
1 

 

Title:  1 

Proteomic analysis of the secretome of human bone marrow-derived Mesenchymal Stem Cells 2 

primed by pro-inflammatory cytokines  3 

 4 

Authors:  5 

Elisa Maffioli a,b, Nonnis Simona a,b, Roberta Angioni c,d, Fabiana Santagata a,b, Bianca Calì c,d, 6 

Lucia Zanotti e, Armando Negri a,b, Antonella Viola c,d*, Gabriella Tedeschi a,b* 7 

 8 

Affiliations: 9 

a Università degli Studi di Milano, Dipartimento di Medicina Veterinaria, via Celoria 10, 20133, 10 

Milano, Italy 11 

b Fondazione Filarete, Viale Ortles 22/24, 20139 Milano, Italy 12 

cUniversità di Padova, Dipartimento di Scienze Biomediche, Via Ugo Bassi, 58/b, 35131- Padova, 13 

Italy 14 

d VIMM- Istituto Veneto di Medicina Molecolare, Via Orus, 2, 35129 – Padova, Italy 15 

e Division of Regenerative Medicine, Stem Cells and Gene Therapy, San Raffaele Hospital, Milano, 16 

Italy. 17 

 18 

 19 

* Corresponding authors:  20 

Gabriella Tedeschi at Università degli Studi di Milano, Dipartimento di Medicina Veterinaria, via 21 

Celoria 10, 20133, Milano, Italy, mail: gabriella.tedeschi@unimi.it 22 

Antonella Viola at Università di Padova, Dipartimento di Scienze Biomediche, Via Ugo Bassi, 23 

58/b, 35131- Padova, Italy, mail: antonella.viola@unipd.it 24 

 25 

Abstract  26 
 27 

Mesenchymal stem cells (MSC) represent an impressive opportunity in term of regenerative 28 

medicine and immunosuppressive therapy. Although it is clear that upon transplantation MSC exert 29 

most of their therapeutic effects through the secretion of bioactive molecules, the effects of a pro-30 

inflammatory recipient environment on MSC secretome have not been characterized.  In this study, 31 

we used a label free mass spectrometry based quantitative proteomic approach to analyze how pro-32 

inflammatory cytokines modulate the composition of the human MSC secretome. We found that 33 

pro-inflammatory cytokines have a strong impact on the secretome of human bone marrow-derived 34 

MSC and that the large majority of  cytokine-induced proteins are involved in inflammation and/or 35 
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angiogenesis. Comparative analyses with results recently obtained on mouse MSC secretome 36 

stimulated under the same conditions reveals both analogies and differences in the effect of pro-37 

inflammatory cytokines on  MSC secretome in the two organisms. In particular, functional analyses 38 

confirmed  that tissue inhibitor of metalloproteinase-1 (TIMP1) is a key effector molecule 39 

responsible for the anti-angiogenic properties of both human and mouse MSC within an 40 

inflammatory microenvironment. Mass spectrometry data are available via ProteomeXchange with 41 

identifier PXD005746  42 

 43 

Significance 44 

The secretion of a broad range of bioactive molecules is believed to be the main mechanism by 45 

which MSC exert specific therapeutic effects. MSC are very versatile and respond to specific 46 

environments by producing and releasing a variety of effector molecules. To the best of our 47 

knowledge this is the first study aimed at describing the secretome of human MSC primed using a 48 

mixture of cytokines, to mimic pro-inflammatory conditions encountered in vivo, by a quantitative 49 

high-resolution mass spectrometry based approach. The main output of the study concerns the 50 

identification of a list of specific proteins involved in inflammation and angiogenesis which are 51 

overrepresented in stimulated MSC secretome.  The data complement a previous study on the 52 

secretome of mouse MSC stimulated under the same conditions.  Comparative analyses reveal 53 

analogies and differences in the biological processes affected by overrepresented proteins in the two 54 

organisms. In particular, the key role of TIMP-1 for the anti-angiogenic properties of stimulated 55 

MSC secretome already observed in mouse is confirmed in human. Overall, these studies represent 56 

key steps necessary to characterize the different biology of MSC in the two organisms and design 57 

successful pre-clinical experiments as well as clinical trials. 58 

 59 

Keywords: secretome; MSC; stem cells; mass spectrometry; TIMP-1 60 

 61 

1. Introduction  62 

 63 

Mesenchymal stem cells (MSC) are a heterogeneous population of adherent cells with a self-64 

renewable capacity and with a wide distribution in an adult organism; indeed, they can be isolated 65 

from several adult tissues including bone marrow, adipose tissue, kidney and liver [1]. 66 

As multipotent progenitor cells, depending on the stimulus and the culture conditions employed, 67 

MSC are able to differentiate into various cell types, especially of the mesodermal lineage. The 68 

maintenance of stem cell subsets in adult tissues has been suggested as the physiological role of 69 
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MSC, especially in the context of bone marrow. The localization of MSC in vivo indicates that they 70 

are fundamental components of the perivascular niche, controlling maintenance and trafficking of 71 

Hematopoietic Stem Cells (HSC) and immune cells [2].  72 

Besides their physiological role, MSC represent an impressive opportunity in term of regenerative 73 

medicine and immunosuppressive therapy. Indeed, in vitro studies demonstrated the ability of MSC 74 

to inhibit proliferation and activation of a large number of immune cells such as T cells, B-cells, 75 

natural killer cells (NK) and dendritic cells (DC) [3]. The secretion of a broad range of bioactive 76 

molecules is now believed to be the main mechanism by which MSC exert specific effects [4]. 77 

Thus, it has become increasingly important to achieve a complete qualitative and quantitative 78 

characterization of MSC secretome by –omics approaches, as confirmed by the large number of 79 

recent studies aimed at characterizing the secretome of MSC primed under different conditions [5-80 

18]. Indeed, several studies have demonstrated that MSC are very versatile and respond to the 81 

environment by producing and releasing a variety of effector molecules [19]. This is a crucial issue 82 

when considering MSC-based therapy, because the biological activity of the transplanted cells will 83 

be strongly influenced by the inflammatory status of the host [20]. In this regard, we have recently 84 

published a paper reporting the employment of a high-throughput proteomic approach to detect the 85 

specific proteins whose expression is modulated when mouse MSC (mMSC) are primed by pro-86 

inflammatory cytokines [21]. The main result of our study was the observation that pro-87 

inflammatory stimulation results in up-regulation in the mMSC secretome of a number of both pro- 88 

and anti-angiogenic proteins. Amongst the latter, TIMP-1 - an endogenous inhibitor of 89 

metalloproteinases - was pinpointed as a key factor for the anti-angiogenic and anti-inflammatory 90 

effects exerted by the stimulated mMSC [21]. 91 

Human MSC (hMSC) are currently being tested in a wide range of clinical settings, mainly in 92 

autoimmune diseases (multiple sclerosis, rheumatoid arthritis, Crohn’s disease, etc.), graft-versus-93 

host disease (GvHD), wound repair, ischaemia/stroke, liver diseases and HSC engraftment. Despite 94 

the large number of ongoing clinical trials, the demonstration of a beneficial effect from hMSC in 95 

large placebo-controlled trials remains elusive. In some cases, hMSC have even been reported to 96 

lead to the exacerbation of disease symptoms [22, 23]. Among the reasons responsible for this 97 

inconsistency, there might be differences in the responses of mouse and human MSC to the 98 

inflammatory milieu. Indeed, pre-clinical experiments in mice that are based on the use of either 99 

human or mouse MSC have important limitations: when human cells are transplanted in the mouse, 100 

it is possible that some of the cross-talks between MSC and the host are impaired and that this may 101 

strongly affect the therapeutic effects of MSC transplantation; on the other hand, mMSC may have 102 

different biological properties than hMSC. Understanding the biology of human and mouse MSC is 103 
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therefore necessary to design and perform successful pre-clinical experiments as well as clinical 104 

trials. 105 

To the best of our knowledge, the present study reports for the first time a quantitative proteomic 106 

characterization of the secretome of human, bone marrow-derived MSC primed with pro-107 

inflammatory cytokines. Proteomic analyses were conducted under exactly the same conditions 108 

used in our previous investigation on mMSC in order to avoid variations with methodology, 109 

allowing direct comparative analysis between the results obtained with the two organisms.  110 

 111 

2. Material and methods 112 

 113 

2.1 Isolation of mMSC 114 

mMSC were isolated as described [21] by flushing the femurs and tibias from 8 week-old, 115 

C57Bl/6N female mice and cultured in 25 cm2 tissue culture flasks at a concentration of 2X106 116 

cells/cm2 using complete Dulbecco modified Eagle medium low glucose (DMEM, Lonza, Braine-117 

L’Alleud, Belgium) supplemented with 20% heat inactivated fetal bovine serum (Biosera, Ringmer, 118 

United Kingdom), 2 mM glutamine (Lonza), 100 U/mL penicillin/streptomycin (Lonza). Cells were 119 

incubated at 37°C in 5% CO2. After 48 hours, the non-adherent cells were removed. After reaching 120 

70–80% confluence, the adherent cells were trypsinized (0.05% trypsin at 37°C for 3 minutes), 121 

harvested and expanded in larger flasks. MSC at passage 10 were screened by flow cytometry for 122 

the expression of CD106, CD45, CD117, CD73, CD105, MHC-I, SCA-1 and CD11b and used to 123 

perform experiments (BD Pharmingen, Oxford, UK). 124 

 125 

2.2 Collection of conditioned medium (CM) of mMSC 126 

mMSC were plated as described [21] and let grow until confluence in ventilated cap flask. Growth 127 

medium was substituted with DMEM low glucose supplemented with 10% FBS, 2 mM glutamine, 128 

100 U/mL penicillin/streptomycin, with (st mMSC) or without (unst mMSC) 25 ng/mL mIL1b, 20 129 

ng/mL mIL6, 25 ng/mL mTNFa for 24 hours. After three washes in DMEM low glucose, the 130 

medium was changed with DMEM low glucose supplemented with 2 mM glutamine, 100 U/mL 131 

penicillin/streptomycin for the following 18 hours. Conditioned medium was harvested and 132 

centrifuged at 4000 rpm for 10 min.  133 

 134 

2.3 Isolation of hMSC 135 

hMSC were provided by Orbsen Therapeutics Ltd (Galway, Ireland). Ethical approvals are granted 136 

from the NUIG Research Ethics Committee and the Galway University Hospitals Clinical Research 137 
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Ethics Committee (CREC). Briefly, bone marrow was harvested from volunteers, and the cell 138 

culture was set up as previously described [24]. hMSC were characterized according to international 139 

guidelines [25]. All samples were obtained with informed consent. Procurement of the sample 140 

conformed to European Parliament and Council directives (2001/20/EC; 2004/23/EC).  141 

 142 

2.4 Collection of conditioned medium (CM) of hMSC 143 

hMSC were plated in with MEM Alpha with Glutamax supplemented with 10% FBS, 2 mM 144 

glutamine, 100 U/mL penicillin/streptomycin and let grow until confluence in in a humidified 145 

incubator with 5% CO2 and 37°C. At the moment of the confluence, medium was substituted with 146 

MEM Alpha with Glutamax supplemented with 2% FBS, 2 mM glutamine, 100 U/mL 147 

penicillin/streptomycin, with (st hMSC) or without (unst hMSC) 25 ng/mL hIL1b, 20 ng/mL hIL6, 148 

25 ng/mL hTNFa. 24 hours later, after three washes in MEM Alpha with Glutamax, the medium 149 

was changed with MEM Alpha with Glutamax supplemented with 2 mM glutamine, 100 U/mL 150 

penicillin/streptomycin for the following 18 hours. Conditioned medium was harvested and 151 

centrifuged at 4000 rpm for 10 min.  152 

 153 

2.5 Endothelial Cell lines 154 

SVEC4-10 (ATCC #CRL-2181 Manassas, VA), an endothelial cell line from murine axillary lymph 155 

nodes, was cultured in a humidified incubator with 5% CO2 and 37°C, in DMEM (ATCC 30-2002 156 

Manassas, VA) supplemented with 10% heat-inactivated FBS, 1% penicillin and streptomycin.  157 

Human Umbilical Vein Endothelial Cells (HUVEC, Lonza C2519A) were cultured in a humidified 158 

incubator with 5% CO2 and 37°C with EBM-2 Basal Medium supplemented by EGM-2 BulletKit 159 

(CC-3156 & CC-4176). All the plastics used for HUVEC culture were pre-coated with 0.2% gelatin 160 

in H2O (37°C for at least 2 hours). Cells were subcultured using 0.05% trypsin, 0.02% EDTA 161 

solution. 162 

 163 

2.6 Tube formation assay SVEC4-10 164 

Matrigel Matrix (Corning) was thawed overnight at 4°C.  Tips and 96-well plates flat bottom were 165 

pre-chilled overnight before performing the experiment. The day of the assay, 80 µl of Matrigel 166 

were seeded in the 96-well plate and left to polymerize at 37°C, 5% CO2 for at least 30 minutes. 167 

1,5x104 SVEC4-10 were first suspended in 100µl of MSC-CM, supplemented with 10% FBS, alone 168 

or with anti-TIMP-1 (AF980 R&D) at the final concentration of 5 ug/mL, and then seeded on the 169 

solidified matrix. The formation of the tube networks develops in 4 hours at 37°C 10% CO2. 170 

DMEM low glucose supplemented with 10% heat-inactivated FBS were used as positive control. At 171 
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the end of the incubation, cell tubes were imaged with a phase contrast inverted microscope at 4× 172 

objective magnifications and analysis was performed with ImageJ Angiogenesis Analyzer. 173 

 174 

2.7 Tube formation assay HUVEC 175 

Matrigel Matrix (Corning) was thawed overnight at 4°C. The day of the assay, 100 µl of Matrigel 176 

were seeded in the 96-well plate and left to polymerize at 37°C, 5% CO2 for at least 30 minutes. 177 

2x104 HUVEC were first suspended in 100 µl of hMSC-CM, supplemented with 10% FBS, alone or 178 

with anti-TIMP-1 (AF970 R&D) at the final concentration of 5 ug/mL, and then seeded on the 179 

solidified matrix. The formation of the tube networks develops in 4 hours at 37°C 10% CO2. 180 

MEMalpha supplemented with 10% heat-inactivated FBS were used as positive control. At the end 181 

of the incubation, cell tubes were imaged with a phase contrast inverted microscope at 4× objective 182 

magnifications and analysis was performed with ImageJ Angiogenesis Analyzer. 183 

 184 

2.8 Isolation and Differentiation of Mouse Bone Marrow–Derived Monocytes  185 

Bone marrow cell suspensions were obtained by flushing femurs and tibias of 8- to 12-week-old 186 

C57Bl/6N mice (Charles River; Sulzfeld, Germany) with complete DMEM low Glucose 187 

supplemented with 10% FCS, 1% Pen/Strep and 1% L-Glutamine. Possible cellular aggregates were 188 

removed by pipetting and red cells were eliminated through ACK lysis buffer (10-548E, Lonza). 189 

Cells were washed twice with medium, seeded on 24-well plates (Corning Costar; Schiphol-Rijk, 190 

the Netherlands) at the concentration of 106cells/mL and maintained in a humidified incubator with 191 

5% CO2 and 37°C. 192 

Cells were supplemented with 20 ng/mL mM-CSF as positive control, or cultured in mMSC-CM 193 

supplemented with 10% FBS. MSC-CM and mM-CSF were replaced three days later. Cells were 194 

harvested five days later by gentle pipetting and repeated washing with phosphate buffered saline 195 

(PBS), and 2 mM EDTA. Monocytes differentiation was analysed by flow cytometry. 196 

 197 

2.9 Isolation and differentiation Human Blood-Derived Monocyte 198 

Peripheral Blood Monocyte Cells (PBMCs) from healthy donors were isolated by centrifugation on 199 

Ficoll-Paque solution and placed on Percoll 46% vol/vol solution (Amersham Biosciences) in 200 

RPMI 1640–10% FCS and 4 mM. Monocytes were harvested, resuspended in medium–2% FCS, 201 

and let to adhere to plastic (1 hour at 37°C) in order to eliminate contaminating lymphocytes. For 202 

macrophage differentiation, 3×105 monocytes were seeded in 24-well plates with MEMalpha 203 

supplemented with 20% FBS in the presence of 100 ng/mL h-M-CSF as positive control, or they 204 
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were cultured in hMSC-CM plus 20% FBS. After five days of differentiation, monocyte-derived 205 

macrophages were analysed by flow cytometry using CD14 staining.  206 

 207 

2.10 Flow Cytometry analysis 208 

The expression of macrophage surface markers was evaluated by Flow Cytometry analysis. Briefly, 209 

cells were washed and stained in PBS supplemented with 2% fetal calf serum. After 20 minutes of 210 

incubation at 4°C with Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc BlockTM 553142), 211 

fluorescent antibodies were diluted in PBS supplemented with 2% fetal calf serum, to identify 212 

mouse macrophages (CD11b:PeCy7 BD 552850 and F4/80:Alexa Fluor® 488 BioRad MCA497F) 213 

and human macrophages (CD14: PE R&D FAB3832P). Cell viability was assessed with the 214 

Live/Dead Fixable Aqua Dead Cell Stain Kit (Invitrogen), following the manufacturer’s 215 

instructions. After the final wash, cells were fixed in 1% paraformaldehyde and acquired with the 216 

BD FACSCanto™ II system. Post-analysis of flow cytometry data was performed using FlowJo™ 217 

software (Tree Star Inc.). 218 

 219 

2.11 ELISA-Assay 220 

To detect M-CSF and TIMP-1 concentration in MSC-CM, ELISA assays were performed following 221 

the manufacturer’s instruction (for human, M-CSF DuoSet ELISA DY216 and TIMP-1 DuoSet 222 

ELISA DY970; for mouse, M-CSF DuoSet ELISA DY416 and TIMP-1 DuoSet ELISA DY980). 223 

 224 

2.12 LC-ESI MS/MS analysis 225 

Five technical replicas, including steps for sample preparation and mass spectrometric analysis, 226 

were performed for each sample (st hMSC-CM from patient H30, unst hMSC-CM from patient 227 

H30, st hMSC-CM from patient H34, unst hMSC-CM from patient H34).  228 

Proteomic analyses were performed as described [21]. Briefly, proteins were precipitated with 10 % 229 

tricholoracetic acid for 2 h on ice, reduced, carbamydomethylated and digested with trypsin 230 

sequence grade trypsin (Roche) for 16 h at 37 °C using a protein:tripsin ratio of 50:1. Nano LC-231 

ESI-MS/MS analysis was performed on a Dionex UltiMate 3000 HPLC System with a PicoFrit 232 

ProteoPrep C18 column (200 mm, internal diameter of 75 μm) (New Objective, USA) Gradient:1% 233 

ACN in 0.1 % formic acid for 10 min, 1-4 % ACN in 0.1% formic acid for 6 min, 4-30% ACN in 234 

0.1% formic acid for 147 min and 30-50 % ACN in 0.1% formic for 3 min at a flow rate of 0.3 235 

μl/min. The eluate was electrosprayed into an LTQ Orbitrap Velos (Thermo Fisher Scientific, 236 

Bremen, Germany) through a Proxeon nanoelectrospray ion source (Thermo Fisher Scientific). The 237 

LTQ-Orbitrap was operated in positive mode in data-dependent acquisition mode to automatically 238 
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alternate between a full scan (m/z 350-2000) in the Orbitrap (at resolution 60000, AGC target 239 

1000000) and subsequent CID MS/MS in the linear ion trap of the 20 most intense peaks from full 240 

scan (normalized collision energy of 35%, 10 ms activation). Isolation window: 3 Da, unassigned 241 

charge states: rejected, charge state 1: rejected, charge states 2+, 3+, 4+: not rejected; dynamic 242 

exclusion enabled (60 s, exclusion list size: 200). Data acquisition was controlled by Xcalibur 2.0 243 

and Tune 2.4 software (Thermo Fisher Scientific). 244 

Mass spectra were analyzed using MaxQuant software (version 1.3.0.5) [26]. The initial maximum 245 

allowed mass deviation was set to 6 ppm for monoisotopic precursor ions and 0.5 Da for MS/MS 246 

peaks. Enzyme specificity was set to trypsin, defined as C-terminal to arginine and lysine excluding 247 

proline, and a maximum of two missed cleavages were allowed. Carbamidomethylcysteine was set 248 

as a fixed modification, N-terminal acetylation and methionine oxidation as variable modifications. 249 

The spectra were searched by the Andromeda search engine against the human UniProt sequence 250 

database (release 2014_01). Protein identification required at least one unique or razor peptide per 251 

protein group. Quantification in MaxQuant was performed using the built in XIC-based label free 252 

quantification (LFQ) algorithm [27] using fast LFQ. The required false positive rate was set to 1% 253 

at the peptide and 1% at the protein level, and the minimum required peptide length was set to 6 254 

amino acids. 255 

 256 

2.14 Statistical and bioinformatics analyses 257 

Statistical analyses were performed using the Perseus software (version 1.4.0.6 [28]). Only proteins 258 

present and quantified in at least 3 out of 5 technical repeats were considered as positively identified 259 

in a sample(st hMSC-CM from patient H30, unst hMSC-CM from patient H30, st hMSC-CM from 260 

patient H34, unst hMSC-CM from patient H34). T-test analysis of stimulated versus unstimulated 261 

technical replicas were conducted separately for samples from the two patients. Comparing the 262 

results obtained in the two analyses, proteins were considered differentially expressed in stimulated 263 

samples if they were present only in st- or in unst- hMSC-CM or showed significant t-test p-value 264 

(cut-off at 1% permutation-based False Discovery Rate) in both patients.  265 

Proteins listed in Tables 1 and 2 and Supplemantal Table 2 were considered secreted or involved in 266 

inflammation/angiogenesis according to the following databases/datasets: Gene Ontology [29], 267 

NextProt [30], UniProt [31], Gene Cards [32], datasets [6, 8] and manual literature mining. 268 

Bioinformatic analyses were carried out by DAVID software (release 6.7) [33]. GOBP and groups 269 

were filtered for significant terms (modified Fisher exact EASE score p value <0.05 and at least five 270 

counts). Networks of up-regulated proteins in st hMSC-CM involved in inflammation or 271 
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angiogenesis was performed using String [34] (active interactions: text mining, experiments, 272 

databases). 273 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 274 

via the PRIDE [35] partner repository with the dataset identifier PXD005746. 275 

 276 

3. Results and Discussion 277 

 278 

3.1 Proteomic characterization of hMSC secretome 279 

Fig. 1 summarizes the results of the proteomic characterization of secretome of hMSC before and 280 

after stimulation with inflammatory cytokines; 497 proteins were present in at least 3 out of 5 281 

technical replicas in at least one stimulation condition (stimulated or unstimulated) in both patients 282 

(donors H30 and H34). These proteins are listed in Supplemental Table 1, together with their main 283 

identification parameters. Fig.1A highlights the number of proteins detected in stimulated human 284 

MSC conditioned medium (st hMSC-CM) and unstimulated human MSC conditioned medium (unst 285 

hMSC-CM). Amongst the 465 proteins identified in st hMSC-CM (proteins in groups 1, 2, 4 and 5 286 

of Supplemental Table 1), 133 are listed as cytokine or chemokine or functionally related to these 287 

classes of compounds according to the NextProt database [30]. 288 

  289 

3.2 Proteins up-regulated in stimulated hMSC-CM 290 

Since MSC enhance their therapeutic efficacy following priming by cytokines [36, 37], analyses 291 

were focused on proteins overrepresented or present only in st hMSC compared to unst hMSC 292 

secretome; 39 proteins are present only in st hMSC-CM, while 426 are common to stimulated and 293 

unstimulated hMSC-CM (Fig. 1A); statistical analysis of the common proteins indicates that 57 294 

proteins are overrepresented in st hMSC-CM (according to t-test  p-value, cut-off at 1% 295 

permutation-based False Discovery Rate). Overall, 96 proteins are up-regulated or present only in st 296 

hMSC-CM in both patients (Table 1, which reports the t-test p-values and t-test difference for each 297 

protein in each patient). Fig. 1B, showing the t-test differences calculated for each patient for the 57 298 

up-regulated proteins present in both st- and unst-hMSC-CM , allows detecting proteins highest 299 

increase in abundance in in stimulated versus unstimulated  hMSC-CM in each patient. A Pearson 300 

correlation coefficient R=0.73 was calculated from data in Fig. 1B.  301 

All proteins listed in Table 1 are predicted to be potentially secreted/extracellular/included in 302 

exosomes according to annotations in Gene Ontology [29] or NextProt [30] or UniProt [31] or Gene 303 

Cards [32]) or in datasets [6, 8] or from manual literature mining.  304 
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70% and 64% of up-regulated proteins in st hMSC-CM are involved in inflammation or 305 

angiogenesis, respectively (Table 1). The extended network of interactions amongst inflammation- 306 

or angiogenesis-related proteins up-regulated in st hMSC-CM according to available experimental 307 

evidence, database and literature information is shown in Fig. 2. A number of proteases (BMP1, 308 

C1R, C1S, CFB, CTSB, MMP1, MMP2, MMP3, MMP10 MMP13, PSMA5, PSME2, QPCT) and 309 

protease inhibitors (C3, COL7A1, FBLN1, FN1INHBA, ITIH2, SERPINB2, SERPINE1, TIMP1) 310 

are up-regulated in st hMSC secretome, strengthening our suggestion that a fine but complex tuning 311 

of proteolytic activity is a key mechanism regulating MSC effects on angiogenesis and tissue 312 

remodeling [21]. In particular, MMPs are presently considered not only effectors but also regulators 313 

of a number of biological processes since they can activate, inactivate or antagonize the biological 314 

functions of growth factors, cytokines and chemokines by proteolytic processing and thus either 315 

promote or suppress inflammation and angiogenesis [38. 39]. Notably several protease/protease 316 

inhibitors listed above are amongst the proteins showing large quantitative differences in stimulated 317 

vs unstimulated hMSC-CM (Table 1, Fig. 1B and Fig. 2).  318 

Since it has been established that tissue origin, growth and stimulation conditions may influence the 319 

type and quantity of proteic components of MSC secretome [16], we compared the list of up-320 

regulated proteins in st hMSC-CM with those reported in recent studies performed using a similar 321 

mass spectrometry based quantitative proteomic approach on human MSC. Supplemental Table 2 322 

confirms that different stimulation conditions lead to up-regulation of largely different sets of 323 

proteins. Notably, 24 proteins (25%, highlighted in Supplemental Table 2) detected as up-regulated 324 

in our study were overrepresented also in the secretome of MSC deriving from a different adult 325 

tissue (adipose tissue) stimulated with TNF-α [11]. This finding provides new  experimental 326 

evidences at the molecular level supporting the notion that the type of stimulus has a major 327 

influence on MSC secretome. As expected, considering the stimulating agent, 22 out of 24 common 328 

overrepresented proteins are related to inflammation and/or angiogenesis (Supplemental Table 2). 329 

 330 

3.3 Proteomic based comparison between mouse and human MSC-CM  331 

In our previous work, we took advantage of animal models to elucidate the molecular pathway 332 

involved in effects of mMSC on the complex crosstalk between inflammation and angiogenesis 333 

[21]. Because it is widely accepted that significant differences exist between mouse and human 334 

MSC [36, 40], and because of the tremendous relevance of inflammation-induced angiogenesis in 335 

human diseases, we focused our attention on comparing mouse and human MSC secretome. The 336 

proteomic results of the present study were therefore compared with those reported for mMSC-CM 337 

[21]. Supplemental Table 1 lists the 286 proteins (out of 465, 62%) present in st hMSC-CM that 338 
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have been detected also in st mMSC-CM. The number of proteins significantly up-regulated or 339 

present only in the secretome of stimulated MSC is similar in the two species: 89 in mouse (Table 340 

S2 of [21]), 96 in human (Table 1). A comparative analysis of GO_BP category enrichment of 341 

overrepresented proteins in human and/or mouse (Fig. 3) suggests that: a) proteins up-regulated in 342 

the secretome of stimulated MSC from both organisms are, for the most part, involved in similar 343 

biological processes, mainly related to defense, immune and inflammatory response, chemotaxis 344 

and extracellular matrix remodeling; b) however there are clear important differences among human 345 

and mouse. Thus, only st mMSC-CM is enriched in proteins involved in chromatin structure 346 

assembly, cell proliferation regulation and related processes. On the contrary, complement 347 

activation, leukocyte migration, bone development and metabolic processes specifically related to 348 

collagen are amongst the statistically enriched GO functional categories in human but not in mouse. 349 

Such differences are confirmed by the observation that only 23 proteins are up-regulated or present 350 

only in stimulated MSC-CM both in mouse and human (Table 2); this again points to a fine species-351 

related tuning of the overall effects of secretome from the two organisms; interestingly, our analysis 352 

indicates that 74 % and 83% of the common up-regulated proteins are associated with angiogenesis 353 

or inflammation, respectively. 354 

 355 

3.4 Functional evidence of human and mouse MSC secretome similarities or differences 356 

Our proteomic results indicate that the majority of secreted proteins from both human and mouse 357 

MSC are associated with inflammation and angiogenesis (Table 1 and [21]). To identify specific 358 

functional analogies or differences of human and mouse MSC in the regulation of these two 359 

important processes, we focused on two proteins, M-SCF/CSF1 and TIMP1, which are present in st 360 

MSC-CM of both species and play a key role in immunity/inflammation and angiogenesis, 361 

respectively [41, 42]. 362 

 363 

3.4.1 Macrophage colony-stimulating factor (M-CSF) 364 

M-CSF is a growth factor secreted by a large variety of cells including macrophages, endothelial 365 

cells, fibroblast and lymphocytes. By interacting with its membrane receptor (CSF1R or M-CSF-R), 366 

it stimulates the survival, proliferation, and differentiation of monocytes and macrophages [43-45]. 367 

Our proteomic data indicated that M-CSF (CSF1) is up-regulated in the secretome of both human 368 

and mouse MSC upon stimulation by inflammatory cytokines (Tables 1 and 2 and Fig. 2). Thus, we 369 

investigated the ability of MSC-CM to generate monocyte-derived macrophages in vitro. 370 

Surprisingly, our data revealed an important difference between mouse and human MSC-CM (Fig. 371 

4). When compared to the positive control (recombinant mouse M-CSF), both unst mMSC-CM or 372 
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st mMSC-CM were unable to induce macrophage differentiation (F4/80+, CD11b+ cells) efficiently. 373 

In this case, stimulation of mMSC with pro-inflammatory cytokines did not change the properties of 374 

the secretome (Fig. 4 A). In contrast, the culture of human monocytes in the presence of st hMSC-375 

CM produced the same percentage of differentiated macrophages as the positive control 376 

(recombinant human M-CSF) (Fig. 4 B). These data reflect the amount of mouse or human M-CSF 377 

detectable by ELISA in unst or st human and mouse MSC-CM (Fig. 4). Thus, although M-CSF is 378 

up-regulated in both human and mouse MSC-CM upon stimulation by inflammatory cytokines, the 379 

amount of M-CSF secreted by mMSC is too low to be detected by ELISA and to induce 380 

macrophage differentiation efficiently.  381 

Notably, proteomic data on human M-CSF (CSF1) fully agree with functional assays and ELISA 382 

analysis. As reported in Table 1 and Fig. 2, M-CSF is amongst the proteins showing the highest 383 

increase/present only in stimulated human secretome according to mass spectrometric analysis; the 384 

apparent discrepancy in the presence of CSF1 in unst hMSC-CM between ELISA (showing low 385 

levels of M-CSFin unst hMSC-CM, Fig. 4) and proteomics (listing M-CSF as absent in unst hMSC-386 

CM in Table 1) is due to the high stringency used to filter quantitative proteomic data in the present 387 

report (detection in at least 3 out of 5 technical replicas in both patients). In fact, M-CSF was 388 

detected also in low amounts in 4 out of 5 replicas of unstimulated secretome of donor H34 but only 389 

in 2 out of 5 replicas of donor H30 and consequently listed as “non detected” in unst hMSC-CM. 390 

 391 

3.4.2 TIMP-1 392 

Concerning angiogenesis, in our previous work [21] we analysed the effect of mMSC-CM on in 393 

vitro angiogenesis exploiting the tube formation assay. As we reported in Fig. 5 A, soluble factors 394 

released by stimulated mMSC strongly inhibited the ability of SVEC4-10 cells, a mouse endothelial 395 

cell line, to form tube networks. In contrast, unst mMSC-CM had no effect on tube formation. In an 396 

effort to assess the angiogenetic role of hMSC, we performed the same experiments using HUVEC 397 

cells (Human Umbilical Vein Endothelial Cells) (Fig. 5 B). In agreement with the data obtained 398 

with mMSC, soluble factors secreted by hMSC affected the ability of HUVEC cells to form tubes. 399 

Interestingly, in the case of human cells, MSC-CM was able to inhibit tube formation even when 400 

MSC had not been primed by cytokines. However, pre-activation with pro-inflammatory cytokines 401 

strengthened the anti-angiogenic effects of hMSC-CM, thus supporting our hypothesis that, during 402 

an inflammatory response, MSC target angiogenesis and thus dampen the inflammatory response 403 

[21]. 404 

Using both in vitro and in vivo approaches, we demonstrated that mMSC anti-angiogenic effect is 405 

mediated by TIMP-1 [21]. Because the proteomic analyses indicate that TIMP-1 is one of the 406 
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proteins up-regulated in both human and mouse st MSC-CM (Table 2), we compared the results 407 

obtained by blocking TIMP-1 in SVEC4-10 cells incubated in the presence of mMSC-CM (Fig. 6 408 

A) with those generated using HUVEC cells and hMSC-CM (Fig. 6 B). By inhibiting TIMP-1 409 

activity with a specific blocking antibody, we observed the complete recovery of HUVEC cell 410 

ability to form tubes even in the presence of st hMSC-CM, indicating that TIMP1 is one of the key 411 

secreted molecules targeting endothelial cells in both mouse and human MSC.  412 

TIMP-1 concentration was measured by ELISA in st and unst, human and mouse MSC-CM (Fig. 7 413 

A for mouse and B for human). In accordance with our data of tubulogenesis showing that unst 414 

mMSC-CM has no effect on angiogenesis (Figs. 5 and 6, panel A), the concentration of TIMP-1 in 415 

mMSC-CM was about 5-times higher when cells had been primed by pro-inflammatory cytokines. 416 

Thus, in mouse MSC, the anti-angiogenic phenotype is acquired only after licensing with pro-417 

inflammatory cytokines, i.e. when TIMP-1 levels rise from about 3 ng/mL to 25 ng/mL. In hMSC, 418 

however, the basal high level of secreted TIMP1 may explain the partial anti-angiogenic effect of 419 

the unst hMSC-CM (Figs. 5 and 6, panel B). In fact, in support of this hypothesis, TIMP-1 blockade 420 

restored the formation of the endothelial network in the presence of unst or st hMSC-CM. 421 

Again, proteomic data fully agree with functional assays and ELISA results for human TIMP1. As 422 

reported in Fig. 2 and Table 1, this protein is listed amongst those overrepresented in st hMSC but 423 

showing relative lower level increase following stimulation. Additional bioinformatics analyses of 424 

proteomic data further support the observation that even relatively small changes in the level of 425 

TIMP1 can result in very significant modulation of secretome properties. First of all, its level will 426 

greatly influence the proteolytic potential of the secretome and, consequently, the overall activity of 427 

a number of secretome components, including proteins which level is not increased following 428 

stimulation and proteins not directly involved in inflammation and angiogenesis; secondly, but not 429 

less importantly, TIMP1 is functionally related to a number of overrepresented proteins in 430 

stimulated secretome besides proteases (Fig. 2 and Supplemental Table 3), like cytokines and 431 

structural proteins (such as IL6, IL8, CCL2 CXCL12, COL3A1). The complete list of the 54 432 

proteins of stimulated hMSC-CM functionally correlated to TIMP1 according to String [34] is 433 

reported in Supplemental Table 3.  434 

 435 

4. Conclusions 436 

The proteomic analysis of hMSC-CM and mMSC-CM confirms that exposure to pro-inflammatory 437 

cytokines results in significantly higher secretion of a number of immunomodulatory and 438 

angiogenesis-related proteins by MSC from both species. Notably, 62% of the proteins identified in 439 

st hMSC-CM were also identified in st mMSC-CM, clearly highlighting the existence of a common 440 
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signature in the secretome of human and mouse MSC. However, although human and mouse MSC 441 

show a similar proteomic signature in response to stimulation by pro-inflammatory cytokines, our 442 

data indicate that they may induce different biological responses. Thus, even if M-CSF is up-443 

regulated in both human and mouse MSC-CM, only hMSC-CM induce macrophage differentiation 444 

efficiently because of its high concentration of M-CSF.  445 

In both species, several up-regulated proteins are associated with angiogenesis. The extended 446 

network of interactions amongst inflammation and angiogenesis-related proteins in stimulated 447 

hMSC-CM makes it extremely difficult to assess the in vivo physiological importance of each 448 

factor. In particular, the presence of a number of protease and protease inhibitors implies the 449 

possibility of additional self-modulation of the properties of the various components of the 450 

secretome [39].  451 

Although our data fully confirm the anti-angiogenic role of stimulated MSC for both mouse and 452 

human cells, at basal conditions MSC behavior is striking different. Indeed, while unst MSC-CM 453 

collected from mouse cells has no effect on tube formation, hMSC-CM significantly reduces 454 

angiogenesis in vitro. Finally, the anti-angiogenic role of TIMP-1 already observed in the mouse 455 

model was confirmed also using hMSC-CM: by inhibiting TIMP-1 activity with a specific blocking 456 

antibody, we observed the complete recovery of HUVEC cell ability to form tubes even in the 457 

presence of st hMSC-CM, indicating that TIMP1 is one of the key secreted molecules targeting 458 

endothelial cells in both mouse and human MSC. 459 
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 597 

Figure legends 598 

Fig. 1. Summary of the results obtained in the proteomic characterization of hMSC-CM 599 

A. Venn diagram showing proteins detected in at least 3 out of 5 technical replicas in both patients 600 

only in stimulated hMSC-MC or unstimulated hMSC-CM or in both; B. t-test difference (difference 601 

of log(2) mean intensity of a protein in stimulated and unstimulated hMSC-CM replicas,[28])  602 

observed in the two patients for the 57 proteins present in stimulated and unstimulated hMSC-MC 603 

https://www.ncbi.nlm.nih.gov/pubmed/24094322
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and significantly overrepresented in stimulated hMSC-MC according to t-test p-value (cut-off at 1% 604 

permutation-based False Discovery Rate). Pearson correlation coefficient R=0.73.  Complete 605 

protein identities and detailed values are reported in Table 1.  606 

 607 

Fig. 2. Network interactions of overrepresented proteins in stimulated hMSC-CM involved in 608 

inflammation or in angiogenesis. Overrepresented proteins in stimulated hMSC-CM involved in 609 

inflammation (A) or angiogenesis (B), respectively, according to targeted accurate literature mining 610 

as reported in Table 1, have been searched for possible interactions using String [34]. Active 611 

interactions: text mining, experiments, databases; edges thickness indicates “confidence”. Red 612 

symbols: proteins present only in stimulated hMSC secretome or showing high t-test difference 613 

according to Fig. 1B. Yellow edges indicate proteins with proteases/protease inhibitors activity 614 

 615 

Fig. 3. Distribution into biological processes of the proteins overrepresented in stimulated hMSC-616 

CM in human and mouse. The proteins that were significantly up-regulated or present only in 617 

stimulated MSC-CM (Table 1 and [21]) were classified into different biological processes 618 

according to the Gene Ontology classification system (GOBP) using DAVID software [33]; 619 

confidence level: medium; only categories showing modified Fisher exact EASE score p 620 

value<0.05 and at least 5 counts in hMSC are represented. The bars represent the percentage of 621 

proteins involved in a category out of the total number of overrepresented proteins in human (96) or 622 

mouse (89) secretome. Asterisks indicate Fold Enrichment range for each category: * 1-5, ** 6-10, 623 

***>10 624 

 625 

Fig. 4: Human and Mouse MSC conditioned media differentially stimulate monocytes 626 

differentiation. A) Mouse bone marrow cells were cultured with murine M-CSF (as positive 627 

control), unstimulated or stimulated mouse MSC-CM for 5 days. Differentiation to macrophages 628 

was assessed by Flow Cytometry as percentage of F4/80+CD11b+ cells.  Right panel: mouse M-629 

CSF concentration in conditioned media was analysed by ELISA. Undetectable cytokine levels 630 

were reported for both preparations. B) Human PBMCs were cultured with human M-CSF (as 631 

positive control), unstimulated or stimulated human MSC-CM for 5 days. Macrophages were 632 

analysed by Flow Cytometry as CD14+ cells. Right panel: human M-CSF quantification by ELISA 633 

assay shows higher cytokine levels in st hMSC-CM than unst hMSC-CM. A and B, left panels: 3 634 

independent experiments, data are expressed as mean ± SEM (*p<0.05, ****p<0.0001, One way 635 

Anova). A and B, right panels: 2 independent experiments, data are expressed as mean ± SEM 636 

(*p<0.05, parametric t-test). 637 
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 638 

Fig. 5. Effect of Human or Mouse MSC conditioned medium on tube formation assay. The effect of 639 

unstimulated or stimulated MSC media on endothelial cells was determined by a tube formation 640 

assay. Cells were seeded on the top of a matrigel phase in the presence of unstimulated or 641 

stimulated A) mouse, B) human MSC- CM. 6 hours later, images were acquired with a phase 642 

contrast inverted microscope at 4× objective magnification. Analysis was performed with ImageJ 643 

Angiogenesis Analyzer. A) SVEC4-10 network formation; quantification of the tube segment 644 

length (expressed in pixel number) and representative images at 4 hours. B) Huvec network 645 

formation; quantification of the tube segment length and representative images (expressed in pixel 646 

number)  at 4 hours. 3 independent experiments, data are expressed as mean ± SEM (*p<0.05, 647 

**p<0.01, One way Anova). 648 

 649 

Fig. 6: Timp-1 blocking reverts the anti-angiogenic effect of mouse and human MSC conditioned 650 

media. In order to investigate the role of MSC-derived TIMP-1 on angiogenesis, the tube formation 651 

assay was performed in the presence of A) mouse or B) human TIMP-1 blocking antibody. 652 

Representative images of A) SVEC4-10 cell line or B) Huvec cells are taken with a phase contrast 653 

inverted microscope at 4× objective magnifications. Graphs show the quantification of the tube 654 

segment length measured with ImageJ Angiogenesis Analyzer. Data are expressed as mean ± SEM 655 

(*p<0.05, **p<0.01; One way Anova), 3 independent experiments. 656 

 657 

Fig. 7. Mouse and human MSC-derived TIMP-1 quantification  658 

MSC-derived TIMP-1 concentration in A) mouse and B) human unstimulated or stimulated MSC 659 

conditioned medium was measured with ELISA. Data are expressed as mean ± SEM (*p<0.05, 660 

parametric t-test), 2 independent experiments. 661 

 662 

 663 
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 668 

 669 

Fig. 1. Summary of the results obtained in the proteomic characterization of hMSC-CM. A. Venn 670 

diagram showing proteins detected in at least 3 out of 5 technical replicas in both patients only in 671 

stimulated hMSC-MC or unstimulated hMSC-CM or in both; B. t-test difference (difference of 672 

log(2) mean intensity of a protein in stimulated and unstimulated hMSC-CM replicas, [28]) 673 

observed in the two patients for the 57 proteins present in stimulated and unstimulated hMSC-674 

MC and significantly overrepresented in stimulated hMSC-MC according to t-test p-value (cut-675 

off at 1% permutation-based False Discovery Rate). Pearson correlation coefficient R = 0.73. 676 

Complete protein identities and detailed values are reported in Table 1. 677 
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Fig. 2. Network interactions of overrepresented proteins in stimulated hMSC-CM involved in 682 

inflammation or in angiogenesis. Overrepresented proteins in stimulated hMSC-CM involved in 683 

inflammation (A) or angiogenesis (B), respectively, according to targeted accurate literature 684 

mining as reported in Table 1, have been searched for possible interactions using String [34]. 685 

Active interactions: text mining, experiments, databases; edges thickness indicates “confidence”. 686 

Red symbols: proteins present only in stimulated hMSC secretome or showing high t-test 687 

difference according to Fig. 1B. Yellow edges indicate proteins with proteases/protease 688 

inhibitors activity. 689 

 690 

 691 

Fig. 3. Distribution into biological processes of the proteins overrepresented in stimulated hMSC-692 

CM in human and mouse. The proteins that were significantly up-regulated or present only in 693 

stimulated MSC-CM (Table 1 and [21]) were classified into different biological processes 694 

according to the Gene Ontology classification system (GOBP) using DAVID software 695 

[33];confidence level: medium; only categories showing modified Fisher exact EASE score p 696 

value b 0.05 and at least 5 counts in hMSC are represented. The bars represent the percentage of 697 

proteins involved in a category out of the total number of overrepresented proteins in human (96) 698 

or mouse (89) secretome. Asterisks indicate fold enrichment range for each category: * 1–5, ** 699 

6–10, *** N 10. 700 

 701 
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 702 

Fig. 4. Human and mouse MSC conditioned media differentially stimulate monocytes 703 

differentiation. A) Mouse bone marrow cells were cultured with murine M-CSF (as positive 704 

control), unstimulated or stimulated mouse MSC-CM for 5 days. Differentiation to macrophages 705 

was assessed by Flow Cytometry as percentage of F4/80 + CD11b + cells. Right panel: mouse 706 

M-CSF concentration in conditioned media was analysed by ELISA. Undetectable cytokine 707 

levels were reported for both preparations. B) Human PBMCs were cultured with human M-CSF 708 

(as positive control), unstimulated or stimulated human MSC-CM for 5 days. Macrophages were 709 

analysed by Flow Cytometry as CD14 + cells. Right panel: humanM-CSFquantification by 710 

ELISA assay shows higher cytokine levels in st hMSC-CM than unst hMSC-CM. A and B, left 711 

panels: 3 independent experiments, data are expressed as mean ± SEM (*p b 0.05, ****p b 712 

0.0001, One way ANOVA). A and B, right panels: 2 independent experiments, data are 713 

expressed as mean ± SEM (*p b 0.05, parametric t-test). 714 

 715 
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 716 

Fig. 5. Effect of human or mouse MSC conditioned medium on tube formation assay. The effect of 717 

unstimulated or stimulated MSC media on endothelial cells was determined by a tube formation 718 

assay. Cells were seeded on the top of a matrigel phase in the presence of unstimulated or 719 

stimulated A) mouse, B) human MSC-CM. 6 h later, images were acquired with a phase contrast 720 

inverted microscope at 4 × objective magnification. Analysis was performed with ImageJ 721 

Angiogenesis Analyzer. A) SVEC4-10 network formation; quantification of the tube segment 722 

length (expressed in pixel number) and representative images at 4 h. B) Huvec network 723 

formation; quantification of the tube segment length and representative images (expressed in 724 

pixel number) at 4 h. 3 independent experiments, data are expressed as mean ± SEM (*p b 0.05, 725 

**p b 0.01, One way ANOVA). 726 

 727 
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 728 

Fig. 6. Timp-1 blocking reverts the anti-angiogenic effect of mouse and human MSC conditioned 729 

media. In order to investigate the role of MSC-derived TIMP-1 on angiogenesis, the tube 730 

formation assay was performed in the presence of A) mouse or B) human TIMP-1 blocking 731 

antibody. Representative images of A) SVEC4-10 cell line or B) Huvec cells are taken with a 732 

phase contrast inverted microscope at 4 × objective magnifications. Graphs show the 733 

quantification of the tube segment length measured with ImageJ Angiogenesis Analyzer. Data 734 

are expressed as mean ± SEM (*p b 0.05, **p b 0.01; One way ANOVA), 3 independent 735 

experiments. 736 

 737 
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 738 

Fig. 7. Mouse and human MSC-derived TIMP-1 quantification. MSC-derived TIMP-1 739 

concentration in A) mouse and B) human unstimulated or stimulated MSC conditioned medium 740 

was measured with ELISA. Data are expressed as mean ± SEM (*p b 0.05, parametric t-test), 2 741 

independent experiments. 742 


