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Abstract

Mesenchymal stem/stromal cells (MSCs) have been increasingly used in clinical trials for low-back pain 
(LBP) and intervertebral disc (IVD) degeneration with promising results. Their action mechanisms are not 
fully understood, but they reduce IVD pro-inflammatory markers in a pro-inflammatory/degenerative IVD 
microenvironment. In this study the therapeutic potential of the MSC secretome, as an alternative cell-free 
approach for treating degenerated IVDs, was examined. Human bone marrow-derived MSC secretome 
(MSCsec) was collected after 48 h of preconditioning in IL-1β (10 ng/mL) and low oxygen (6 % O2), mimicking 
the degenerative IVD. IL-1β-pre-conditioning of MSCs increased secretion of pro-inflammatory markers hIL-6, 
hIL-8, hMCP-1, etc. The therapeutic effect of MSCsec was tested in a pro-inflammatory/degenerative IVD ex 
vivo model. MSCsec down-regulated IVD gene expression of pro-inflammatory cytokines (bIL-6, bIL-8) and 
matrix degrading enzyme bMMP1, while bMMP3 and bTIMP2 were up-regulated, at 48 h. After 14 d, MSCsec-
treated IVDs revealed increased aggrecan deposition, although no differences in other ECM components were 
observed. Protein analysis of the MSCsec-treated IVD supernatant revealed a significant increase of CXCL1, 
MCP-1, MIP-3α, IL-6, IL-8 and GRO α/β/γ (related to TNF, NOD-like receptor and neutrophil chemotaxis 
signalling), and a decrease of IFN-γ, IL-10, IL-4, IL-5 and TNF-α (associated with T-cell receptor signalling). 
MSCsec-treated IVD supernatants did not promote angiogenesis and neurogenesis in vitro. Overall, MSCsec 
can be a safe therapeutic approach, presenting a strong immunomodulatory role in degenerated IVD while 
potentiating aggrecan deposition, which can open new perspectives on the use of MSCsec as a cell-based/
cell-free therapeutic approach to LBP.
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List of Abbreviations

ACAN  aggrecan
ADAMTS 5 a disintegrin and metalloproteinase with  
   thrombospondin motifs 5
AF   annulus fibrosus
ASCs  adipose-derived stem cells
ASCs-CM adipose-derived stem cells conditioned  
   medium
b as prefix bovine
BDNF  brain-derived neurotrophic factor
BM   bone marrow
BSA  bovine serum albumin
CD105  endoglin
CD73  ecto-5′-nucleotidase

CD90  THYmocyte differentiation antigen 1
COL1  collagen type I
COL2  collagen type II
CXCL1  chemokine (C-X-C motif) ligand 1
DAB  diaminobenzidine tetrahydrochloride
DAPI  4′,6-diamidino-2-phenylindole
dDC  degenerated disc cells
DMEM  Dulbecco’s modified Eagle’s medium
DMMB  1,9-dimethyl-methylene blue zinc   
   chloride double salt
DRG  dorsal root ganglion
ECGS  endothelial cell growth supplement
ECM  extracellular matrix
ELISA  enzyme-linked immunosorbent assay
FBS  foetal bovine serum
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MMPs and aggrecanases, that leads to a degradation 
of ECM resulting in loss of disc height and integrity 
(Rannou et al., 2001). It also induces the production of 
breakdown products that cause an acidification of the 
IVD microenvironment, leading to cell death (Quero 
et al., 2013). Furthermore, the local production of 
pro-inflammatory cytokines also attracts leukocytes 
from the nearby regions, as well as invading nerves 
and blood vessels, to the physiologically avascular/
aneural NP (Ito and Creemers, 2013). This invasion 
is believed to lead to the development of discogenic 
pain, despite some contradictory reports (Binch et 
al., 2015).
 Current treatments for LBP comprise conservative 
approaches that are unable to resolve its underlying 
cause, or surgical interventions that are prone to 
accelerate the degenerative processes of adjacent 
anatomical structures (Harrop et al., 2008). Therefore, 
alternative therapies have been highly sought after. 
Cell therapies, particularly those using MSCs, 
have been extensively studied in the context of 
IVD degeneration (Sakai and Schol, 2017). MSCs, 
as well as their secretome, can potentiate tissue 
regeneration and modulate the immune response 
in many pathological conditions (Ferreira et al., 
2018), including closely related scenarios such as 
osteoarthritis-induced cartilage damage (Khatab et 
al., 2018). This therapeutic effect has been shown to 
be susceptible to improvement by preconditioning 
of the cells with specific microenvironmental factors 
(oxygen and nutrients abundance, culture medium 
pH, presence of specific soluble factors) (Ferreira et 
al., 2018). In the context of IVD degeneration, many 
reports have added to the potential MSCs have as 
a viable therapeutic approach. Such literature has 
demonstrated the ability of MSCs to differentiate 
into NP-like cells in-vivo, capable of contributing to 
the production of discogenic ECM (Wei et al., 2014). 
Others indicate that MSCs act by preventing the 
loss of ECM and, consequently, some disc height 
reduction in in vivo models of IVD degeneration 
(Cunha et al., 2017; Hiyama et al., 2008; Sakai et al., 
2003). Additionally, MSCs have been observed to 
protect IVD cells from apoptosis (Chen et al., 2017; 
Cheng et al., 2018) and reported as safe in clinical 
trials, having provided symptomatic pain relief in 12 
patients (Orozco et al., 2011; Yoshikawa et al., 2010).
 The authors have previously shown that MSCs 
can modulate the intense production of catabolic/
pro-inflammatory factors by degenerative IVD cells 
(Teixeira et al., 2018), in a bovine IVD ex vivo model 
under pro-inflammatory/degenerative conditions 
(Teixeira et al., 2016). In this model, MSCs were able 
to downregulate the expression of IL-6, IL-8 and 
TNF-α as well as MMPs in IVD cells (Teixeira et al., 
2018). The authors and others hypothesise that MSCs 
act through a paracrine mechanism that mediates 
the discs’ response (Miyamoto et al., 2010). This is 
in line with the increasing number of publications 
referring the importance of the MSCsec (Ferreira et 
al., 2018). On the other hand, their capacity to survive 

FDU  5-fluoro-2’-deoxyuridine
FGF  fibroblast growth factor
GAG  glycosaminoglycan
GAPDH  glyceraldehyde 3-phosphate   
   dehydrogenase
GCP-2  granulocyte chemotactic protein 2
GDNF  glial cell line-drived neurotrophic factor
GRO α/β/γ growth-related oncogen α/β/γNGF
NGF  nerve growth factor
HBSS  Hank’s balanced salt solution
h as prefix human
HUVECs human umbilical vein endothelial cells
IBFBP-2  insulin-like growth factor binding   
   protein 2
IFNγ  interferon-gamma
IGF-1  insulin-like growth factor 1
IGFBP-1,3,4 insulin-like growth factor binding   
   protein 1, 3, 4
IL-   interleukin-
IQR  interquartile range
ISCT  International Society for Cellular Therapy
IVD  intervertebral disc
LBP  low-back pain
MCP-1,2,3 monocyte chemoattractant protein-1, 2, 3
MIG  monokine induced by gamma interferon
MIP-1δ  macrophage inflammatory protein 1δ
MIP-3α  macrophage inflammatory protein 3α
MMPs  matrix metalloproteinases
MSCs  mesenchymal stem/stromal cells
MSCsec  MSCs secretome
NOD  nucleotide-binding oligomerisation   
   domain
NP   nucleus pulposus
NT3, 4  neurotrophin 3, 4
P/S   penicillin/streptomycin
PARC  pulmonary and activation-regulated  
   chemokine
PBS  phosphate-buffered saline
PFA  paraformaldehyde
PGE2  prostaglandin E2
PI   propidium iodide
PLGF  placental growth factor
RANTES regulated on activation, normal T cell  
   expressed and secreted
RGB  red-green-blue
SDF-1α  stromal cell-derived factor 1-alpha
sGAG  sulphated glycosaminoglycans
TGFβ1  transforming growth factor beta-1
TIMP  tissue inhibitors of metalloproteinases
TNF  tumour necrosis factor
Th1&17 cells T helper cells, types 1 and 17
VEGF-A  vascular endothelial growth factor-A

Introduction

For decades, LBP has been considered the world’s 
leading disorder in number of years lived with 
disability, currently affecting up to 70-85 % of the 
world population (James et al., 2018). The aetiology 
of this disease is complex and with many possible 
catalysts, but still, 40 % of LBP episodes are related 
to IVD degeneration (DePalma et al., 2011). The IVD 
degenerative process, believed to originate in the 
NP (Raj, 2008), involves a myriad of different events 
whose connection and causal order are still not 
completely understood. IVD cells produce increased 
levels of the pro-inflammatory cytokines TNF, IL-1α, 
IL-1β, IL-6 and IL-17 (Risbud and Shapiro, 2014) and 
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for a long time in the harsh microenvironment of 
the degenerative IVD and actively differentiate into 
cells from the injured/diseased/degenerated tissues is 
still under scrutiny, with opposing data having been 
released, which also contributes to the hypothesis 
that the secretome and not the actual presence of 
cells is the relevant factor (Cunningham et al., 2018). 
With emphasis placed on how the surrounding 
microenvironment greatly influences the composition 
of MSC secretome (Ferreira et al., 2018), the authors 
hypothesise that the MSCs action in the degenerated 
IVD is mainly mediated by their secretome, thus 
taking the first steps into the possibility for a cell-
based/cell-free therapeutic approach to the problem. 
To test this hypothesis, the response of degenerated 

IVD to MSCsec, using a previously established and 
validated (Teixeira et al., 2016) pro-inflammatory/
degenerative IVD ex vivo model, was investigated.

materials and methods

ethics approval and consent to participate
All the biological samples used in this work were 
obtained with the ethical approval of the Portuguese 
authorities and manipulated according to official 
guideline abiding protocols. BM samples used for 
the isolation of human MSCs were collected from 
patients of both genders aged 18-45 years old, by 
the Orthopaedics Service according to the rules of 

Fig. 1. Effect of pre-conditioning on MSC viability, metabolic activity and phenotype. hBM-MSCs were 
preconditioned with or without IL-1β (10 ng/mL) under normoxic (21 % O2) or hypoxic (6 %O2) conditions, in 
6-well plates, for 48 h. (a) Graphical illustration of experimental setup. (b) Percentage of viable cells assessed 
by trypan blue exclusion assay and fluorescence levels of resorufin produced as a result of resazurin reduction 
by metabolically active MSC (n = 5-7). fluorescence levels were normalised to the total cell number cultured. 
(c) Flow cytometry analysis of MSCs upon pre-conditioning. Representative histogram of CD105, CD90 and 
CD73 expression of MSCs and quantitative analysis of the percentage of MSCs exhibiting surface expression 
of CD90, CD105, CD73 (n = 1). All the results are presented as box and whiskers plots with representation 
of median, min and max values and statistical analysis was performed using the non-parametric paired 
Wilcoxon test.
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Fig. 2. The effect of pre-conditioning on MSCsec composition. The secretome of hBM-MSCs preconditioned 
with or without IL-1β (10 ng/mL) under normoxic (21 % O2) or hypoxic (6 % O2) conditions, in 6-well plates, 
for 48 h was collected and analysed for its content. (a) Inflammatory cytokines concentration in MSCsec. 
IL-6, IL-8, MCP-1, RANTES, PGE2 were quantified in culture supernatants by ELISA (n = 5-8). All the results 
are presented as box and whiskers plots with representation of median, min and max values and statistical 
analysis was performed using the non-parametric paired Wilcoxon test, a (p < 0.05); b (p < 0.01), c (p < 0.001). 
(b). Relative concentration of 80 molecules in the MCSsec, represented by their absolute signal density 
values (pool of 4 donors). (c) Ontology terms significatively enriched in the functional clusters obtained 
by the analysis of the 10 most concentrated molecules (out of the 80 analysed) with the DAVID Functional 
Annotation Tool software. Statistical significance was calculated by the DAVID Functional Annotation Tool 
software considering a 95 % confidence levels, a (p < 0.05); b (p < 0.01); c (p < 0.001); d (p < 0.0001).
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the ethical commission of Centro Hospitalar S. João 
and after informed consent of the patients. Bovine 
tails were obtained from the local slaughterhouse 
Carnes Landeiro SA, with the ethical approval of 
Portuguese Agency for Animal Welfare (Direção-
Geral de Alimentação e Veterinária, DGAV). 
Embryonic DRGs were acquired from 16-18 d murine 
embryos according to animal procedures approved 
by the INEB/IBMC ethics committee and by DGAV in 
accordance with the EU Directive (2010/63/EU) and 
Portuguese law (DL 113/2013).

MSCs preconditioning and secretome production
Human BM was harvested from donors undergoing 
hip replacement or knee surgery and MSCs were 
isolated by Ficoll gradient centrifugation and 
adherence to plastic, and routinely cultured, as 
previously reported (Almeida et al., 2012). MSCs 
phenotype and multilineage differentiation potential 
were previously assessed according to the guidelines 
of the International Society of Cell Therapy (Dominici 
et al., 2006), and as established in the authors’ lab 
(Almeida et al., 2012). At least 3 different donors of 
MSCs in passages 4-9 were used for the experiments. 
Human BM-derived MSCs were seeded onto 6-well 
tissue culture plates (1 × 106 cells per well), in low-
glucose DMEM (Corning, New York, NY, USA), 
supplemented with 10 % heat-inactivated FBS, MSCs 
qualified (Gibco, Waltham, MA, USA) and 1 % P/S, 
and left to adhere at 37 °C with 21 % O2 for 24 h. After 
this period, cell culture medium was replaced with 
5 mL of fresh medium, alone or supplemented with 
recombinant human IL-1β (10 ng/mL) (PeproTech, 
Cranbury, NJ, USA), and MSCs were cultured at 
37 °C either in 6 % O2 + 8.5 % CO2 (hypoxia) or 21 % 
O2 + 5 % CO2 (normoxia). Graphical representation 
of the experimental procedure can be found in Fig. 
1a. MSCsec was collected after 48 h [the timepoint 
previously used in which MSCs revealed to be 
immunomodulatory in this context (Teixeira et al., 
2018)] and the cells harvested for further processing. 
MSCs viability was ascertained by trypan blue 
dye-exclusion assay and mitochondrial metabolic 
activity of MSCs was assessed by resazurin-reduction 
assay, as previously described (Teixeira et al., 2018). 
MSCs phenotype was analysed by flow cytometry 
according to the ISCT criteria (Dominici et al., 2006), 
as established in the author’s group (Almeida et al., 
2012).
 MSCsec collected was centrifuged at 1,800 ×g for 
5 min, at 4 °C, to remove cell debris. Both conditioned 
media and cell pellets were then stored at – 80 °C 
until further use. MSCsec was assessed for the 
following growth factors/cytokines: PGE2 (Arbor 
Assays), IL-8 (PeproTech), IL-6 (PeproTech), MCP-1 
(PeproTech) and RANTES (PeproTech) (Fig. 2a). For 
that, human ELISA kits (Arbor Assays, Ann Arbor, 
MI, USA and PeproTech) were used according to the 
manufacturer’s instructions.

Pro-inflammatory/degenerative bovine IVD organ 
culture treatment with MSCsec
Bovine IVDs were isolated from tails of young animals 
(< 1 year old) up to 3 h post-slaughter and cultured, 
as previously described (Teixeira et al., 2016). Briefly, 
after removing the tissue surrounding the discs, these 
were dissected from the tails with a scalpel and the 
centre part of the NP tissue was collected, using a 
9 mm-puncher. The NP explants were cultured in 
6-well plates under 0.46 MPa static loading in 5 mL 
of low-glucose DMEM medium supplemented with 
5 % FBS, 1 % P/S, 0.5 % amphotericin B and osmolarity 
adjusted to IVD-physiological 400 mOsm by addition 
of 1.5 % NaCl / KCl (5 MOL/L / 0.4 mol/L). Culture 
conditions were kept at 37 °C under reduced oxygen 
atmosphere (6 % O2, 8.5 % CO2) and saturated 
humidity with medium changes at every 2 d. At the 
fifth day of culture, IVDs were needle-punctured 
with a 21 G needle to induce degeneration and the 
culture medium was supplemented with 10 ng/mL 
of recombinant human IL-1β (PeproTech). 3 h later, 
the culture medium was replaced by MSCsec further 
supplemented with 10 ng/mL of IL-1β. For short-term 
IVDs organotypic culture (48 h), the IVD cells were 
isolated from the tissue by enzymatic digestion with 
0.2 % collagenase type IA (Sigma-Aldrich, St. Louis, 
MO, USA) in low-glucose DMEM supplemented with 
1 % P/S and 0.5 % amphotericin B, at 37 °C, overnight, 
with magnetic agitation. These cells were then passed 
through a 100 μm cell strainer, washed with PBS 
1 × and stained for PI and Annexin V expression 
according to the kit’s manufacturer’s instructions 
(BD, Pharmigen, San Diego, CA, USA) before analysis 
by flow cytometry using the BD FACSCANTO™ 
II cell analyser (Fig. 3b). The medium from the 
IVD culture (IVD conditioned medium) was also 
collected and stored at – 20 °C. For long-term IVDs 
organotypic culture (14 d), the culture medium was 
replaced (25 %) every 4-5 d, without new addition of 
IL-1β. At day 14, IVDs were collected for histological 
analysis (Fig. 4a). Non-stimulated IVDs and IVDs 
punctured and stimulated with 10 ng/mL of IL-1β 
were used as controls in all experiments. All of the 
IVDs cultures were maintained in culture at 37 °C, 
6 % O2 and 8.5 % CO2.

Analysis of MSCsec and IVD conditioned media
The cytokine content of MSCsec and IVD conditioned 
media was analysed using the Human Cytokine 
Array C5 (RayBiotech, Peachtree Corners, GA, USA), 
following the manufacturer’s protocol. For that, a 
pool of MSCsec from 4 different donors and a pool 
of conditioned media collected from 4 distinct IVD 
cultures stimulated with: i) needle-puncture + IL-1β 
(IL-1β) and ii) needle-puncture + IL-1β + MSCsec 
(IL-1β + MSCsec) were mixed and analysed in the 
membrane array. Chemiluminescent signal was 
detected in a Chemidoc XRSþ image analyser (Bio-
Rad, Hercules, CA, USA) with an exposure time 
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Fig. 3. MSCsec role on IVD degenerative status at 48 h post degenerative stimulus. Pro-inflammatory/
degenerative bIVDs were generated by needle puncture and culture with IL-1β under hypoxia, followed by 
short-term culture in the presence of MSCsec collected from pre-conditioned MSCs. (a) Graphical illustration 
of the experimental setup. (b) Cell viability in response to the pro-inflammatory stimulus/treatment with 
MSCsec was assessed by flow cytometry analysis of Anexin/PI staining for the percentage of (c.1) dead cells 
and (b.2) cells in apoptosis. (c) After 48 h, the inflammatory status of IVD was evaluated by analysing the 
gene expression levels of pro-inflammatory cytokines (c.1) bIL-6 and (c.2) bIL-8, matrix degrading enzymes 
(c.3) bMMP1, (c.4) bMMP3 and (c.5) bADAMTS5, matrix degrading enzymes inhibitors (c.6) bTIMP1 and (c.7) 
bTIMP2 and matrix components (c.8) bCOL2and (c.9) bACAN were assessed and normalised to bGAPDH. The 
results are presented as fold change to control IVDs (control level = 1) (n = 5-6). All the results are presented 
as box and whiskers plots with representation of median, min and max values and statistical analysis was 
performed using non-parametric paired Wilcoxon test, a (p < 0.05); b (p < 0.01), c (p < 0.001).
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of 5.0 s. Membrane array images were analysed 
using ImageLab 6.0 software (Bio-Rad). Briefly, 
reference circles were equally defined for all the 
spots in the array and the mean spot pixel density 
calculated. The signal densities were normalised to 
the background. Results were then analysed using 
the Functional Annotation Clustering Tool from the 
DAVID Database (Huang et al., 2007), whose output 
was composed of a list of ontology terms organised 
in functional clusters with attached statistical 
significance values for its enrichment relative to 
the expected ratio of the used background (total of 
molecules analysed). When possible, a comparative 
analysis was conducted by calculating the treatment/
degenerative control ratio, which expresses the 
up- or down-regulation of certain factors present 
in the degenerative NP due to treatment with 
MSCsec related to the untreated degenerative/pro-
inflammatory IVD. Only molecules with a differential 
protein expression ratio cut-off > 5 and < − 5 were 
considered for analysis. These thresholds were 
defined considering the physiological significance of 
the observed differences in comparison to the global 
differences. For the conditions compared, most of 
the molecules analysed were altered far beyond 
the physiologically relevant thresholds previously 
used by the authors’ group (− 1.3/− 1.5 to + 1.3/+ 1.5) 
(Caldeira et al., 2017; Silva et al., 2017). Comparatively, 
the increase in the cut-off values (to 5 and − 5) help 
to decrease the number of false positives (Gregori 
et al., 2013). These conservative values also reduce 
the number of candidate molecules; therefore, 
focusing the consequent analysis only on the most 
affected factors. The analysis of the MSCsec was 
exploratory, without any comparison to another 
experimental group being examined. Instead, the top 
10 most prevalent molecules detected were selected 
and then tested with the Functional Annotation 

Clustering Tool from the DAVID Database. This test 
was performed to ascertain any statistically relevant 
enriched functional clusters to which the most MSCs-
produced molecules were linked.

gene expression analysis of Ivd
At 48 h after degenerative stimulation and culture 
with MSCsec, IVD total RNA was extracted and 
reverse transcribed into cDNA for gene expression 
analysis. For RNA extraction from the IVD explants, 
the tissue was chopped into very small fragments 
using a scalpel and enzymatically digested for 1 h with 
2 mg/mL protease from Streptomyces griseus (Sigma-
Aldrich) in DMEM, under agitation (50 rpm), at 37 °C. 
The digestion was inhibited by the addition of FBS 
(10 μL/mL) (Capricorn Scientific, Ebsdorfergrund, 
Hessen, Germany) and the remaining tissue was 
washed twice with cold PBS 1 ×. The tissue pellet 
was then snap frozen in liquid nitrogen, thawed, 
and resuspended in TRIzol reagent (Invitrogen, 
Waltham, MA, USA). The protocol recommended by 
the manufacturer was followed up to the collection of 
the aqueous phase containing the RNA. This phase 
was carefully removed and, after the addition of 
isopropanol, transferred to the binding columns of 
the ReliaPrep RNA Cell Miniprep System (Promega, 
Madison, WI, USA), which was used to purify total 
RNA, according to manufacturer’s instructions. RNA 
was quantified using a NanoDrop spectrophotometer 
(Infinite M200; Tecan, Mannerdorf, Switzerland). 
RNA quality was confirmed by determining the 
RNA integrity ratio in a bioanalyser, using the RNA 
6000 Pico Kit.
 Total RNA from IVD cells (~ 500 ng per IVD 
sample) was reverse transcribed into cDNA using 
the SuperScript III RT Kit (Invitrogen) complemented 
with deoxynucleotide mix (10 mmol/L) and random 
hexamer primers (50 μmol/L). The obtained cDNA 

gene Sequence (forward and reverse primer)
Amplicon 

length (bp)
nCbI reference 

sequence

bGAPDH Fw: 5’-GAA GGT GAA GGT CGG AGT C-3’
Rv: 5’-GAA GAT GGT GAT GGG ATT TC-3’ 224 J04038

bIL-6 Fw: 5’-AGG AGA CTT GCC TGG TGA AA-3’
Rv: 5’-CAG GGG TGG TTA TTG CAT CT-3’ 180 NM_000600

bIL-8 Fw: 5’-GTG CAG TTT TGC CAA GGA GT-3’
Rv: 5’-CTC TGC ACC CAG TTT TCC TT-3’ 196 NM_000584

bMMP1 Fw: 5’-ATG CTG AAA CCC TGA AGG TG-3’
Rv: 5’-CTG CTT GAC CCT CAG AGA CC-3’ 234 NM_002421

bMMP3 Fw: 5’-GGA GAT GCC CAC TTT GAT GAT-3’
Rv: 5’-CAT CTT GAG ACA GGC GGA AC-3’ 187 NM_002422

bADAMTS5 Fw: 5’-CAC CTC AGC CAC CAT CAC AG-3’
Rv: 5’-AGT ACT CTG GCC CGA AGG TC-3´ 152 NM_001166515.1

bCollagen II Fw: 5’-CGC ACC TGC AGA GAC CTG AA-3’
Rv: 5´-TCT TCT TGG GAA CGT TTG CTG G-3’ 162 XM_056481

bAggrecan Fw: 5’-TCT GTA ACC CAG GCT CCA AC-3’
Rv: 5’-CTG GCA AAA TCC CCA CTA AA-3’ 199 XM_007701

bTIMP1 Fw: 5’-GAC CGC AGA AGT CAA TGA AA-3’
Rv: 5’-GAA ACT CCT CAC TGC GGT TC-3’ 176 NM_174471.3

bTIMP2 Fw: 5´-AGG GCC AAA GCA GTC AAT AA-3’
Rv: 5’-AGA GGA GGG GGC TGT GTA GA-3’ 150 NC_037346.1

Table 1. List of primers used for the gene expression analysis.
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Fig. 4. MSCsec role on the ECM of proinflammatory /degenerative IVDs. Pro-inflammatory/degenerative 
bIVDs generated by needle puncture and culture with IL-1β under hypoxia, were cultured long-term in 
the presence of MSCsec collected from pre-conditioned MSC. (a) Graphical illustration of the experimental 
setup. (b) Representative images of sagittal sections of IVD explants stained for ACAN (scale bar = 100 μm), 
COL1 (scale bar = 100 μm) and COL2 (scale bar = 200 μm). (c) Biochemical analysis of IVD explants’ sGAG, 
after 14 d in culture, normalised to the control (n = 4). Quantification of total positive stained area for ACAN 
and COL1 expression (n = 4); quantification of COL2 fluorescence intensity normalised to control (dashed 
line) (n = 5). Results are presented as box and whiskers plots with representation of median, min and max 
values and statistical analysis was performed using non-parametric Kruskal-Wallis and Dunn’s multiple-
comparison tests. a (p < 0.05); b (p < 0.01).
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was used for qRT-PCR. Specific primer pairs for 
bovine IL-6, IL-8, MMP1, MMP3, TIMP1, TIMP2, 
COL2, ACAN, ADAMTS 5 and GAPDH, were 
purchased from Invitrogen (sequences available in 
Table 1). Reaction mixes were prepared with iTaq 
Universal SYBR Green Supermix (Bio-Rad), and 
carried out in a CFX96 Real-Time qPCR System (Bio-
Rad). Gene expression was considered for Cq < 35. 
The results relative to the IVDs gene expression were 
analysed according to the 2− ∆∆Cq method. Briefly, the 
average Cq of each sample was normalised to the 
respective Cq of the reference gene GAPDH (∆Cq) 
and then normalised to the control sample relative 
to each experiment (∆∆Cq). Final results are shown 
as 2-∆∆Cq. MSCs gene expression analysis final results 
are presented as ΔCq.

Ivd eCm analysis
After 14 d of culture, IVDs were fixed and embedded 
in paraffin wax for ECM analysis, as previously 
described (Teixeira et al., 2018). Antigen retrieval was 
performed in paraffin-wax sections by incubation 
with 20 μg/mL proteinase K solution for 15 min at 
37 °C, followed by heat-induced antigen retrieval 
in boiling citrate buffer pH 6 for 1 min. Sections 
were incubated overnight, at 4 °C, with one of the 
following primary antibodies: anti-collagen II-II6B3 
(1 : 50, developed by Dr Thomas F. Linsenmayer, 
Developmental Studies Hybridoma Bank, University 
of Iowa), anti-collagen I antibody (1 : 100, #600-401-
103-0.1, Rockland Immunochemicals, Inc., Limerick, 
PA, USA) or anti-aggrecan (1 : 50, #sc-25674, H-300, 
Santa Cruz Biotechnology, Dallas, TX, USA). For the 
COL2 immunofluorescence, the protocol followed 
included a blocking step with 5 % BSA in PBS for 1 h 
followed by primary antibody incubation. AlexaFluor 
594-labelled goat anti-mouse (1 : 1,000, Invitrogen-
Molecular Probes) was used as secondary antibody. 
Sections were then mounted in Fluoroshield with 
DAPI (Sigma-Aldrich). For the staining with COL1 
and ACAN, bound antibodies were revealed with 
DAB after incubation with Novolink™ Polymer, as 
described by the manufacturer (Novolink Polymer 
DS, #RE7140-CE, Leica, Wetzlar, Germany). Control 
sections for each labelling were only incubated with 
secondary antibody. All samples were stained at 
the same time for comparison purposes. For the 
immunofluorescence staining, representative images 
of the slides (covering all section) were recorded 
using an inverted fluorescence microscope (Axiovert 
200 M, Zeiss, Oberkochen, Germany) with the 
same exposure time for all samples. Fluorescence 
intensity was quantified using a custom-made 
MATLAB (The MathWorks Inc., Natick, MA, USA) 
script, the IntensityStatisticsMask software. Sections 
stained for ACAN and COL1 were imaged using a 
light microscope. The same lighting settings were 
maintained for all images to validate comparison. 
DAB staining area, directly proportional to ACAN 
deposition in the tissue, was quantified using a 
custom ImageJ H-DAB plugin, based on a colour 

deconvolution technique. The contributions of 
DAB and haematoxylin staining were calculated by 
digitally separating the specific RGB colour channels 
and quantifying the colour area in the corresponding 
DAB channel. After the threshold was set and applied 
to all images, the percentage of tissue stained was 
automatically calculated as being the positively 
stained area. 
 sGAG were also quantified by the DMMB assay. 
Briefly, IVDs were minced in very small sections 
and digested using proteinase K solution (0.5 mg/
mL) overnight at 56 °C. sGAG content was detected 
through the change in absorption spectrum registered 
after the reaction with DMMB dye reagent solution 
(Sigma-Aldrich), containing 40 mmol/L NaCl (Roth, 
Goshen, IN, USA), 40 mmol/L glycine (Roth) and 
46 μmol/L DMMB, previously adjusted to pH 3.0. 
Chondroitin sulphate A sodium salt from bovine 
trachea (Sigma-Aldrich) was used as a standard. 
Results were normalised to DNA content, quantified 
using Quant-iT PicoGreen DNA kit (Invitrogen), 
following the manufacturer’s instructions.

Angiogenic cell sprouting assay
To assess the angiogenic potential of the conditioned 
media from IVD cultures, a cell sprouting assay 
using HUVECs was conducted (Bidarra et al., 2010). 
Briefly, HUVECs were seeded at 26.64 × 103 cells/
cm2 in a μ-Slide Angiogenesis plate (#81506, Ibidi, 
Fitchburg, WI, USA) on top of 10 μL of pre-layered 3D 
Matrix Matrigel (Becton Dickinson, Franklin Lakes, 
NJ, USA), and incubated for 30 min at 37 °C. Culture 
medium containing an equal mixture of HUVECs 
culture medium (M199 medium, 10 % FBS, 1 % P/S, 
Heparin 0.1 mg/mL, 0.03 mg/mL ECGS) and the 
conditioned medium obtained from IVD cultures at 
48 h after stimulation was added on top of the solid 
3D matrix. Controls with HUVECs culture medium, 
MSCsec or IVD basal medium were performed. The 
sprouting ability of HUVECs was analysed at 12 h 
post-seeding. Images were acquired with an IN cell 
analyser 2000 system and processed with IN Cell 
Investigator software (GE Healthcare, Chicago, IL, 
USA). The obtained images were further analysed 
using ImageJ 1.52n (Wayne Rasband, National 
Institutes of Health, USA) by calculating the area 
covered by the tubular structures formed as well as 
by using the plugin angiogenesis analyser (Gilles 
Carpentier, ImageJ News, 5 October 2012).

Axonal growth neurogenic assay
In addition, to assess the neurogenic potential 
of the conditioned media from IVD cultures, an 
axonal growth assay using murine DRG culture, 
was conducted, as previously described (Neto et al., 
2018). Briefly, embryonic DRGs were obtained from 
murine embryos (E16-18) and maintained in HBSS 
(Invitrogen) while being isolated under a stereoscopic 
magnifier. Then they were seeded into the lower 
wells of a μ-Slide Angiogenesis plate (#81506, Ibidi) 
where fibrin hydrogels were formed by a ratio of 
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1 : 1 of plasminogen-free fibrinogen solution (pooled 
from human plasma) to a CaCl2-containing thrombin 
solution. The fibrin gel was left to polymerise for 
10 min at 37 °C prior to the addition of the neurobasal 
culture medium (supplemented with 2 % B-27 serum-
free supplement (B-27, Invitrogen), 60 μmol/L FDU 
(Sigma-Aldrich), 25 mmol/L glucose (Sigma-Aldrich), 
1 mmol/L pyruvate (Sigma-Aldrich), 50 ng/mL 
NGF (Merck Millipore Calbiochem™, Darmstadt, 
Germany), 2 mmol/L glutamine (BioWittacker, Lonza, 
Basel, Switzerland) and 1 % P/S). The DRG explant 
cultures were left undisturbed for 24 h, after which the 
neurobasal medium was replaced by the conditioned 
medium collected from the 48 h IVD culture in each 
of the different conditions. Controls with neurobasal 
medium supplemented with NGF, MSCsec or IVD 
basal medium alone were performed. Axonal growth 
was quantified after 72 h. DRG samples were fixed in 
2 % PFA at room temperature for 10 min, followed 
by 10 min in 4 %PFA with 4 % sucrose at 37 °C. 
Samples were then permeabilised by incubation with 
0.25 % Triton X-100 for 30 min at room temperature, 
followed by blocking in 5 % normal goat serum 
(Invitrogen) and 5 % FBS, at room temperature, for 
1 h. Immunofluorescence staining was performed 
by incubation with the primary antibody anti-
mouse βIII-tubulin (1 : 2000, #G7121, 5G8, Promega), 
overnight at 4 °C, followed by a 1 h incubation with 
the Alexafluor 488-conjugated secondary antibody 
(Invitrogen) at room temperature. Images were 
captured with an IN cell analyser 2000 and analysed 
with IN Cell Investigator software (GE Healthcare). 
Areas were automatically computed, and the 
outgrowth area quantified as previously reported 
(Neto et al., 2017).

statistical analysis
Results are presented in box and whisker plots, as 
median IQR. Since the data from this work did not 
pass the normality test (D’Agostine and Pearson 
normality test), nonparametric tests were applied. 
When more than two groups were compared either 
unpaired Kruskal-Wallis test or paired Wilcoxon 
test, with Dunn multiple comparison test as post-
hoc, were used. When only two groups were 
compared, statistical analysis was performed using 
nonparametric test Mann-Whitney. A confidence 
level of at least 95 % (p < 0.05) was set. Graph Pad 
Prism v6.01 software was used for the analysis.

results

pre-conditioning of msCs in a hypoxic and pro-
inflammatory microenvironment promotes a pro-
inflammatory profile
Pre-conditioning of MSCs in the presence of different 
oxygen levels (6 % and 21 %) and in the presence/
absence of the pro-inflammatory cytokine IL-1β was 
tested (Fig. 1a). These conditions were selected based 

on the IVD microenvironment cues that seemed to 
promote an immunomodulatory activity of MSCs, 
as previously demonstrated (Teixeira et al., 2018). 
MSCs remained highly viable and metabolically 
active in all the conditions tested (Fig. 1b) and 
their identity (based on positive expression of cell 
surface markers CD105, CD90 and CD73), as defined 
by the International Society for Cellular Therapy 
remained unaltered (Fig. 1c). The authors have 
previously demonstrated that the degenerative/pro-
inflammatory IVD microenvironment promoted the 
secretion of catabolic/pro-inflammatory cytokines 
(IL-6, IL-8, RANTES, PGE2, MCP-1) by MSCs (Teixeira 
et al., 2018). In the current study, it was confirmed 
that IL-1β, but not hypoxia (6 % O2), significantly (*, 
p < 0.05) increased the secretion of these cytokines 
by MSCs (Fig. 2a). However, because hypoxia is 
an intrinsic component of the degenerative IVD 
microenvironment and may impact aspects not 
explored, it was decided to maintain its use as 
a preconditioning factor. Thus, from this point 
onwards, only secretome produced under hypoxia 
and IL-1β (H + IL-1β) was used and termed MSCsec. 
A wider molecular analysis of this MSCsec, using a 
cytokine array of 80 molecules, was performed (Fig. 
2b). The results revealed that this secretome obtained 
upon MSCs pre-conditioning with IL-1β is enriched 
in IL-6, RANTES, MCP-1, IL-1β, TIMP-2, IL-8, GRO 
α/β/γ, Leptin, MIP-3α and CXCL1. By DAVID 
Functional Annotation Tool Software, the main 
signalling pathways triggered by these proteins were 
assessed (Fig. 2c). The most significantly enriched 
protein clusters relative to this array were involved 
in TNF signalling pathway, Neutrophil chemotaxis 
positive regulation, Inflammation, NOD-like receptor 
signalling pathway and Cellular response to FGF.

Secretome of MSCs preconditioned with IL-1β 
modulates the inflammatory profile and ECM 
synthesis of the degenerated Ivd
MSCsec was used to treat IVD organ cultures in 
pro-inflammatory/degenerative conditions. Analysis 
of disc cell viability using PI/Annexin V staining 
showed no significant differences in cell death or 
apoptosis across all the experimental conditions (Fig. 
3b). Gene expression levels of the catabolic markers, 
bIL-6 and bIL-8, upregulated in the degenerative/
pro-inflammatory IVD model, as demonstrated 
previously (Teixeira et al., 2016), were significantly 
down-regulated (* p < 0.05) in the presence of 
MSCsec, reaching levels similar to the control IVDs 
(Fig. 3c.1,c.2). Furthermore, the role of MSCsec on 
IVD ECM remodelling was explored (Fig. 3c.3-c.9). 
After 48 h, a downregulation of gene expression 
levels of the IVD matrix components, bCOL2 and 
bACAN, and an increase in matrix-degrading 
enzymes, bMMP1 and bMMP3, was observed in the 
degenerative IVD model, compared with the non-
stimulated discs, as previously reported (Teixeira et 
al., 2016). A slight decrease in the expression levels of 
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MMPs inhibitor, bTIMP2, was also observed, while 
no significant differences were observed in bTIMP1 
and bADAMTS5 (bADAMTS4 was also analysed but 
was expressed at very low levels, data not shown). At 
the same time point, MSCsec treatment significantly 
down-regulated gene expression of bMMP1 and 
bACAN (* p < 0,05), while up-regulating bMMP3 
(1.78-fold increase) relative to the pro-inflammatory/
degenerative IVD. In addition, MSCsec increased 
the expression of bTIMP2 in the degenerative IVD 
(1.49-fold increase, p < 0.01). To evaluate whether 
these alterations reflected alterations at the protein 
level, the IVDs explants were analysed at a later 
time point, 14 d post-treatment (Fig. 4b,c). All the 
pro-inflammatory/degenerative IVD organ cultures 
presented loss of sGAG, when compared with the 
control, an effect that could not be reversed by 
the presence of MSCsec (Fig. 4c). This sGAGs loss 
with time in bovine IVD explants, even without 
inflammatory stimuli, had already been reported 
(Teixeira et al., 2016). At tissue level, COL1 and COL2 
did not present significant alterations. Yet, ACAN 
levels, that were decreased on the pro-inflammatory/
degenerative IVD, were significantly increased upon 
MSCsec treatment (* p < 0.05) (Fig. 4c).

Predicted MSCsec action mechanisms in pro-
inflammatory/degenerative IVD organ culture 
are predominantly related to the inflammatory 
response
To unravel the main components of the MSCsec 
responsible for the observed effects in the 
degenerative IVD, the conditioned medium from 
the pro-inflammatory/degenerative IVDs organ 
cultures after treatment with MSCsec was screened 
for its protein content. An antibody membrane 
array was used and results compared with those 
from the pro-inflammatory/degenerative IVDs 
alone. The molecules most differently expressed 
(up-regulation > 5 and down-regulation < − 5) (Fig. 
5a), were analysed using the Functional Annotation 
Clustering Tool from the DAVID Database (Fig. 
5b). By analysis of the molecules upregulated in the 
MSCsec co-culture (TIMP-2, CXCL1, GRO α/β/γ, 
Leptin, MCP-1, MCP-3, MIP-3α, IL-8, IBFBP-2, IL-
6, GCP-2, IGFBP-1) with the DAVID Functional 
Clustering Tool, a significantly enriched cluster was 
found that included terms implicated in neutrophil 
chemotaxis, NOD-like receptor signalling pathway 
and TNF signalling pathways, among others. In 
parallel, a significative downregulation of molecules 
was found in IVD upon MSCsec treatment (IGF-1, 
Eotaxin 3, FGF-9, SDF-1 α, TNFα, MCP-2, Eotaxin-1, 
Eotaxin-2, PARC, MIG, TNFβ, IFNγ, MIP-1δ, IL-5, 
IL-16, TGFβ1, IL-4, IL-10, IGFBP-4, IGFBP-3, NT-4) 
(Fig. 5a). These were grouped in silico in significantly 
enriched clusters associated with gene ontology 
pathways involved with inflammation. Specifically, 
a subgroup of 5 molecules (IFN-γ, IL-10, IL-4, IL-5 
and TNF-α) was related with the T cell receptor 
signalling pathway. The presence of T lymphocytes 

in degenerated IVD has been described, but their role 
remains to be highlighted (Geiss et al., 2014; Kanerva 
et al., 1997).

MSCsec treatment does not increase angiogenic/
neurogenic potential of inflammatory/
degenerative Ivds
The angiogenic and neurogenic potential of 
degenerated IVDs treated with MSCsec were 
evaluated, using pre-established in vitro models. 
IVD basal medium with IL-1β showed a trend to 
inhibit angiogenesis, although the results were 
not statistically significant (Fig. 6a). Neither IVD 
conditioned medium, with/without the inflammatory 
stimuli, nor treated with MSCsec, promoted 
angiogenesis. This suggested that MSCsec could be 
a safe approach concerning new vessel formation, as 
ingrowth of blood vessels has been established as a 
step in the degenerative state of the physiologically 
avascular IVD (Ito and Creemers, 2013). Regarding 
neurogenesis, the results showed that the IVD 
medium+IL-1β had a tendency to promote a slight 
axonal growth, meaning it has neurogenic properties 
even when compared to the neurogenic NGF-
supplemented medium (1.34-fold increase) (Fig. 
6b). Nevertheless, IVD-conditioned medium, either 
in basal or pro-inflammatory conditions, did not 
stimulate axonal outgrowth. The results obtained 
suggest that MSCsec could be a safe approach 
concerning neurogenesis, as invasion by nerves has 
been established as a step of the degenerative state 
in the physiologically non-innervated IVD (Ito and 
Creemers, 2013).

discussion

MSCsec has been explored for several disorders 
(Ferreira et al., 2018), including articular inflammatory 
diseases such as osteoarthritis (Mancuso et al., 
2019) that resembles the IVD degenerative process 
(Rustenburg et al., 2018). In those studies, MSCsec was 
capable of protecting chondrocytes from apoptosis, 
inhibiting MMP activity, inducing differentiation 
of chondrogenic progenitors and modulating the 
inflammatory response, including the expression of 
fibrotic markers (Mancuso et al., 2019). MSCsec has 
also been reported to inhibit apoptosis/senescence 
in NP cells (Cheng et al., 2018; Qi et al., 2019), restore 
stemness and increase differentiation potential of 
degenerative IVD cells (Zeng et al., 2020), as well 
as increasing matrix production by these cells (Qi 
et al., 2019). Nevertheless, a microenvironment 
characterised by a high concentration of molecules 
with pro-inflammatory characteristics also plays 
a crucial role in IVD degeneration. In fact, this 
model replicates a catabolic environment in the 
disc. Yet, with the increase in levels of cytokines 
with pro-inflammatory roles, a pro-inflammatory 
microenvironment is established in the degenerative 
IVD (Teixeira et al., 2016). This has further ramifications 
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Fig. 5. Protein secretion analysis of pro-inflammatory/degenerative bIVD in the presence of MSCsec. The 
conditioned medium of degenerative IVDs alone or treated with MSCsec for 48 h was analysed for its content 
using a 80 molecule cytokine array. (a.1) Relative concentration of 80 molecules in the bIVD conditioned 
media, represented by the fold-change between the concentration in the pro-inflammatory/degenerative 
bIVD stimulated with MSCsec (IL1β + MSCsec) and the pro-inflammatory/degenerative bIVD (IL1β) (pool 
of 4 donors). A differential protein expression ratio cut-off > 5 and < − 5 was defined as a threshold to analyse 
protein contents. (a.2) Molecules for which no levels of expression were detectable when MSCsec was present 
are represented separately as absolute signal density values in the conditioned medium of degenerative IVD 
alone, as calculation of a fold-change was not possible (pool of 4 donors). (b) Ontology terms significatively 
enriched in the functional clusters obtained by the analysis of the 10 most concentrated molecules (out of 
the 80 analysed) with the DAVID Functional Annotation Tool Software.
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Fig. 6. Angiogenic and neurogenic potential of pro-inflammatory/degenerative bIVDs treated with 
msCsec. (a) The angiogenic potential of bIVDs was evaluated by cell sprouting assay conducted on HUVECs. 
Representative images of the digitally processed images obtained from the vascular trees formed by HUVECs 
in response to the different conditions are presented, as well as plots of: percentage of cell-covered area, 
number of extremities, number of branches, numbers of segments and mean mesh size. All conditions were 
normalised relative to the pro-angiogenic control condition (dashed line = 1) (n = 2-6). (b) The neurogenic 
potential of bIVDs was evaluated by DRGs culture. Representative images of DRG outgrowth after treatment 
(stained for βIII-tubulin) are presented and axonal outgrowth was automatically quantified (ratio of area 
covered by the axonal growth over the total area). All conditions were normalised relative to the neurobasal 
control condition containing NGF (dashed line = 1) (n = 4-12). Results are presented as box and whiskers 
plots with representation of median, min and max values.

considering the recent reports showing the presence 
of immune-like cells in the intact intervertebral disc 
(Kawakubo et al., 2020). Therefore, in the current 
study, the role of MSCsec on degenerated IVDs was 
investigated, using an ex-vivo bovine model (Teixeira 
et al., 2016) that simulates events of the human IVD 
degeneration. As healthy human discs are of limited 
availability and degenerated discs removal is neither 

frequent nor easy, the accessibility of adequate human 
samples is poor. Thus, the use of animal models is 
critical in allowing the establishment of replicable 
experiments for the study of both IVD degeneration 
and potential regenerative therapies. However, the 
choice of animal model is very important considering 
the sharp differences observed between species, 
including disc dimensions, ECM composition and 
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Fig. 7. Schematic representation of factors altered in response to degenerated IVD co-cultured with MSCsec. 
Schematic representation of the main molecular interplay between pro-inflammatory/degenerative IVDs 
and MSCsec from preconditioned MSCs. The key changes and proposed mechanism related with the disc 
inflammatory cascade are represented by yellow arrows. Blue arrows are linked to the changes observed at 
the disc matrix level. In response to the preconditioning, MSCs increase the production of pro-inflammatory 
cytokines. When treated with the MSCsec, pro-inflammatory/degenerative IVDs decrease the expression of 
bIL-6 and bIL-8. In consequence of this interplay, there is a dramatic decrease in the presence of TNF-α/β in 
the microenvironment, which can feed into this circle. Compared to the changes reported at the ECM level, 
pro-inflammatory/degenerative IVDs treated with MSCsec increase the expression of bMMP-3 and bTIMP2 
and decrease the expression of bMMP-1. Additionally, their interaction increases the concentration of TIMP-2 
in the microenvironment. The decrease in TNF-α/β can be related with these effects as well. As a consequence 
of the changes provoked by the interplay between IVD/MSCsec, an increase in ACAN deposition in the 
degenerative IVD was seen. 

metabolism, load applied to the discs and cellular 
composition. Bovine-disc dimensions are relatively 
similar to the human ones, especially regarding disc 
height, which greatly affects the tissue nutrition via 
diffusion from the endplates (O’Connell et al., 2007). 
Possibly related to this feature (Guehring et al., 
2009), bovine disc cellular content also more closely 
resembles what is observed in the human discs (Sitte 
et al., 2014) with the rapid decline in notochordal cells 
in the NP during youth, which is not observed in most 
of the smaller animals (McCann and Séguin, 2016). 
The similar cellular content consequently translates 

into closely-related metabolic and catabolic responses 
(Miyazaki et al., 2009; Sitte et al., 2014).
 MSCsec content is known to depend on the 
different cues present in the cells’ microenvironment 
(Ferreira et al., 2018). The current study commenced 
by investigating the effect of the pro-inflammatory 
stimulus (IL-1β) and hypoxia (6 % O2), two different 
features of the IVD microenvironment, on MSCs and 
their secretome. As the IVD is the largest avascular 
tissue in the human body, low O2 available percentage 
(5-10 %) is a major physiological characteristic of 
its microenvironment (Bartels et al., 1998). While 
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this hypoxic state is intensified in the degenerative 
state an strong reaction is established, characterised 
by the production of pro-inflammatory cytokines. 
Concerning this catabolic stimulus, IL-1β is the most 
widely reported cytokine with a pro-inflammatory 
role in the context of the IVD’s degenerative 
cascade (Le Maitre et al., 2007). Treatment with 
IL-1β stimulated MSCs to secrete higher levels of 
pro-inflammatory cytokines, while the percentage 
of available oxygen did not seem to alter the 
production of the molecules tested. The authors have 
previously observed that the MSCs of a degenerative 
IVD significantly increase the production of these 
cytokines. Yet, MSCs were able to down-regulate 
catabolic/inflammatory markers expressed by IVD 
cells (Teixeira et al., 2018). Although MSCs have 
been shown to have an anti-inflammatory effect in 
response to highly inflammatory stimuli (Wang et al., 
2018), their immunomodulatory response can depend 
on varying concentrations of the pro-inflammatory 
cues (Li et al., 2012).
 In the current study, MSCsec treatment of IVD 
in degenerative conditions modulated the catabolic 
cascade in the degenerative disc, similarly to what 
was previously observed in the presence of MSCs 
(Teixeira et al., 2018). The mismatch between the high 
levels of catabolic cytokines being released into the 
MSCsec and the decrease in expression of those same 
molecules by the IVD when in the presence of the 
MSCsec suggests the presence of a negative feedback-
based modulatory effect. This modulatory capacity 
has been recently reported in a study establishing the 
use of conditioned medium from non-preconditioned 
ASCs to modulate the inflammatory response in a 
complex in vitro co-culture model including rat NP/
AF cells, macrophages and ASCs-CM (Miguelez-
Rivera et al., 2018).
 Although the authors have previously observed 
that MSCs did not promote IVD ECM remodelling 
under pro-catabolic conditions, the treatment with 
MSCsec led to a significant increase in ACAN 
deposition after 14 d of culture. It is hypothesised that 
the increased deposition of ACAN in the IVD could be 
due to a combined effect of bMMP1 downregulation 
and up-regulation of the MMP inhibitor bTIMP2, 
promoted by MSCsec treatment. MSCsec is able to 
partially counteract the increased levels of MMPs that 
have been linked to disc degeneration (Goupille et al., 
1998), which may then reflect an increased ACAN 
deposition at latter time points. Nevertheless, it was 
surprising that ADAMTS expression was not altered 
by MSCsec, since ADAMTS are reported to be more 
efficient at degrading ACAN than MMP3, the most 
efficient ACAN-degrading MMP (Durigova et al., 
2011). One explanation could be that aggrecanase 
activity is regulated post-transcriptionally (Flannery 
et al., 1999). On the other hand, the effect observed in 
the expression levels of bMMP1 and bTIMP2 makes it 
reasonable to expect alterations to the IVDs’ collagen 
content, an expectation not verified by the results. 
Degradation of collagen might be delayed due to the 

presence of ACAN, which has an inhibitory effect 
on MMPs’ activity on collagen (Pratta et al., 2003), 
thus making it difficult to see such an effect at the 
same timepoint. Additionally, it is also important to 
address the mismatch between the increase in ACAN 
deposition at the same time as the sGAG content, 
lost in the degenerative model, is not recovered. As 
ACAN is composed of a core protein covalently linked 
to approximately 100 chains of sGAGs (specifically 
chondroitin sulphate and keratan sulphate) (Nap and 
Szleifer, 2008), an increase would be expected to be 
seen in the deposition of sGAG. This mismatch can 
be explained by several factors. The DMMB method, 
used to quantify sGAG content, is only able to detect 
sGAGs such as heparan sulphate, the third most 
abundant GAG in IVD and not linked to ACAN (Liu 
et al., 2018). At the same time, the DMMB method 
excludes the quantification of non-sulphated GAGs, 
such as hyaluronic acid, the second most abundant 
GAG in the IVD, commonly found linked to ACAN 
(Liu et al., 2018). Thus, sGAG quantification by the 
DMMB assay is not directly correlated with ACAN 
content. Moreover, increased ACAN deposition 
may not correlate with a higher production of its 
carbohydrate chains, since biosynthesis of both 
components have been reported to happen separately 
due to its high molecular complexity (Vynios, 2014). 
In any case, these findings are in line with recent 
reports showing that the presence of MSCsec leads to 
an increase in matrix deposition by hdDCs (Hingert 
et al., 2019). These authors reported an increase in 
the deposition of sGAG, ACAN and COL2 when 
hdDC-pellets were cultured in the presence of the 
MSCsec, which contrasts with the results of the 
current study where only the ACAN deposition was 
increased. Naturally, the sharp differences between 
the two models can offer some explanation for the 
dissimilarities found. The model used by Hingert et 
al. has the advantage of using human cells directly 
collected from degenerated tissue that can, ideally, 
closely mimic the cell behaviour found in vivo. 
However, as these cells are violently extracted from 
their unique microenvironment, it is not possible 
to absolutely guarantee the maintenance of their 
diseased state. Thus, a stronger therapeutic role 
can be expected solely because the cells would be 
no longer under the degenerative stimulus. This 
can also occur as a consequence of the optimised 
communication between cells from the same 
species or even because the culture conditions used 
would better expose the cells to the therapeutic 
stimulus. Regardless, these two reports strengthen 
the hypothesis that the MSCsec can have a very 
relevant pro-regenerative effect on the degenerative 
IVD, in both bovines and humans. To understand 
the mechanisms of a MSCsec-based therapy for IVD 
degeneration, the molecular content of the IVD-
culture supernatants was analysed. The membrane-
based array analysis allowed the evaluation of the 
dynamics of the degenerative disc microenvironment 
in the presence of MSCsec, although it was not 



446 www.ecmjournal.org

JR Ferreira et al.                                                                        MSCsec modulates inflammation and aggrecan in IVD

possible to discern protein production by MSCs 
or IVD, due to cross-reactivity between species 
(human/bovine). Molecules downregulated in the 
culture with MSCsec (such as IFN-γ, IL-10, IL-4, IL-5, 
TNF-α) are related to T-cell activation. Even though 
macrophages are the main inflammatory cells found 
in clinical samples of degenerated/herniated IVDs 
(Nakazawa et al., 2018), the presence of lymphocytes 
has also been reported (Shamji et al., 2010), as well 
as the activation of Th1 and Th17 cells associated 
with the degenerative process (Shamji et al., 2010) 
and painful symptoms (Cheng et al., 2013). These 
data may suggest that in an in vivo context, with 
a fully-competent immune system, MSCsec may 
have the potential to modulate other elements of the 
inflammatory cascade in the degenerative IVD. On the 
other hand, among the different functional clusters 
identified in the increased molecular population 
under each of the conditions, two were of interest 
in the context of IVD degeneration. In MSCsec/IVD 
cultures there was an enrichment in molecules related 
with the TNF signalling pathway, one of the main 
cytokines involved in the inflammatory reaction of 
the degenerative IVD (Risbud and Shapiro, 2014), 
as well as with the NOD-like receptor signalling 
pathway, whose activation induces IVD degeneration 
in humans (Krock et al., 2017). Even though several 
molecules related to the TNF signalling pathway were 
found to have increased, when MSCsec was added to 
the degenerative IVD, both TNF-α and TNF-β levels 
were significantly down-regulated and undetectable, 
respectively. Considering this information, regardless 
of the strong signalling towards the activation of 
this pathway, it would be highly inhibited by the 
presence of the MSCsec that could be pivotal in 
explaining its influence on ACAN deposition. The 
TNF signalling pathway is involved with the IL-1 
mediated degradation of ACAN in osteoarthritis, 
through the stimulation of ADAMTS (Ismail et 
al., 2015; Xue et al., 2013) and has been reported to 
increase levels of MMPs and ADAMTSs and decrease 
COL2 and ACAN deposition in the NP tissue (Séguin 
et al., 2005). So, it seems possible that a decrease in 
the levels of TNF-α/β molecules would lead to an 
inhibition of these matrix-degrading enzymes. It is 
worth noting that, even though both IL-1β and TNF-α 
were reported to stimulate MMPs, IL-1β is known to 
have a stronger effect on MMP3 (Millward-Sadler et 
al., 2009), which could account for the higher levels 
of MMP3 observed in these experiments.
 IVD degeneration is known to be a complex 
process, involving a pro-inflammatory response, that 
can stimulate angiogenesis and innervation towards 
the degenerated IVD (Lee et al., 2011). Both MSCs and 
their secretome have been described as angiogenic 
(Tao et al., 2016) and neurogenic (Salgado et al., 2015), 
which can be beneficial for tissue repair/regeneration 
in vascularised and innervated tissues, but can impair 
the use of MSCsec as a therapeutic strategy for LBP. 
Moreover, the effect of MSCsec on ACAN deposition 
can have implications on the pro-neurogenic and pro-

angiogenic potential of the degenerated IVD, as it has 
been reported that ACAN isolated from the human 
IVD inhibits nerve growth (Johnson et al., 2002; 
Johnson et al., 2004) and endothelial cell adhesion, 
spreading and migration (Johnson et al., 2004) in 
vitro. Therefore, the angiogenic and neurogenic 
potential of degenerated IVDs treated with MSCsec 
were also evaluated. The MSCsec treatment of IVD 
did not promote angiogenesis or axonal outgrowth, 
under the culture conditions used. These results 
were corroborated by the findings that levels of 
pro-angiogenic molecules (angiogenin, VEGF-A 
and PLGF) were not significantly up-regulated and 
all the neuroprotective molecules tested (BDNF, 
GDNF, NT3, FGF-7 and NT-4) were decreased in 
MSCsec-treated IVD supernatants. Even though both 
IL-1β and MSCsec have been shown to stimulate 
angiogenesis (Fan et al., 2004; Rosell et al., 2009), the 
observed upregulation of pro-angiogenic factors (Fan 
et al., 2004) could not translate into a full functional 
effect. Additionally, functional assays performed on 
murine spleen-derived endothelial progenitor cells 
may have dramatically different outcomes from those 
using HUVECs, solely based on cell origin (Rosell 
et al., 2009). However, the pro-angiogenic effect of 
MSCsec on HUVECs was tested using the secretome 
of murine MSCs without any preconditioning 
(Estrada et al., 2009), two factors that can deeply 
influence the cellular response to the stimulus. 
Identically, despite reports showing that both the 
IVD and IL-1β inhibit axonal outgrowth from DRGs 
(Larsson et al., 2011; Larsson et al., 2005), the results 
of the current study suggest an enhancement, by both 
factors, of axonal outgrowth, at the level of the NGF-
containing neurobasal medium. These differences 
could easily be attributed to interspecies differences 
because both previous studies (Larsson et al., 2011; 
Larsson et al., 2005) used DRGs and IVDs from the 
same species, unlike the assays described here. The 
results reported here offer early evidence that, due 
to the lack of stimulatory effects, the use of MSCsec 
as a treatment for the degenerative IVD could be 
safe regarding potential angiogenesis/neurogenesis 
related side effects.
 This study was conducted using the secretome 
obtained with MSCs concentration, culture medium, 
and culture conditions similar to what has been 
previously used and demonstrated to have an 
immunomodulatory role in degenerated IVD (Teixeira 
et al., 2018). Nevertheless, there were limitations with 
regard to addressing the dose-, donor- or medium-
dependent action of MSCsec. Preliminary studies 
by the authors’ group have shown that MSCsec 
obtained with distinct cell concentrations (2 × 105 
and 1 × 106 MSCs/5 mL of medium) revealed similar 
IL-6, IL-8, PGE2 and MCP-1 concentrations and 
induced similar down-regulation of bIL-6 and bIL-8 in 
degenerated IVD (data not shown). Furthermore, this 
study was conducted using different MSCs donors 
thus accounting for donor variability, an important 
aspect for clinical translation of the results obtained. 
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Despite the promising results, a high-throughput 
study should be conducted to optimise the conditions 
used to obtain a MSCsec-based product with the 
most potent therapeutic properties for degenerated 
IVD. In particular, the production of MSCsec in 
serum-deprived conditions and the study of specific 
fractions of MSCsec or the specific contribution 
of the secreted vesicles should also be addressed. 
Additionally, attention should be given to the 
delivery mechanism envisioned for the MSCsec in the 
clinical context of the disease. Its molecular richness, 
which so critically contributes to the therapeutic 
potential reported, can also carry some risks. The 
concern that the MSCsec can have a chemoattractant 
effect on circulatory immune cells is legitimate, more 
so when its administration may include the creation 
of a micro-injury in the AF. Therefore, the study of 
applying MSCsec treatment to degenerated IVDs 
should be addressed in more complex models, that 
include the immune system, such as organotypic co-
cultures with monocytes/macrophages as developed 
in the authors’ group (Silva et al., 2019) or even more 
complex models, using organs-on-a-chip or in vivo 
models.

Conclusions

MSCsec, produced in response to preconditioning 
with IL-1β and 6 % O2, presents a modulatory 
role on the pro-inflammatory environment of the 
degenerative IVD and promotes ACAN deposition 
in the IVD. The results reported here hint at the 
hypothesis that these effects may be mediated by 
an inhibition of the TNF signalling pathway and 
an interplay between TIMP2 and MMP1/3 that 
contributes to the promotion of ACAN deposition. 
Importantly, these results demonstrate the potential 
use of MSCsec in the context of IVD degeneration 
and LBP, while taking the first steps into exploring 
the safety of the approach.
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discussion with reviewers

Amir Kamali: How would you anticipate MSCsec to 
be administered clinically?
Authors: We envisage an intradiscal administration of 
MSCsec. MSCsec could be administered solubilised 
in a vehicle (e.g. saline solution) or incorporated in 
a delivery system to achieve a sustained release. 
However, since disc local injection could possibly 
injure either the annulus fibrosus or the endplate, 
needle size would be crucial. A biomaterial-based 
delivery system for MSCsec would be advantageous 
if it were possible to seal the lesion while offering 
biomechanical stability to the disc tissue. Hydrogels 
with similar biomechanical characteristics to IVD 
tissue have been previously developed (Liang et al., 
2019, additional reference; Shoma Suresh et al., 2020, 
additional reference; Waters et al., 2018, additional 
reference) and could be tested.
Amir Kamali: What further experiments do you 
suggest for investigating the role of MSCsec in a 
loaded disc culture system?
Authors: The role of MSCsec should be tested in 
more physiological model of IVD degeneration, 
before moving to pre-clinical/clinical tests. 
Although interesting, the ex vivo model used has 
limitations, as discussed previously (Teixeira et al., 
2016). Therefore, it would be interesting to study 
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this immunomodulatory role of MSCsec under 
mechanical loaded conditions, using bioreactors, 
to induce cycles of dynamic loading. It would also 
be interesting to compare different types of loading 
such as compression, tension, etc. in synergy with 
pro-inflammatory stimuli, as previously performed 
on the AF (Saggese et al., 2019, additional reference).

reviewer II: As the MSCsec is rich in a number of 
inflammatory cytokines, please discuss the influence 
of injecting this into a disc in vivo, on potential 
chemotaxis and immune cell activation. Where upon 
rupture of the AF (due to needle insertion) the disc 
is now exposed to the immune system?
Authors: The MSCs secretome has been repetitively 
reported to have a strong immunomodulatory 
potential in many scenarios (Ferreira et al., 2018). Its 
ability to induce macrophage polarisation from a pro-
inflammatory phenotype (M1) to a pro-regenerative 
phenotype (M2) has also been described (Vasandan 
et al., 2016, additional reference; Wang et al., 2020, 
additional reference; Zhao et al., 2019, additional 
reference). Thus, and considering the multiple reports 
showing macrophages as the main immune cell 
found in injured/degenerated IVDs (Koike et al., 2003, 
additional reference; Nakazawa et al., 2018; Rothoerl 
et al., 1998, additional reference), it could be expected 
that the presence of the MSCsec during such exposure 
would influence positively the inflammatory cascade 
at the site of injury.
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