6 pg/ml) for 35 min to the cell-free supernatant (i.e., supernatant group); and 3) after addition of SP (720.6 pg/ml) for 35 min to the cells in fresh medium (i.e., cells group). Parallel wells of supernatants and cells were treated with the CD10 inhibitor thiorphan (5 µg/ml) 30 min before and during SP addition. SP final levels were determined by subtracting measured optical densities of individual wells at 450 and 540 nm (SpectraMax M5 spectrophotometer), and converted into concentrations using the reference standard curve run with the assay, and contrasted to samples with only exogenously added SP to the medium (i.e., no cells and no supernatant).
Cells after fixation with 4% paraformaldehyde and washing with PBS were incubated with blocking solution (Tris-buffered saline–TBS containing 10% normal goat serum) for 1 h. Cells were incubated with 10 μg/ml goat anti-human CD10 polyclonal antibody (R&D System) in TBS with 1% normal goat serum for 1 h. Cells were then incubated with AlexaFluor594 conjugated rabbit anti-goat IgG secondary antibody at room temperature for 1 h. DAPI was used for nuclei staining. Microscope images were acquired with a Leica DMi8 microscope with Leica X software.
Statistical Analysis
All the analyses were performed using GraphPad Prism v7.0 (Graphpad Software). Normality was assessed by Shapiro–Wilk tests. Statistical analyses between LD, HD, and LDHD were performed using non parametric one-way (ANOVA) by the Kruskal–Wallis test and Dunn’s multiple comparisons test. Comparisons between naive and treated cells were performed with the t-test by Wilcoxon matched pairs signed rank test. The level of significance was set at p < 0.05.
RESULTS
Culture Density Influences TSPCs Morphology and Growth Kinetics
Culture of TSPCs at low density (50 cells/cm2, LD) up to passage 2 favored the growth of colony-forming cells exhibiting a cobblestone morphology (Figure 2). On the contrary, culture of cells at high density (5,000 cells/cm2, HD) that allows cell-to-cell contact, maintained a more pronounced fibroblast-like morphology (Figure 2A). The shift at passage 1 from low to high density resulted in a cell subset (LDHD) showing a fibroblast-like morphology similar to HD (Figure 2A). Different culture densities also resulted in different growth kinetic rates (Figure 2B). A two-way ANOVA was performed and evidenced that the interaction between the two variables (experimental group and time) is significant (p < 0.0001), highlighting a statistically different rate of proliferation among groups. Overall, statistically significant differences were observed between LD and LDHD group (p < 0.0001) and between LD and HD groups (p < 0.0001). No differences were observed between LDHD and HD groups.
[image: Figure 2]FIGURE 2 | TSPCs phenotypes characterization (n = 6). (A) Representative bright-field images of LD culture showing a big colony of cobblestone like cells; LDHD and HD at 80% of confluency showing more elongated cells; scale bar: 100 µm. (B) Growth kinetics expresses as percentage of confluence. (C) Scatter parameters representation of each cell subset. (D) Percentages of positive cells for CD146, CD107a, CD44, and CD90 markers in LD, LDHD, and HD. Values are mean ± SD (n = 6). Differences among groups were tested using the Kruskal–Wallis test. *significantly different (p < 0.05), ** significantly different (p < 0.01). All the analyses were performed on cells at passage 2.
LD Are Phenotypically Different From LDHD and HD
The phenotypic analysis for MSC-defining markers was performed in all groups. The assessment of scatter parameters showed different cell size (FSC) and complexity (SSC) in LD compared to LDHD and HD (Figure 2C). A significantly enhanced expression of several markers was observed in LD when compared to LDHD and HD (Table 1 and Figure 2D). In detail, CD90, CD44, CD146, and CD107a markers were significantly higher expressed in LD than those in HD (Figure 2D). Interestingly, CD10, a known MSC marker with key functions described in other MSC types (Kouroupis et al., 2019; Kouroupis et al., 2020), was positively expressed by all groups at very high percentages (Table 1).
TABLE 1 | Immunophenotypic analysis for commonly expressed MSC-defining markers.
[image: Table 1]LD, HD, and LDHD Exhibit Moderate Differences in the Multi-Differentiation Potential
Each group was assessed for adipogenic, chondrogenic, and osteogenic differentiation potential by standard differentiation protocols. HD showed a higher adipogenic differentiation compared to LD (p < 0.05), as revealed by quantification of Oil Red O staining for lipid droplets (Figure 3A). No significant differences were observed among groups for quantification of mineral deposition and glycosaminoglycans (GAGs) production which are markers of osteogenic and chondrogenic commitment, respectively (Figure 3B,C).
[image: Figure 3]FIGURE 3 | Multilineage differentiation capacity and gene expression profile. (A) Oil Red O and (B) Alizarin Red staining (scale bars: 100 µm) and quantification. Values are mean with range (n = 3). (C) Hematoxilin and eosin and toluidine blue staining of chondro-pellets and GAGs quantification after 21 days of differentiation. Values are mean with range (n = 3). (D) Transcription factors RUNX2, PPARγ, and SOX9 and (E) tendon-specific genes SCX, TN-C, COL1A1, and COL3A1 expression levels. Values are mean ± SD (n = 6). Differences among groups were tested using the Kruskal–Wallis test. *significantly different (p < 0.05), ** significantly different (p < 0.01).
Key transcription factors RUNX2 (osteogenesis) and PPARγ (adipogenesis) were more expressed in HD than LD (p < 0.05), whereas the expression levels of the SOX9 (chondrogenesis) gene showed a similar trend among all cell types without statistical significance (Figure 3D). In the same donors, the expression of tendon-related genes SCX, TN-C, COL1A1, and COL3A1 was higher in LDHD than that in LD, with significant differences in expression levels of COL1A1 and COL3A1 genes only (p < 0.01). A significant difference was also observed between LD and HD in COL1A1 expression (p < 0.05) (Figure 3E). No significant differences were observed in the expression levels of TN-C and SCX genes even though they were consistently lower in LD than in other groups.
LD Exhibits Distinct Molecular Signatures With Higher Expression of LIF Gene
Profiling 84 MSC-defining genes revealed differences among the three groups after performing pair-wise comparisons (LD vs HD; LD vs LDHD; and LDHD vs HD) (Figure 4A). Over- and under-expressed genes are reported in the Table 2. Principal component analysis (PCA) plot was generated with ClustVis package (https://biit.cs.ut.ee/clustvis/) and calculated on dCt values by row centering and conversion of data in ln (x + 1) values. PCA revealed the overall clear transcriptional separation of LD from the other two groups (Figure 4B). The most striking differences were observed in the expression of leukemia inhibitory factor (LIF) gene, showing upregulation in LD, with a fold regulation of 4.19 (p < 0.001) and 2.34 (p < 0.05) when compared to HD and LDHD, respectively. Validation in all TSPC donors (n = 6) confirmed the presence of significantly higher expression of LIF in LD with the progressive decrease in LDHD and the lowest values in HD (p < 0.05) (Figure 4C).
[image: Figure 4]FIGURE 4 | Transcriptional profiles and protein content release of naive TSPC groups. (A) Volcano plots representing over- (fold regulation >2, red-labeled) and under-expressed genes (fold regulation< 2, green labeled) of pair-wise comparisons (LD vs HD; LD vs LDHD; and LDHD vs HD) (n = 3). (B) Principal component analysis of dCt values of 84 MSC-defining genes in LD (green), LDHD (blue), and HD (red). Rows were centered and data were converted in ln (x + 1) values (n = 3). (C) LIF gene expression level in LD, HD, and LDHD. Values are mean ± SD (n = 6). Differences among groups were tested using the Kruskal–Wallis test. *significantly different (p < 0.05). (D) Heat map of inflammation-related proteins release. Pixel intensity was reported as arbitrary unit to semiquantitative protein production measurement of specific cytokines and chemokines. Values are mean (n = 3). Differences among groups were tested using the Kruskal–Wallis test. *significantly different (p < 0.05).
TABLE 2 | Over- and under-expressed genes in LD, LDHD, and HD.
[image: Table 2]The basal secretion of inflammation-related mediators was measured for each group in naive conditions (absence of an inflammatory stimulation). A general “quiescent” condition was observed in LD compared to HD and LDHD (Figure 4D). Significant differences were observed only in the production of macrophage chemotactic protein-1 (MCP-1, p < 0.05 in LD vs HD), and granulocyte colony-stimulating factor (G-CSF, p < 0.05 in LD vs HD).
The Inflammatory Insult Promotes Similar Molecular Responses in the Three Groups
The induction of an inflammatory microenvironment by the addition of TNFα and IFNγ to culture medium for 48 h (i.e., priming) resulted in an alteration of the transcription profiles for all groups. A clear distinction between naive and primed TSPCs was visible by cluster diagram analysis of gene expression values (Figure 5). Pair-wise comparison (naive vs primed) for each group showed various genes, among the 84 MSC-defining genes analyzed, with statistically significant differences in expression (Figure 6A). The complete list of genes and their respective p values are reported in Table 3. Specifically, the expression of ICAM-1, IL-6, and BMP2 genes was significantly up-regulated (p < 0.05), while the expression of COL1A1, GDF5, and JAG1 genes was significantly downregulated (p < 0.05) after priming in all groups tested (Figure 6B).
[image: Figure 5]FIGURE 5 | Transcriptional profiles and protein content release of primed TSPC subsets. (A) Hierarchical cluster diagram of genes expression profiles of both naive and primed cells of each group. Values are mean (n = 3). Data reported were elaborated by Qiagen–Gene Globe. The analysis was performed on cells at passage 2.
[image: Figure 6]FIGURE 6 | (A) Volcano plots representing over- (fold regulation >2, red-labeled) and under-expressed genes (fold regulation<2, blue labeled) of primed cells respect to naive ones for each TSPCs group (n = 3). The labeled genes represent those up- or downregulated with p < 0.001. Data are expressed as fold change [2^(−ΔΔCT)]. (B) Most relevantly up- (ICAM-1, IL-6, and BMP2) and downregulated (COL1A1, GDF-5, and JAG1) genes. Values are mean ± SD (n = 3). p values are calculated on Student’s t-test of the replicate 2^(−ΔCT) values for each gene in the naive and primed groups. *significantly different (p < 0.05), **significantly different (p < 0.01), ***significantly different (p < 0.001). Data reported in A) and B) were elaborated by Qiagen–Gene Globe. (C) Heat map of inflammation-related proteins release in cell supernatants. Data are reported as fold change of primed TSPC groups compared to naive ones. Pixel intensity was reported as arbitrary unit. Values are mean (n = 3). (D) Most relevantly modulated proteins levels RANTES, MCP-2, ICAM-1, IP10, and IL8 in cell supernatants. Data are reported as fold change of primed TSPCs groups compared to naive ones. Differences between naive and primed groups were calculated on unfolded data by multiple t tests.*significantly different (p < 0.05), **significantly different (p < 0.01).
TABLE 3 | Over- and under-expressed genes in primed cells versus naive.
[image: Table 3]Priming Causes Similar Secretory Responses in LDHD and HD but Reveals a Stronger Immunomodulatory Aptitude of LD
The secretory profiles of primed TSPCs were compared to naive ones and represented as fold change values shown in the heat map (Figure 6C). Several cytokines and chemokines were significantly altered by the priming uniformly in all three groups. Among these, the secreted levels of regulated upon activation, normal T-cell expressed, and secreted protein (RANTES), monocyte chemoattractant protein-2 (MCP-2), ICAM-1, and interferon gamma induced protein 10 (IP-10) were significantly (p < 0.05) increased in primed cells of each cell group compared to naive (Figure 6D). No relevant differences were observed among primed LD, LDHD, and HD, suggesting similar secretory responsive profiles under inflammatory conditions. Differences were only observed in the secretion of interleukin 8 (IL-8) in the HD group, with a significant upregulation after priming that was not observed in the other group (p < 0.05).
Interactions among secreted molecules were evaluated by using the STRING database (https://string-db.org/) for functional protein association network establishment analysis. Pathway analyses after priming showed a consistent activation in all groups of four major signaling pathways: interleukin-17 (hsa04657, green-labeled), JAK-STAT (hsa04630, yellow-labeled), interleukin-10 (hsa-6783783, red-labeled), and interleukin−4 and −13 (hsa-6785807, blue-labeled) (Supplementary Figure 1).
The role of the immunomodulatory enzyme indoleamine 2,3-dioxygenase (IDO) was evaluated in all groups before and after priming (Figures 7A,B). IDO gene expression was significantly upregulated in all groups after priming but more pronounced in LD (vs HD p < 0.05) (Figure 7A). IDO enzymatic activity was upregulated too in all samples after priming, however not reaching statistical significance (Figure 7B). Finally, the secretion of the immunomodulatory factor prostaglandin E2 (PGE2) showed a consistent increase in all primed compared to naive groups, although not statistically significant (Figure 7C).
[image: Figure 7]FIGURE 7 | Immunomodulatory signature of TSPCs. (A) IDO gene expression level in LD, HD, and LDHD. Values are mean ± SD (n = 6). Differences among groups were tested using the Kruskal–Wallis test. **significantly different (p < 0.01). Differences between naive and primed groups were calculated on unfolded data by the Wilcoxon maTSPChed pairs signed rank test. $ significantly different (p < 0.05). (B) IDO1 enzymatic activity. Data are expressed as µU/mg values and represented as median values with range (n = 3) (C) Secreted levels of Prostaglandin E2 in both naive and primed cells measured by ELISA Assay. Data are expressed as pg/ml of PGE2 per single cell and represented as median with range (n = 3). (D) Representative images of the stimulated T cells (green) co-cultured with both naive and primed LD, HD, and LDHD TSPCs at 24 h or 72 h of the 72-h duration of the IPA assay (n = 3). T-cell proliferation performed in the Immunopotency Assay co-culture with TSPCs showed relative immunosuppressive capacity of each TSPC group.
Immunopotency Assay Revealed Differences in T-cell Proliferation Between T cells Co-Cultured With Primed Versus Naive TSPC Cohorts
Quantitative comparisons of the % proliferation of stimulated T cells directly co-cultured with LD, LDHD, or HD TSPCs demonstrated the immunomodulatory effects of the corresponding TSPCs. Percentages of T-cell proliferation were comparable for T cells co-cultured with LD, LDHD, and HD with primed cohorts consistently suppressing T-cell proliferation more than naive cohorts. Although not statistically significant, Ppercent proliferation resulting from of stimulated T cells co-cultured with Naive LD (46 ± 6%), LDHD (47 ± 8%), or HD (51 ± 3%) was greater higher than the corresponding primed LD (37 ± 2%), LDHD (38 ± 2%), or HD (35 ± 7%) groups, revealing a stronger mitigation of T-cell proliferation by primed TSPCs (Figure 7D).
Substance P Quantification and CD10 Immunolocalization Reveal the Ability of Both LD and HD to Degrade Substance P, Further Increased by Priming
Endogenous SP was absent in both LD and HD with no changes after priming (Figure 8A). Importantly, the levels of exogenously added SP were significantly reduced (p < 0.05) by both LD and HD (naive and primed). Supernatants obtained from the same naive or primed TSPC cultures mirrored the SP degrading activities observed by cells, suggesting that the mode used by TSPCs to degrade SP is not only cell bound but also secreted in the culture supernatants.
[image: Figure 8]FIGURE 8 | Substance P degradation and markers immunolocalization. (A) Quantification of endogenous and exogenously added substance P (SP) levels in LD and HD TSPCs, cells and supernatants, with or without CD10 inhibition with thiorphan (thio), in naive (N) or primed (P) conditions. Data are expressed as substance P concentration (pg/ml). Values are mean ± SD (n = 3). Differences among groups were tested using two-way ANOVA Tukey’s multiple comparisons test *significantly different (p < 0.05). (B) CD10 immunolocalization in naive (N) and primed (P) TSPCs LD and HD, with or without thiorphan addition (n = 3).
In naive TSPCs, the increased CD10 expression, as indicated by phenotyping of both LD (86 ± 9%) and HD (90 ± 5%) cultures, was paralleled with the significant SP degradation. Thiorphan addition, an inhibitor of CD10 enzymatic activity, resulted in the significant abrogation of SP degradation (p < 0.05). Moreover, both LD and HD naive TSPCs showed a stronger SP degradation capacity compared to their supernatants, an effect that can be attributed to the increased presence of bound CD10 (concentrated punctuate signal on cell surface) on the TSPC cultures monolayer (Figure 8B). Upon priming, both LD and HD further increase their SP degradation capacity compared to naive cultures, an effect that is more evident in their supernatants. Again, these effects on SP were significantly abrogated by the addition of the CD10 inhibitor, thiorphan (p < 0.05) (Figure 8A). Interestingly, cell surface-bound CD10 was enriched in primed TSPCs compared to naive cultures (Figure 8B).
DISCUSSION
This study provides an in-depth characterization of human TSPCs, evaluating and comparing their phenotypes resulting from different culture conditions by analysis of morphology, growth kinetics, surface markers expression, multi-differentiation potential, gene expression profile, secretory activity, and immunomodulatory potential. We noted that human TSPCs demonstrate plasticity and have distinguishable responses to stimuli in vitro. First, dramatic differences among TSPCs were observed depending on the density culture they underwent, especially in terms of morphology, and immunophenotype and multi-differentiation potential. Moreover, LD, LDHD, and HD demonstrated to possess distinct in vitro functional responses to inflammatory stimuli as assessed by quantitative comparisons of naive and primed groups. Finally, preliminary observations on their immunomodulatory potential and their degrading ability of substance P suggest further distinct cellular responses. The culture at low density has been previously described and used in several studies to obtain the stem/progenitor cells of tendon in vitro (Bi et al., 2007; Rui et al., 2010; Ni et al., 2012; Viganò et al., 2017; Lee et al., 2018; Rui et al., 2019). In fact, avoiding cell-to-cell contact maintains the original self-renewal capacity and phenotype of MSCs (Balint et al., 2015). Our results are consistent with this ,observation and the LD TSPCs are distinguishable from LDHD and HD showing multiple features shared with MSCs.
LD, HD, and LDHD were evaluated for expression of tendon-related genes and for their multi-differentiation potential revealing striking differences. A significantly lower expression of COL1A1 was observed in LD, both with respect to LDHD and HD. While not significant, similar results were found for the other tendon-related genes, suggesting that this particular group of cells may be less differentiated than the others. Moreover, lower gene expression levels of common multipotency genes (RUNX2, PPARγ) were observed in LD. This set of observations, although not statistically robust, may suggest that this group is less likely to enter differentiation programs than other groups. However, a similar comparison performed on murine cells provided different results, showing a higher stem cell marker expression and earlier expression of tenogenic markers in tendon cells cultured at low density versus tendon cells cultured at high density (Lee et al., 2018). The conflicting results are not unusual as the disparities between human and murine MSC are well-documented (Ren et al., 2009; Su et al., 2014).
The immunophenotypic comparison of LD, HD, and LDHD also provided compelling differences in terms of the expression of stem cell defining markers (Dominici et al., 2006), especially CD90 and CD44, and the expression of CD107a that revealed higher levels in LD (87 ± 8%) than in LDHD (41 ± 13%) and HD (31 ± 12%). CD107a, also known as lysosomal associated membrane protein 1 (LAMP-1) has been previously described as a functional marker for the identification of natural killer cell activity (Alter et al., 2004) and more recently as a marker of immune cell activation and cytotoxic degranulation (Lorenzo-Herrero et al., 2019). To date, correlations of CD107a expression and function remain largely unknown in regards to MSCs, although we recently reported that a high expression of this marker in BMSCs can be attributed to an increased secretory activity, identifying them as “first responder” cells with therapeutically enhanced properties (Bowles et al., 2020). Phenotypic analysis for the CD146 surface marker revealed similar consistent differences with a markedly enhanced expression of LD compared to HD. CD146 was expressed in 96 ± 3% of LD contrasted to 18 ± 10% in HD and 36 ± 15% in LDHD. CD146 is a commonly used marker to identify pericytes (Tan et al., 2013; Schwartz et al., 2015) and those perivascular cells that constitute a fraction of the tendon stem/progenitor population (Lee et al., 2015). Recent studies have shown that a fraction of the tendon stem/progenitor niche is composed of pericytes (De Micheli et al., 2020) and that a cluster of tendon cells expressing high levels of CD90 and CD146 has been identified in the perivascular niche (Kendal et al., 2020).
Distinct molecular signatures were also observed with a notable difference in LIF gene expression that was constitutively higher in LD. LIF participates in both humoral and cellular immune responses (Patterson et al., 2002), with a key antagonistic effect on cytokines, through enrichment of regulatory T cells (Taga and Kishimoto, 1997; Gao et al., 2009). Moreover, LIF is involved in the differentiation process given its established role in the regulation of the embryonic stem cell self-renewal and maintenance of their pluripotency (Hirai et al., 2011).
The inflammatory priming promoted similar molecular responses in all TSPC groups, thus suggesting similar behaviors in such environments. Specifically, ICAM-1 and IL-6 genes were consistently up-regulated in all groups. ICAM-1 generally influences T-cell activation and leukocyte recruitment to the site of inflammation, whereas IL-6 exerts pleiotropic roles in innate and adaptive immunity including participation in the inflammatory cascade, along with IL-8, through a defined IL-6/IL-8 ratio (Barajas-Gómez et al., 2017; Kouroupis et al., 2019; Kouroupis et al., 2020) and the maturation of B cells. Priming increased the expression levels of the BMP2 gene, especially under the HD condition. This gene plays a critical role in the development of bone and cartilage by encoding a secreted ligand of the transforming growth factor-beta (TGF-β) superfamily and participation in the activation of SMAD-family transcription factor regulation (Wozney et al., 1988). BMP-2 promotes the deposition of GAGs and the expression of Aggrecan (ACAN) but decreased Decorin (DCN), Biglycan (BGN), and Fibromodulin (FMOD) expression levels in TSPCs (Rui et al., 2013). Therefore, an increase in the BMP2 gene might affect the physiological structure of healthy tissue provoking a shift toward an undesirable microenvironment with altered extracellular matrix deposition (Dai et al., 2020). Clinical evidence supporting this hypothesis comes from the condition known as calcific tendinitis. The cause of this condition is still unclear but may be associated with a metaplastic transformation of tenocytes into chondrocytes that might induce calcification within the tendon (Chianca et al., 2018). In sharp contrast, priming elicited a consistent downregulation of COL1A1, GDF5, and JAG1 in all groups. A mitigated expression of these genes may suggest dysregulation of tissue homeostasis. A decrease in COL1A1 corresponds with a decrease in the production of Type I Collagen. Such reduction has been observed in a model of tenocyte and mast cell co-cultures (Behzad et al., 2013) which may confirm that inflammation and inflammatory cells exert a critical role in the development of tendinopathy. Downregulated GDF5 may alter both homeostasis and tissue healing given its role in tendon development (Storm and Kingsley, 1999) and connective tissue formation (Wolfman et al., 1997). A downregulation of JAG1 might alter cell physiology as this gene is strongly involved in the tenogenic and chondrogenic differentiation capacity of Sox9+/Scx + progenitor cells (Roberts et al., 2019). Dysregulation of this pathway has been implicated to favor chondrogenic differentiation (Roberts et al., 2019). Variability was observed in TSPC secretory profiles. The secreted levels of key regulatory molecules involved in immune-mediated and inflammatory processes including RANTES, MCP-2, ICAM-1 and IP-10 were significantly increased in all three groups after priming. In contrast, secreted interleukin-8 (IL-8) was significantly up-regulated in primed HD only, compared to naive HD. This cytokine is deeply involved in acute inflammation and acts as a potent chemoattractant and activator of neutrophils (Corre et al., 1999). Furthermore, its increase has been observed in tenocytes following stimulation with pro-inflammatory cytokines such as TNFα and IFNγ (Stolk et al., 2017).
Priming with pro-inflammatory cytokines is generally known to enhance the immunosuppressive effect of MSCs (Noronha et al., 2019). Their immunomodulatory effects have been attributed to the production of IDO and other immunomodulatory molecules such as PGE2, HGF, and TGFβ, following inflammatory signaling (Mellor and Munn, 2004; de Witte et al., 2015; Munn and Mellor, 2016). IDO acts on L-tryptophan catabolism, resulting in its reduction in the microenvironment with an increase in its metabolite, kynurenine, which exerts a crucial role on T cells and their activation, proliferation, and activity (Ankrum et al., 2014; Sinclair et al., 2018). Herein, a relevant upregulation of IDO expression and increased activity were observed in all three groups, with differences among them. Indeed, the upregulation of IDO was significantly higher in the LD than in HD, suggesting that the LD has a more pronounced immunomodulatory tendency. A similar trend, although not significant, was evident with the amount of secreted PGE2. Functional testing with an IPA assay suggested that the percent of T-cell proliferation was reduced in T cells/primed TSPCs co-cultures compared to naive ones, revealing comparable immunomodulatory effects by direct contact on T cells and modest differences among groups. Further exploration into more prominent immunomodulatory functions that are distinguishable among the groups may be warranted.
Regarding substance P (SP), naive LD, and HD exhibited a stronger cellular SP degradation capacity than their supernatants, an effect that was mitigated upon inflammatory priming. The functional capacity of the cells can be attributed to the expression of membrane-bound CD10 thus suggesting a CD10-dependent SP degradation mode of action. Priming induces upregulation and secretion of CD10, which was observed in the supernatant. This finding is in agreement with our previous reports indicating not only direct association of high CD10 cell levels with increased SP degradation but also with CD10 enzymatic activity via both membrane-bound and -released protein mechanisms (Kouroupis et al., 2019; Kouroupis et al., 2020). SP exerts a wide range of physiological effects with the most known roles relating to nociception and modulation of local neurogenic inflammatory and immune responses (Cao et al., 1998; Lehner et al., 2008; Mashaghi et al., 2016; Suvas, 2017; Zieglgänsberger, 2019). Moreover, regulation of SP activity is performed partly by cell membrane-bound neutral endopeptidase CD10/neprilysin (Maguer-Satta et al., 2011) that is expressed in multiple MSC types (Bühring et al., 2009; Bourin et al., 2013; Ong et al., 2014). Importantly, SP is a key molecule that mediates interactions between neurons and immune cells, with neuronal-derived SP affecting immune cell migration, proliferation, and cytokine production levels (Mashaghi et al., 2016). Additionally, studies have shown that SP is expressed in non-neuronal cell types such as macrophages (Mashaghi et al., 2016; Zieglgänsberger, 2019) that are the main immune cell infiltrate within the tendinopathy inflammatory microenvironment. Collectively, our results suggest that the cellular resident responders to inflammation may be involved in nociception via the secretion of a repertoire of molecules and specifically via the CD10/SP interaction.
The information gathered with this study helps understand better the role and functions of TSPCs and allows evaluating the way their properties are influenced by the culture conditions. This study, however, has some limitations that deserve consideration. For example, the different percentage of serum used for the culture of the three experimental groups can cause confusion. The LD TSPCs were supplemented with 20% FBS unlike the HDs, which received only 10% FBS. This difference was necessary because the newly isolated and low-density cultured cells would not have survived without such integration. However, further assessments should be made to confirm that any differences observed between groups were due to differences in FBS concentration.
In general, the uncertainty that still exists on the markers to be used to discriminate TSPCs from other cell types within tendon, such as tenocytes and tendon fibroblasts, which certainly represents a limitation in this field. This limitation is further aggravated in a broader sense by the lack of specificity of the minimum criteria for the identification of mesenchymal stem cells, which uniquely discriminate them from other cells (Soundararajan and Kannan, 2018). However, many advances are continually being made in the identification and characterization of distinct subpopulations of TSPCs, giving the evidence for a more complete view of their identity and functions.
CONCLUSION
The results of this study improve our knowledge about the features of TSPCs in vitro, highlighting their robust plasticity in response to imposed external stimuli. Modulation of the cell density culture strongly influenced the identity of TSPCs in vitro, and this is of utmost importance for future cell characterization and functionality evaluation studies in vitro. To date, very few studies have investigated the spatial distribution of TSPCs in vivo (Tan et al., 2013). Therefore, a focus of future studies will be to understand to what degree our current findings can be extended to the in vivo environment. Our results confirm the heterogeneity of TSPCs and the presumed existence of multiple TSPC subpopulations, which may or may not be favored in culture based on the specific culturing conditions they are exposed to. Although preliminary, evidence reported and the differences found between the groups suggest that LD represents a key phenotype, to be explored and exploited for the development of targeted regenerative medicine therapies for tendon disorders.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are publicly available. This data can be found here: https://osf.io/z3gbf/?view_only=1f9b50dfc9b64c2aaf1a61df5cfad808.
ETHICS STATEMENT
Tendon tissue was obtained at IOG from de-identified informed consented human donors prior to elective procedures for collection of waste materials. The protocol was approved by the local IOG Institutional Review Board (M-SPER-014-Ver.8-08.11.2016). After cell collections, samples were then transferred to UM-Miami where all other analyzes were performed. The study was conducted in accordance with the Declaration of Helsinki.
AUTHOR CONTRIBUTIONS
CPO: Conception and design, collection, and/or assembly of data, data analysis and interpretation, and manuscript writing ACB: Conception and design, collection and/or assembly of data, data analysis and interpretation, and manuscript writing DK: Collection and/or assembly of data, data analysis and interpretation, and manuscript writing MAW: Collection and/or assembly of data, data analysis and interpretation, and manuscript writing ER: Collection and/or assembly of data, data analysis and interpretation, and manuscript writing LDK: Conception and design, financial support, and final approval of the manuscript. TMB: Conception and design, financial support, manuscript writing, and final approval of manuscript DC: Conception and design, Financial support, Data analysis and interpretation, Manuscript writing, Final approval of manuscript LDG: Conception and design, financial support, data analysis and interpretation, manuscript writing, and final approval of manuscript.
FUNDING
The authors are in gratitude with the Soffer Family Foundation and the DRI Foundation (ACB, DK, DC), and Italian Ministry of Health Ricerca Corrente (CPO, ER, LdG) for their generous funding support. The authors want also to thank the IBSA Foundation for its funding support to CPO. These funding sources were not involved in any step of the study design, collection, analysis, or interpretation of the data, or writing of the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors would like to thank Dr. Francesca Facchini, Dr. Gabriele Thiebat, Dr. Stefano Muzzi and Dr. Lorenzo Brambilla at the Orthopaedic Institute Galeazzi (Milan) for their commitment in the recovery of tendon tissues and Dr. Kevin Johnson and Dr. Maria Boulina from Diabetes Research Insitute (Miami) for their technical assistance.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2021.711964/full#supplementary-material
REFERENCES
 Alter, G., Malenfant, J. M., and Altfeld, M. (2004). CD107a as a Functional Marker for the Identification of Natural Killer Cell Activity. J. Immunological Methods 294 (1-2), 15–22. doi:10.1016/j.jim.2004.08.008
 Ankrum, J. A., Ong, J. F., and Karp, J. M. (2014). Mesenchymal Stem Cells: Immune Evasive, Not Immune Privileged. Nat. Biotechnol. 32 (3), 252–260. doi:10.1038/nbt.2816
 Backman, L. J., Andersson, G., Wennstig, G., Forsgren, S., and Danielson, P. (2011). Endogenous Substance P Production in the Achilles Tendon Increases with Loading in an In Vivo Model of Tendinopathy-Peptidergic Elevation Preceding Tendinosis-like Tissue Changes. J. Musculoskelet. Neuronal Interact 11 (2), 133–140. 
 Balint, R., Richardson, S. M., and Cartmell, S. H. (2015). Low-density Subculture: a Technical Note on the Importance of Avoiding Cell-To-Cell Contact during Mesenchymal Stromal Cell Expansion. J. Tissue Eng. Regen. Med. 9 (10), 1200–1203. doi:10.1002/term.2051
 Barajas-Gómez, B. A., Rosas-Carrasco, O., Morales-Rosales, S. L., Pedraza Vázquez, G., González-Puertos, V. Y., Juárez-Cedillo, T., et al. (2017). Relationship of Inflammatory Profile of Elderly Patients Serum and Senescence-Associated Secretory Phenotype with Human Breast Cancer Cells Proliferation: Role of IL6/IL8 Ratio. Cytokine 91, 13–29. doi:10.1016/j.cyto.2016.12.001
 Behzad, H., Sharma, A., Mousavizadeh, R., Lu, A., and Scott, A. (2013). Mast Cells Exert Pro-inflammatory Effects of Relevance to the Pathophyisology of Tendinopathy. Arthritis Res. Ther. 15 (6), R184. doi:10.1186/ar4374
 Bi, Y., Ehirchiou, D., Kilts, T. M., Inkson, C. A., Embree, M. C., Sonoyama, W., et al. (2007). Identification of Tendon Stem/progenitor Cells and the Role of the Extracellular Matrix in Their Niche. Nat. Med. 13 (10), 1219–1227. doi:10.1038/nm1630
 Bourin, P., Bunnell, B. A., Casteilla, L., Dominici, M., Katz, A. J., March, K. L., et al. (2013). Stromal Cells from the Adipose Tissue-Derived Stromal Vascular Fraction and Culture Expanded Adipose Tissue-Derived Stromal/stem Cells: a Joint Statement of the International Federation for Adipose Therapeutics and Science (IFATS) and the International Society for Cellular Therapy (ISCT). Cytotherapy 15 (6), 641–648. doi:10.1016/j.jcyt.2013.02.006
 Bowles, A. C., Kouroupis, D., Willman, M. A., Perucca Orfei, C., Agarwal, A., and Correa, D. (2020). Signature Quality Attributes of CD146+ Mesenchymal Stem/stromal Cells Correlate with High Therapeutic and Secretory Potency. Stem Cells 38 (8), 1034–1049. doi:10.1002/stem.3196
 Bühring, H.-J., Treml, S., Cerabona, F., de Zwart, P., Kanz, L., and Sobiesiak, M. (2009). Phenotypic Characterization of Distinct Human Bone Marrow-Derived MSC Subsets. Ann. N. Y Acad. Sci. 1176, 124–134. doi:10.1111/j.1749-6632.2009.04564.x
 Cao, Y. Q., Mantyh, P. W., Carlson, E. J., Gillespie, A.-M., Epstein, C. J., and Basbaum, A. I. (1998). Primary Afferent Tachykinins Are Required to Experience Moderate to Intense Pain. Nature 392 (6674), 390–394. doi:10.1038/32897
 Chianca, V., Albano, D., Messina, C., Midiri, F., Mauri, G., Aliprandi, A., et al. (2018). Rotator Cuff Calcific Tendinopathy: from Diagnosis to Treatment. Acta Biomed. 89 (1-S), 186–196. doi:10.23750/abm.v89i1-S.7022
 Corre, I., Pineau, D., and Hermouet, S. (1999). Interleukin-8 an Autocrine/paracrine Growth Factor for Human Hematopoietic Progenitors Acting in Synergy with colony Stimulating Factor-1 to Promote Monocyte-Macrophage Growth and Differentiation. Exp. Hematol. 27 (1), 28–36. doi:10.1016/s0301-472x(98)00032-0
 Dai, G., Li, Y., Liu, J., Zhang, C., Chen, M., Lu, P., et al. (2020). Higher BMP Expression in Tendon Stem/Progenitor Cells Contributes to the Increased Heterotopic Ossification in Achilles Tendon with Aging. Front. Cel Dev. Biol. 8, 570605. doi:10.3389/fcell.2020.570605
 De Micheli, A. J., Swanson, J. B., Disser, N. P., Martinez, L. M., Walker, N. R., Oliver, D. J., et al. (2020). Single-cell Transcriptomic Analysis Identifies Extensive Heterogeneity in the Cellular Composition of Mouse Achilles Tendons. Am. J. Physiology-Cell Physiol. 319 (5), C885–C894. doi:10.1152/ajpcell.00372.2020
 de Witte, S. F. H., Franquesa, M., Baan, C. C., and Hoogduijn, M. J. (2015). Toward Development of iMesenchymal Stem Cells for Immunomodulatory Therapy. Front. Immunol. 6, 648. doi:10.3389/fimmu.2015.00648
 Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F. C., Krause, D. S., et al. (2006). Minimal Criteria for Defining Multipotent Mesenchymal Stromal Cells. The International Society for Cellular Therapy Position Statement. Cytotherapy 8 (4), 315–317. doi:10.1080/14653240600855905
 Gao, W., Thompson, L., Zhou, Q., Putheti, P., Fahmy, T. M., Strom, T. B., et al. (2009). Treg versus Th17 Lymphocyte Lineages Are Cross-Regulated by LIF versus IL-6. Cell Cycle 8 (9), 1444–1450. doi:10.4161/cc.8.9.8348
 Garcia-Melchor, E., Cafaro, G., MacDonald, L., Crowe, L. A. N., Sood, S., McLean, M., et al. (2021). Novel Self-Amplificatory Loop between T Cells and Tenocytes as a Driver of Chronicity in Tendon Disease. Ann. Rheum. Dis. 80, 1075–1085. doi:10.1136/annrheumdis-2020-219335
 Han, S.-H., Kim, H. K., Jang, Y., Lee, H. H., Rhie, J., Han, D., et al. (2021). The Expression of Substance P and Calcitonin Gene-Related Peptide Is Associated with the Severity of Tendon Degeneration in Lateral Epicondylitis. BMC Musculoskelet. Disord. 22 (1), 210. doi:10.1186/s12891-021-04067-1
 Harvey, T., Flamenco, S., and Fan, C.-M. (2019). A Tppp3+Pdgfra+ Tendon Stem Cell Population Contributes to Regeneration and Reveals a Shared Role for PDGF Signalling in Regeneration and Fibrosis. Nat. Cel Biol 21 (12), 1490–1503. doi:10.1038/s41556-019-0417-z
 Hirai, H., Karian, P., and Kikyo, N. (2011). Regulation of Embryonic Stem Cell Self-Renewal and Pluripotency by Leukaemia Inhibitory Factor. Biochem. J. 438 (1), 11–23. doi:10.1042/BJ20102152
 Huang, Z., Yin, Z., Xu, J., Fei, Y., Heng, B. C., Jiang, X., et al. (2021). Tendon Stem/Progenitor Cell Subpopulations and Their Implications in Tendon Biology. Front. Cel Dev. Biol. 9, 631272. doi:10.3389/fcell.2021.631272
 Kendal, A. R., Layton, T., Al-Mossawi, H., Appleton, L., Dakin, S., Brown, R., et al. (2020). Multi-omic Single Cell Analysis Resolves Novel Stromal Cell Populations in Healthy and Diseased Human Tendon. Sci. Rep. 10 (1), 13939. doi:10.1038/s41598-020-70786-5
 Kouroupis, D., Bowles, A. C., Best, T. M., Kaplan, L. D., and Correa, D. (2020). CD10/Neprilysin Enrichment in Infrapatellar Fat Pad-Derived Mesenchymal Stem Cells under Regulatory-Compliant Conditions: Implications for Efficient Synovitis and Fat Pad Fibrosis Reversal. Am. J. Sports Med. 48 (8), 2013–2027. doi:10.1177/0363546520917699
 Kouroupis, D., Bowles, A. C., Willman, M. A., Perucca Orfei, C., Colombini, A., Best, T. M., et al. (2019). Infrapatellar Fat Pad-Derived MSC Response to Inflammation and Fibrosis Induces an Immunomodulatory Phenotype Involving CD10-Mediated Substance P Degradation. Sci. Rep. 9 (1), 10864. doi:10.1038/s41598-019-47391-2
 Lee, C. H., Lee, F. Y., Tarafder, S., Kao, K., Jun, Y., Yang, G., et al. (2015). Harnessing Endogenous Stem/progenitor Cells for Tendon Regeneration. J. Clin. Invest. 125 (7), 2690–2701. doi:10.1172/JCI81589
 Lee, K. J., Clegg, P. D., Comerford, E. J., and Canty-Laird, E. G. (2018). A Comparison of the Stem Cell Characteristics of Murine Tenocytes and Tendon-Derived Stem Cells. BMC Musculoskelet. Disord. 19 (1), 116. doi:10.1186/s12891-018-2038-2
 Lehner, B., Koeck, F. X., Capellino, S., Schubert, T. E. O., Hofbauer, R., and Straub, R. H. (2008). Preponderance of Sensory versus Sympathetic Nerve Fibers and Increased Cellularity in the Infrapatellar Fat Pad in Anterior Knee Pain Patients after Primary Arthroplasty. J. Orthop. Res. 26 (3), 342–350. doi:10.1002/jor.20498
 Li, Y., Wu, T., and Liu, S. (2021). Identification and Distinction of Tenocytes and Tendon-Derived Stem Cells. Front. Cel Dev. Biol. 9, 629515. doi:10.3389/fcell.2021.629515
 Lorenzo-Herrero, S., Sordo-Bahamonde, C., Gonzalez, S., and López-Soto, A. (2019). CD107a Degranulation Assay to Evaluate Immune Cell Antitumor Activity. Methods Mol. Biol. 1884, 119–130. doi:10.1007/978-1-4939-8885-3_7
 Lui, P. P. Y., and Chan, K. M. (2011). Tendon-Derived Stem Cells (TDSCs): From Basic Science to Potential Roles in Tendon Pathology and Tissue Engineering Applications. Stem Cel Rev Rep 7 (4), 883–897. doi:10.1007/s12015-011-9276-0
 Lui, P. P. Y. (2013). Identity of Tendon Stem Cells - How Much Do We Know?. J. Cel. Mol. Med. 17 (1), 55–64. doi:10.1111/jcmm.12007
 Maguer-Satta, V., Besançon, R., and Bachelard-Cascales, E. (2011). Concise Review: Neutral Endopeptidase (CD10): a Multifaceted Environment Actor in Stem Cells, Physiological Mechanisms, and Cancer. Stem Cells 29 (3), 389–396. doi:10.1002/stem.592
 Mashaghi, A., Marmalidou, A., Tehrani, M., Grace, P. M., Pothoulakis, C., and Dana, R. (2016). Neuropeptide Substance P and the Immune Response. Cell. Mol. Life Sci. 73 (22), 4249–4264. doi:10.1007/s00018-016-2293-z
 Mellor, A. L., and Munn, D. H. (2004). Ido Expression by Dendritic Cells: Tolerance and Tryptophan Catabolism. Nat. Rev. Immunol. 4 (10), 762–774. doi:10.1038/nri1457
 Mienaltowski, M. J., Adams, S. M., and Birk, D. E. (2014). Tendon Proper- and Peritenon-Derived Progenitor Cells Have Unique Tenogenic Properties. Stem Cel Res. Ther. 5 (4), 86. doi:10.1186/scrt475
 Mienaltowski, M. J., Cánovas, A., Fates, V. A., Hampton, A. R., Pechanec, M. Y., Islas‐Trejo, A., et al. (2019). Transcriptome Profiles of Isolated Murine Achilles Tendon Proper‐ and Peritenon‐derived Progenitor Cells. J. Orthop. Res. 37 (6), 1409–1418. doi:10.1002/jor.24076
 Millar, N. L., Silbernagel, K. G., Thorborg, K., Kirwan, P. D., Galatz, L. M., Abrams, G. D., et al. (2021). Tendinopathy. Nat. Rev. Dis. Primers 7 (1), 1. doi:10.1038/s41572-020-00234-1
 Millar, N. L., Wei, A. Q., Molloy, T. J., Bonar, F., and Murrell, G. A. C. (2009). Cytokines and Apoptosis in Supraspinatus Tendinopathy. The J. Bone Jt. Surg. Br. volume 91-B (3), 417–424. doi:10.1302/0301-620X.91B3.21652
 Munn, D. H., and Mellor, A. L. (2016). Ido in the Tumor Microenvironment: Inflammation, Counter-regulation, and Tolerance. Trends Immunol. 37 (3), 193–207. doi:10.1016/j.it.2016.01.002
 Ni, M., Lui, P. P. Y., Rui, Y. F., Lee, Y. W., Lee, Y. W., Tan, Q., et al. (2012). Tendon-derived Stem Cells (TDSCs) Promote Tendon Repair in a Rat Patellar Tendon Window Defect Model. J. Orthop. Res. 30 (4), 613–619. doi:10.1002/jor.21559
 Noronha, N. d. C., Mizukami, A., Caliári-Oliveira, C., Cominal, J. G., Rocha, J. L. M., Covas, D. T., et al. (2019). Priming Approaches to Improve the Efficacy of Mesenchymal Stromal Cell-Based Therapies. Stem Cel Res Ther 10 (1), 131. doi:10.1186/s13287-019-1224-y
 Ong, W. K., Tan, C. S., Chan, K. L., Goesantoso, G. G., Chan, X. H. D., Chan, E., et al. (2014). Identification of Specific Cell-Surface Markers of Adipose-Derived Stem Cells from Subcutaneous and Visceral Fat Depots. Stem Cel Rep. 2 (2), 171–179. doi:10.1016/j.stemcr.2014.01.002
 Patterson, B., Tjernlund, A., and Andersson, J. (2002). Endogenous Inhibitors of HIV: Potent Anti-HIV Activity of Leukemia Inhibitory Factor. Cmm 2 (8), 713–722. doi:10.2174/1566524023361817
 Ragni, E., Perucca Orfei, C., Bowles, A. C., de Girolamo, L., and Correa, D. (2019). Reliable Reference Genes for Gene Expression Assessment in Tendon-Derived Cells under Inflammatory and Pro-Fibrotic/Healing Stimuli. Cells 8 (10), 1188. doi:10.3390/cells8101188
 Ren, G., Su, J., Zhang, L., Zhao, X., Ling, W., L'huillie, A., et al. (2009). Species Variation in the Mechanisms of Mesenchymal Stem Cell-Mediated Immunosuppression. Stem Cells 27 (8), 1954–1962. doi:10.1002/stem.118
 Roberts, R. R., Bobzin, L., Teng, C. S., Pal, D., Tuzon, C. T., Schweitzer, R., et al. (2019). FGF Signaling Patterns Cell Fate at the Interface between Tendon and Bone. Development 146 (15). doi:10.1242/dev.170241
 Rui, Y.-f., Chen, M.-h., Li, Y.-j., Xiao, L.-f., Geng, P., Wang, P., et al. (2019). CTGF Attenuates Tendon-Derived Stem/Progenitor Cell Aging. Stem Cell Int. 2019, 1–12. doi:10.1155/2019/6257537
 Rui, Y.-F., Lui, P. P. Y., Li, G., Fu, S. C., Lee, Y. W., and Chan, K. M. (2010). Isolation and Characterization of Multipotent Rat Tendon-Derived Stem Cells. Tissue Eng. A 16 (5), 1549–1558. doi:10.1089/ten.TEA.2009.0529
 Rui, Y. F., Lui, P. P. Y., Wong, Y. M., Tan, Q., and Chan, K. M. (2013). BMP-2 Stimulated Non-tenogenic Differentiation and Promoted Proteoglycan Deposition of Tendon-Derived Stem Cells (TDSCs) In Vitro. J. Orthop. Res. 31 (5), 746–753. doi:10.1002/jor.22290
 Schwartz, A. J., Sarver, D. C., Sugg, K. B., Dzierzawski, J. T., Gumucio, J. P., and Mendias, C. L. (2015). p38 MAPK Signaling in Postnatal Tendon Growth and Remodeling. PLoS One 10 (3), e0120044. doi:10.1371/journal.pone.0120044
 Scott, A., and Bahr, R. (2009). Neuropeptides in Tendinopathy. Front. Biosci. Volume, 2203–2211. doi:10.2741/3372
 Sinclair, L. V., Neyens, D., Ramsay, G., Taylor, P. M., and Cantrell, D. A. (2018). Single Cell Analysis of Kynurenine and System L Amino Acid Transport in T Cells. Nat. Commun. 9 (1), 1981. doi:10.1038/s41467-018-04366-7
 Soundararajan, M., and Kannan, S. (2018). Fibroblasts and Mesenchymal Stem Cells: Two Sides of the Same coin?. J. Cel Physiol 233 (12), 9099–9109. doi:10.1002/jcp.26860
 Stolk, M., Klatte-Schulz, F., Schmock, A., Minkwitz, S., Wildemann, B., and Seifert, M. (2017). New Insights into Tenocyte-Immune Cell Interplay in an In Vitro Model of Inflammation. Sci. Rep. 7 (1), 9801. doi:10.1038/s41598-017-09875-x
 Storm, E. E., and Kingsley, D. M. (1999). GDF5 Coordinates Bone and Joint Formation during Digit Development. Develop. Biol. 209 (1), 11–27. doi:10.1006/dbio.1999.9241
 Su, J., Chen, X., Huang, Y., Li, W., Li, J., Cao, K., et al. (2014). Phylogenetic Distinction of iNOS and Ido Function in Mesenchymal Stem Cell-Mediated Immunosuppression in Mammalian Species. Cell Death Differ 21 (3), 388–396. doi:10.1038/cdd.2013.149
 Suvas, S. (2017). Role of Substance P Neuropeptide in Inflammation, Wound Healing, and Tissue Homeostasis. J.I. 199 (5), 1543–1552. doi:10.4049/jimmunol.1601751
 Taga, T., and Kishimoto, T. (1997). Gp130 and the Interleukin-6 Family of Cytokines. Annu. Rev. Immunol. 15, 797–819. doi:10.1146/annurev.immunol.15.1.797
 Tan, Q., Lui, P. P. Y., and Lee, Y. W. (2013). In Vivo identity of Tendon Stem Cells and the Roles of Stem Cells in Tendon Healing. Stem Cell Develop. 22 (23), 3128–3140. doi:10.1089/scd.2013.0073
 Tan, Q., Lui, P. P. Y., Rui, Y. F., and Wong, Y. M. (2012). Comparison of Potentials of Stem Cells Isolated from Tendon and Bone Marrow for Musculoskeletal Tissue Engineering. Tissue Eng. Part A 18 (7-8), 840–851. doi:10.1089/ten.TEA.2011.0362
 Tran, P. H. T., Malmgaard‐Clausen, N. M., Puggaard, R. S., Svensson, R. B., Nybing, J. D., Hansen, P., et al. (2020). Early Development of Tendinopathy in Humans: Sequence of Pathological Changes in Structure and Tissue Turnover Signaling. FASEB j. 34 (1), 776–788. doi:10.1096/fj.201901309R
 Viganò, M., Perucca Orfei, C., Colombini, A., Stanco, D., Randelli, P., Sansone, V., et al. (2017). Different Culture Conditions Affect the Growth of Human Tendon Stem/progenitor Cells (TSPCs) within a Mixed Tendon Cells (TCs) Population. J. EXP. ORTOP 4 (1), 8. doi:10.1186/s40634-017-0082-8
 Wolfman, N. M., Hattersley, G., Cox, K., Celeste, A. J., Nelson, R., Yamaji, N., et al. (1997). Ectopic Induction of Tendon and Ligament in Rats by Growth and Differentiation Factors 5, 6, and 7, Members of the TGF-Beta Gene Family. J. Clin. Invest. 100 (2), 321–330. doi:10.1172/JCI119537
 Wozney, J., Rosen, V., Celeste, A., Mitsock, L., Whitters, M., Kriz, R., et al. (1988). Novel Regulators of Bone Formation: Molecular Clones and Activities. Science 242 (4885), 1528–1534. doi:10.1126/science.3201241
 Wu, Y. F., Chen, C., Tang, J. B., and Mao, W. F. (2020). Growth and Stem Cell Characteristics of Tendon-Derived Cells with Different Initial Seeding Densities: An In Vitro Study in Mouse Flexor Tendon Cells. Stem Cell Develop. 29 (15), 1016–1025. doi:10.1089/scd.2020.0036
 Zieglgänsberger, W. (2019). Substance P and Pain Chronicity. Cell Tissue Res 375 (1), 227–241. doi:10.1007/s00441-018-2922-y
Conflict of Interest: 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 © 2021 Perucca Orfei, Bowles, Kouroupis, Willman, Ragni, Kaplan, Best, Correa and de Girolamo. 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-09-711964-g005.gif





OPS/images/fbioe-09-711964-g006.gif





OPS/images/fbioe-09-711964-g003.gif





OPS/images/fbioe-09-711964-g004.gif
2






OPS/images/fbioe-09-711964-t001.jpg
CD90

CD105
CD44

CD73
CD166
CD14
CD45
CD31
HLA-DR
CD133
CD146
CD10
CD107a

LD

96.20 + 1.57

95.03 + 7.24
99.13 £ 0.23

99.25 + 0.15
7322£21.19
1.15 + 0.68
0.17 007
1.34 £ 0.76
1.02 £ 049
117 £217
96.01 + 3.11
86.20 + 9.36
87.43 + 7.67

LDHD

86.63 + 491"

95.17 + 5.90
94.97 + 523"

90.63 + 7.60
48.88 + 34.47
0.13+0.16
0.45 + 0.32
20+0.73
1.0+ 071
131 £1.72
35.58 + 15.50
87.95 + 6.93
40.76 + 13.50 *

HD

86.27 + 11.80

92.19 + 13.98
93.22 + 10.67*

91.64 +9.14
41.74 + 31.08
021 +0.14
0.38 + 0.43
0.46 + 0.37
0.44 + 048
1.35 + 2.00
1762 +9.61
90.17 + 5.41
31.29 + 12.50 *

p values

0.0383 (LD vs HD)
0.0074 (LD vs LDHD)
ns.

0.0206 (LD vs LDHD)
0.0148 (LD vs HD)
ns.
ns.
ns.
ns.
ns
ns.
ns
0.0011 (LD vs HD)
ns
0.0385 (LD vs LDHD)
0.0024 (LD vs HD)





OPS/images/fbioe-09-711964-g007.gif
Frostaglencin £2
-

KE

© ® W

fx —
O}zl s
IRERE
TR
o chuiponn i
mﬂuﬁwmm
0 T o[ .
R | |
= 1 P






OPS/images/fbioe-09-711964-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Human Tendon Stem/Progenitor Cell Features and Functionality Are Highly Influenced by in vitro Culture Conditions		Introduction

		Materials and Methods		Study Approval

		Tendon Stem/Progenitor Cell Isolation and Cultures

		Cell Differentiation

		Phenotypic Analysis

		Gene Expression

		Inflammatory Priming

		Inflammation-Related Cytokines Production

		Evaluation of the Immunomodulatory Capacities of Naive and Primed TSPCs

		Immunopotency Assays With Stimulated T Cells

		Substance P Degradation and CD10 Immunolocalization

		Statistical Analysis





		Results		Culture Density Influences TSPCs Morphology and Growth Kinetics

		LD Are Phenotypically Different From LDHD and HD

		LD, HD, and LDHD Exhibit Moderate Differences in the Multi-Differentiation Potential

		LD Exhibits Distinct Molecular Signatures With Higher Expression of LIF Gene

		The Inflammatory Insult Promotes Similar Molecular Responses in the Three Groups

		Priming Causes Similar Secretory Responses in LDHD and HD but Reveals a Stronger Immunomodulatory Aptitude of LD

		Immunopotency Assay Revealed Differences in T-cell Proliferation Between T cells Co-Cultured With Primed Versus Naive TSPC Cohorts

		Substance P Quantification and CD10 Immunolocalization Reveal the Ability of Both LD and HD to Degrade Substance P, Further Increased by Priming





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Bioengineering and Biotechnology

Human Tendon Stem/Progenitor
Cell Features and Functionality
Are Highly Influenced by in vitro
Culture Conditions





OPS/images/fbioe-09-711964-g001.gif





OPS/images/fbioe-09-711964-g002.gif





OPS/images/fbioe-09-711964-t003.jpg
Genes over-expressed in primed cells versus naive

Cell type Gene symbol

LD TCs BMP2
ICAM1
e
LIF
VCAMT
VEGFA

LDHD TCs BMP2
ICAM1
L6

HD TCs BMP2
ICAM1
L6
LIF
TNF

Genes under-expressed in primed cells versus naive

Cell type Gene symbol

LD TCs ACTA2
COL1A1
GDF5
GTF3A
ITGAV
ITGB1
JAG1
PDGFRB
SLC17A5
THY1
VIM

LDHD TCs BMP4
COL1A1
FZD9
GDF5
HGF
ITGA6
ITGAX
ITGB1
JAG1
KITLG
RUNX2
TERT
TGFB1
THY1
VIM

HD TCs ACTA2
ALCAM
BDNF
BGLAP
BMP4
BMP6
BMP7
CD44
COL1A1
ENG
FGF10
FUT1
FZD9
GDF5
GDF6
GDF7
GTF3A
HGF
IFNG
INS
ITGAV
ITGAX
ITGB1
JAG1
KAT2B
KITLG
NUDT6
PDGFRB
PPARG
PTPRC
RHOA
RUNX2
SLC17A5
SMAD4
SOx2
TERT
TGFB1
TGFB3
THY1
ViM
VWF

Fold regulation

443
90.63
8.29
235
30.06
2.66
10.72
146.01
14.24
16.36
215.41
16.31
320
86.62

Fold regulation

-275
-13.14
-5.67
-2.65

p-value

0.020900
0.009442
0.007743
0.011781
0.005588
0.023215
0.010867
0.000243
0.001051
0.005698
0.000003
0.002610
0.001551
0.013239

p-value

0.009980
0.000343
0.017833
0.018051
0.013080
0.012064
0.033778
0.008198
0.043650
0.035660
0.000705
0.014902
0.006057
0.024838
0.041174
0.026004
0.018789
0.007821
0.001871
0.020030
0.003515
0.002927
0.000452
0.005841
0.022009
0.008326
0.026645
0.041017
0.000415
0.004195
0.001637
0.004986
0.010607
0.006170
0.030150
0.006763
0.008957
0.002947
0.007883
0.034187
0.001617
0.029016
0.000346
0.039234
0.002009
0.011871
0.011537
0.005613
0.009630
0.003377
0.008039
0.015201
0.005068
0.010197
0.046554
0.009465
0.000833
0.004485
0.005685
0.005194
0.041429
0.024231
0.007642
0.001167
0.003230
0.000386
0.000250





OPS/images/fbioe-09-711964-t002.jpg
Over-expressed genes

Gene symbol Fold regulation p-value
LD versus HD BDNF 385 0.046434
ICAM1 360 0040022
LIF 4.19 0000121
LD versus LDHD LIF 234 0001652
LDHD versus HD BDNF 228 0.008744

Under-expressed genes

Gene symbol Fold regulation p-value
LD versus HD BVP4 -4.58 0.008376
ITGAG -2.38 0005737
SMURF2 -2.23 0013229
LD versus LDHD ENG -2.22 0018540
FGF2 -2.29 0.035469
IGF1 454 0.038549
ITGAG -2.45 0028135

SMURF2 -2.28 0.040601









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





