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Abstract
Mesenchymal stem/stromal cell (MSC)-based therapies have been proposed for back pain and disc
degeneration, despite limited knowledge on their mechanism of action. The impact of MSCs/their secretome
on annulus fibrosus (AF) cells and tissue was analysed in bovine AF organ cultures (AF-OCs) exposed to
upper-physiological cyclic tensile strain (CTS, 9 %, 1 Hz, 3 h/d) and interleukin (IL)-1β in a custom-made
device. A 4 d treatment of the CTS + IL-1β-stimulated AF-OCs with MSC secretome downregulated the
expression of inflammation markers [IL-6, IL-8, prostaglandin-endoperoxide synthase 2 (PTGS2)], complement
system regulators [cluster of differentiation (CD)46, CD55, CD59] and matrix metalloproteinase 1 but also
of tissue inhibitors of metalloproteinases (TIMP-1, TIMP-2) and collagen type I. At the protein level, it was
confirmed that IL-6, MMP-3 and collagen content was decreased in AF-OCs treated with the MSC secretome
compared to the CTS + IL-1β stimulation alone. 9 d after treatment, a biomechanical peel-force test showed
that the annular adhesive strength was significantly decreased by the MSC secretome treatment. Overall,
MSC secretome had a stronger impact on AF tissue than MSCs in co-culture. The secretome contributed to
a decrease in the inflammatory and catabolic status of AF cells activated by CTS + IL-1β and played a role
in the regulation of the complement system. However, it also contributed to a decrease in collagen at the
gene/protein level and in AF mechanical strength compared to the CTS + IL-1β stimulation alone. Therefore,
the use of MSC secretome requires further investigation regarding its influence on disc matrix properties.
Keywords: Intervertebral disc, degeneration, herniation, repair/regeneration, mechanical loading,
inflammation, complement, paracrine signalling.
*Address for correspondence: Dr Graciosa Quelhas Teixeira, Institute of Orthopaedic Research and
Biomechanics, Trauma Research Centre, Ulm University, Helmholtzstraße 14, 89081 Ulm, Germany.
Telephone number: +49 73150055324 Email: graciosa.teixeira@uni-ulm.de
Copyright policy: This article is distributed in accordance with Creative Commons Attribution Licence
(http://creativecommons.org/licenses/by-sa/4.0/).
COL1A1
COL2		
COX-2		
CTS		
DMEM		
ELISA		
			
GAPDH
			
IL			
IL-1ra		
IVD		

List of Abbreviations
b			
h			
ACAN		
ADAMTS
			
AF			
AF-OC		
CCL		
CD		
CFH		

bovine gene
human gene
aggrecan
a disintegrin and metalloproteinase
with thrombospondin motifs
annulus fibrosus
AF organ culture
chemokine (C-C motif) ligand 2
cluster of differentiation
complement factor H
1

collagen type I alpha 1 chain
collagen type II
cyclooxygenase-2
cyclic tensile strain
Dulbecco’s modified Eagle medium
enzyme-linked immunosorbent
assay
glyceraldehyde 3-phosphate
dehydrogenase
interleukin
IL-1 receptor antagonist
intervertebral disc
www.ecmjournal.org

C Neidlinger-Wilke et al.
LM		
NOS2		
MMP		
MSC		
NP		
PGE2		
PTGS2		
			
sGAG		
TCC		
TIMP		
TLBN		
VEGF		

MSC secretome treatment of AF organ cultures

lamella matrix
nitric oxide synthase 2
matrix metalloproteinase
mesenchymal stem/stromal cells
nucleus pulposus
prostaglandin E2
prostaglandin-endoperoxide
synthase 2
sulphated glycosaminoglycan
terminal complement complex
tissue inhibitors of MMPs
translamellar bridging network
vascular endothelial growth factor

regulation by IVD cells through the production of
soluble CFH or the expression of membrane-bound
regulators, including membrane cofactor protein
(CD46), complement decay-accelerating factor
(CD55) and protectin (CD59), which inhibits TCC
formation and confers protection from complementmediated lysis (Noris and Remuzzi, 2013).
The AF consists of concentric lamellae of regularly
arranged collagen fibres, which are interconnected
by a network of elastin and fibrillin (Yu et al.,
2015). The pathomechanism leading to reduced
mechanical function is under-investigated; however,
the progressive structural weakening of the IVD
may contribute to AF failure and tissue herniation
(Adams and Roughley, 2006). There is pertinent
clinical relevance for a cost-effective, minimally
invasive therapeutic approaches to modulate the
immune response and ultimately delay or reverse
degeneration before AF tear. In recent years,
gene-, cell- or molecular-based therapies have been
proposed for patients with painful IVDs at early
stages of degeneration (Pfirrmann grades III-IV).
Despite the limited regenerative potential of the
degenerated AF, it has been hypothesised to benefit
from the presence of cells capable of proliferating
and differentiating into AF-like cells. Although
progenitor cells have been found in the human IVD,
their number decreases very rapidly after birth (Sakai
et al., 2012), limiting the IVD´s potential to counteract
degeneration or recover from an injury. Therefore,
cell-based therapies to stimulate IVD regeneration,
namely those using bone-marrow-derived MSC, are
being increasingly pursued. MSC transplantation
potential has been shown to be associated with their
ability to differentiate into IVD-like cells, producing
IVD matrix components or promoting the stimulation
of endogenous IVD cells, thus enabling anti-catabolic
and anti-inflammatory effects, as reviewed by Sakai
and Anderson (2015). Patients have reported reduced
pain in clinical trials after MSC transplantation;
however, either no changes in disc morphology or
water-binding capacity or only a minor Pfirrmann
grading improvement were observed (Noriega et
al., 2017; Orozco et al., 2011; Yoshikawa et al., 2010).
MSCs secrete anti-inflammatory factors and influence
matrix turnover in short-term osteoarthritic synovium
and cartilage explant cultures (van Buul et al., 2012).
Pereira et al. (2016) showed that MSCs seeded on
cartilaginous endplates significantly increase the
production of growth factors, as well as of COL2 and
ACAN in the NP. Cunha et al. (2017) observed in a rat
disc herniation model less degeneration/herniation in
the MSC‐transplanted group. Although no significant
changes were detected in the extracellular matrix
composition, the transplanted MSCs appeared to
modulate the immune response towards tissue
regeneration (Cunha et al., 2017). A previous
study showed that MSCs in co-culture with a
proinflammatory/degenerative NP organ culture
can modulate the proinflammatory profile of the NP
cells, while themselves displaying a proinflammatory

Introduction
IVD degeneration and related inflammation are
frequently associated with back, neck and radicular
pain, major causes of disability globally representing
a significant economic burden (Moradi-Lakeh et al.,
2017; Murray et al., 2015). Current treatments ranging
from physiotherapy to invasive surgeries, including
spine fusion and IVD replacement, may decrease the
symptoms’ progression but fail to restore the native
IVD properties. Therefore, there is an urgent need
to develop therapies supporting IVD regeneration.
While IVD degeneration is normally associated
with ageing (Roberts et al., 2006), cases of early
degeneration are also frequently observed. The
degenerative IVD pathogenesis may be caused by
genetic predisposition, injury and/or lifestyle among
others. Disc degeneration involves the interplay
between several mechanisms, including mechanical
overloading, catabolic cell response, degradation
of matrix proteoglycans and loss of water-binding
capacity (Adams and Roughley, 2006; Vergroesen
et al., 2015), as well as cell senescence and apoptosis
(Roberts et al., 2006). These events are frequently
associated with an immune response, which plays an
important role in the pathogenesis of IVD degeneration
and cell death. During these events, the production
of extracellular-matrix-degrading enzymes (MMP-1,
-3, -13, ADAMTS-4, -5, -13, etc.), proinflammatory
mediators (IL-1β, -6, -8, tumour necrosis factor-α,
etc.) and chemoattractants of immune cells (CCL2,
CCL5) has been identified (Molinos et al., 2015;
Risbud and Shapiro, 2014). Complement-mediated
processes are known coordinators of several events
during inflammation and significantly contribute
to inflammation-mediated tissue damage (Ricklin
and Lambris, 2013). Upon activation, complement
proteins function as chemotactic factors and
amplifiers of the inflammatory response (Ricklin and
Lambris, 2013). The activation of TCC formation – a
complement system activation product that acts as
an inflammatory trigger and induces cell lysis – was
shown to be abnormally high in human osteoarthritic
joints (Wang et al., 2011) and degenerated IVDs, with
a predominance in AF cells (Grönblad et al., 2003).
However, little is known about complement system
2

www.ecmjournal.org

C Neidlinger-Wilke et al.

MSC secretome treatment of AF organ cultures

profile (Teixeira et al., 2018). However, because very
few MSCs have been found in the IVD tissue, the
authors hypothesised that their paracrine effect via
the secretome might have a larger effect on IVD cells
than direct contact. MSCs secrete numerous soluble
factors in response to microenvironmental cues,
regulating several mechanisms in neighbouring
tissues via paracrine signalling (Brisby et al., 2013).
Accordingly, several studies have suggested the use
of MSC secretome for cardiac tissue repair (Dai et al.,
2007) and the recovery of hepatic (Parekkadan et al.,
2007) and kidney (van Koppen et al., 2012) functions,
among others. Moreover, MSC secretome was
suggested to stimulate IVD progenitor cell activity
ex vivo in degenerated human IVD tissue samples
towards the repair process (Brisby et al., 2013).
Preconditioning (or priming) of MSCs ex vivo
by a low oxygen atmosphere and inflammatory
stimulus, including IL-1β (Fan et al., 2012), among
others, prior to their use in therapy is recognised as
an adaptive strategy that tunes the cells to survive
in harsh microenvironments and enhances their
regulatory control of the innate and adaptive immune
responses (Ferreira et al., 2018; Saparov et al., 2016).
MSC-mediated immunomodulation has mainly been
attributed to paracrine mechanisms associated with
the secretion of proinflammatory/immunoregulatory
mediators (Krampera et al., 2006; Ren et al., 2008).
Nonetheless, the presence of different concentrations
of proinflammatory molecules may differently
influence their immunomodulatory response (Li et
al., 2012), suggesting that their secretome may lead
to a more reproducible outcome.
The aims of the present study were to investigate
the anti-inflammatory and regenerative effects of i)
MSC application or ii) MSC secretome application
on a proinflammatory AF-OC model. In this context,
the following hypotheses were investigated: i) the
proinflammatory environment led to complement
system activation and changes in the AF cell
phenotype; ii) MSC secretome was more effective
in comparison to MSC transplantation to induce
immune-mediated changes of AF tissue integrity.

with 8.5 % CO2. The medium was exchanged twice
a week and cells were trypsinised when reaching
70 % confluency.
For the secretome production, 10 6 MSCs
were seeded in 6-well plates (657160, Greiner )
and incubated for 2 d in 5 mL MSC medium
supplemented with 10 ng/mL recombinant human
IL-1β (201-LB, R&D Systems) at 37 °C in a humidified
atmosphere containing 6 % O2 and 8.5 % CO2 (Fig.
1a). Subsequently, the secretome was collected and
centrifuged at 1,800 ×g for 5 min at 4 °C to remove
cell debris and then stored at − 80 °C until further
use. Cells maintained under basal conditions were
also collected for gene expression analysis prior to
co-culture with AF-OCs. MSCs in passages 4-9 were
used for the experiments.
Tissue dissection and organ culture preparation
AF-OCs were prepared according to Saggese et al.
(2019). Bovine tails from 12-24-month-old animals
(n = 20) were obtained from a local slaughterhouse
(Fleischmarkt Donautal, Ulm, Germany) and
dissected within 2 h after euthanasia. Coccygeal
segments 2-3 to 7-8 were isolated and the NP
was removed using 14-16 mm diameter punches,
depending on the IVD size. The collected AF rings
were incubated at 37 °C in a humidified atmosphere
of 6 % O2 and 8.5 % CO2 in IVD medium composed
of low-glucose DMEM supplemented with 5 %
FBS Superior (S0615, Biochrom), 1 % non-essential
amino acids (11140-035, Gibco), 1 % penicillinstreptomycin, 0.5 % amphotericin B and 1.5 % 5 mol/L
NaCl/0.4 mol/L KCl solution to adjust the osmolarity
to 400 mOsm, as previously described (NeidlingerWilke et al., 2012; Teixeira et al., 2016). The rings
were left for 6 d in six-well plates with membrane
filter inserts (MCEP06H48, Millipore) and 0.46 MPa
static loading (Teixeira et al., 2016). The medium was
exchanged every second day.
Treatment of AF rings with MSCs and MSC
secretome
On day 6, the AF-OCs were transferred to silicone
dishes and placed in a CTS device, as previously
established (Saggese et al., 2019). The experimental
timeline and groups are depicted in Fig. 1b.
For the AF-OCs treated with MSC co-culture,
106 MSCs were seeded on top of the AF rings in the
CTS device and left for 24 h to adhere. MSCs were
expanded as described above in the “MSC expansion
and secretome production” section but not preconditioned with inflammation factors. On the next
day, the medium was exchanged in all experimental
groups according to Table 1. AF-OCs were stimulated
with CTS at 1 Hz, 3 h/d. The CTS generated a 9 ± 3 %
tensile stress of the AF-OC rings, representing a high
physiological loading (Saggese et al., 2019). One
group was stimulated with CTS + IL-1β alone, while
an additional group was stimulated with CTS + IL-1β
and MSCs were co-cultured on top of the AF rings.
A third group was stimulated with CTS + IL-1β and

Materials and Methods
MSC expansion and secretome production
Normal bone-marrow-derived MSCs (PT-2501,
Lonza) were isolated from bilateral punctures of the
posterior iliac crests of human donors (n = 3, one
female/two males, mean age = 23.3 years). Donor
information is summarised in Table 3. MSCs were
seeded at a density of 3,000 cells/cm2 and routinely
expanded in MSC medium composed of low-glucose
DMEM (21885-108, Gibco) supplemented with 10 %
HyClone calf serum (SH30073.03, GE Healthcare),
1 % penicillin-streptomycin (10,000 U/mL penicillin
and 10,000 µg/mL streptomycin, 15140-122, Gibco)
and 0.5 % amphotericin B (250 µg/mL, 15290-026,
Gibco) at 37 °C under a humidified atmosphere
3
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the culture medium was mixed with 5 mL MSC
secretome produced by 0.2 × 106 MSCs/mL. The
MSC secretome was mixed in a 1 : 1 ratio with IVD
medium (5 mL MSC secretome + 5 mL IVD medium)
supplemented with 10 ng/mL IL-1β. Unstimulated
AF rings were defined as the control group.
At day 11, samples were collected for different
analyses. The AF rings were separated into three
sections: the tissue was either i) immediately shockfrozen in RNAlater ICE (AM7030, Invitrogen)
and liquid nitrogen and stored at − 80 °C for RNA
isolation, ii) weighed (tissues with weight between
70 and 130 mg were collected) and frozen at − 20 °C
for DNA and protein quantification or iii) used for
metabolic activity quantification and subsequently
fixed in 4 % phosphate-buffered formaldehyde
solution (pH 7.4) for immunohistochemical staining.

For the AF-OCs that underwent treatment for
9 d, 50 % of the medium was exchanged at day 11
according to Table 1. At day 16, the AF rings were
collected for metabolic activity quantification and
mechanical testing. The supernatants were collected
for protein quantification.
Metabolic activity of AF cells in organ culture
The metabolic activity of AF cells was assessed using
the resazurin reduction assay. AF tissue sections of
70-130 mg wet weight were incubated with 0.02 mg/
mL resazurin sodium salt (R7017, Sigma-Aldrich)
solution in IVD medium for 2 h at 37 °C. Fluorescence
intensity was determined using a spectrophotometer
microplate reader (Spark, Tecan), with 530 nm
excitation filters and 590 nm emission filters. Results
were normalised to the wet weight (mg) for each

Fig. 1. Experimental timeline and experimental groups. (a) MSC secretome was produced by 106 MSCs
preconditioned with 10 ng/mL IL-1β medium supplementation and culture at 37 °C under 6 % O2 and
8.5 % CO2 for 48 h (5 mL/well in 6-well culture plates). (b) The AF rings were cultured in a custom-made
electromechanical device for the application of CTS to deformable silicone dishes and with IL-1β in the
culture medium. The stimulated AF-OCs were either treated with MSCs in co-culture or MSC secretome.
4
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Table 1. Media added at days 7 and 11 of culture to the different experimental groups.
Group
Control
CTS + IL-1β
MSC
Secretome

Medium
IVD medium
IVD medium + 10 ng/mL IL-1β
IVD medium + 10 ng/mL IL-1β
IVD medium + MSC secretome (1 : 1 ratio) + 10 ng/mL IL-1β

Table 2. Bovine oligonucleotide primers used for qRT-PCR. Primers with shown sequence
were custom designed; primers with assay ID number were purchased from Applied
Biosystems. fw: forward; rev: reverse; b: bovine.
Gene
bACAN
bADAMTS-4
bCD46
bCD55
bCD59
bCOL1A1
bGAPDH
bIL-6
bIL-8
bMMP-1
bMMP-3
bNOS2
bPTGS2
bTIMP-1
bTIMP-2
bVEGF

Sequence (forward and reverse primer)
fw: 5’-ACA GCG CCT ACC AAG ACA AG-3’
rev: 5’-ACG ATG CCT TTT ACC ACG AC- 3’
fw: 5’-GAA GCA ATG CAC TGG TCT GA-3’
rev: 5’-CTA GGA GAC AGT GCC CGA AG-3’
assay ID: Bt03224806_m1
assay ID: Bt03220649_m1
assay ID: Bt03229098_m1
assay ID: Bt01463861_g1
fw: 5’-ACC CAG AAG ACT GTG GAT GG-3’
rev: 5’-CAA CAG ACA CGT TGG GAG TG-3’
fw: 5’-ACC CCA GGC AGA CTA CTT CT-3’
rev: 5’-GCA TCC GTC CTT TTC CTC CA-3’
fw: 5’-ATT CCA CAC CTT TCC ACC CC-3’
rev: 5’-ACA ACC TTC TGC ACC CAC TT-3’
fw: 5’-ATG CTG TTT TCC AGA AAG GTG G-3’
rev: 5’-TCA GGA AAC ACC TTC CAC AGA C-3’
assay ID: Bt04259490_m1
assay ID: Bt03249602_g1
assay ID: Bt03214492_m1
assay ID: Bt03223721_m1
assay ID: Bt03231007_m1
fw: 5’-TTG CCT TGC TGC TCT ACC TT-3’
rev: 5’-ACA CAG GAC GGC TTG AAA AT-3’

Product size (bp)
155
155
97
67
135
61
178
183
148
193
76
56
87
57
88
196

Table 3. Human MSC donor information.
MSC donor
1
2
3

Age (years old)
25
23
22

AF tissue. The AF tissues were frozen at − 20 °C for
protein quantification.

Gender
female
male
male

mixture was centrifuged for 30 min at 14,000 ×g
and 4 °C. RNA was collected and transferred to an
RNAse-free reaction tube. By adding an equivalent
volume of 70 % EtOH, the RNA was precipitated.
RNA isolation was performed using the PicoPure
RNA Isolation kit (KIT0204, Thermo Fisher Scientific).
For cDNA synthesis with integrated removal of
DNA contamination, 12 µL RNA were treated using
the QuantiTect Reverse Transcription kit (205313,
Qiagen). Gene expression analysis was performed
using primers for the reference gene bGAPDH, as well
as for the target genes (Table 2). The transcribed cDNA

Gene expression analysis of AF cells
Tissues frozen in RNAlater ICE were thawed,
RNAlater was removed and 1 mL TRIzol was
added to the tissue to maintain the RNA integrity
during tissue homogenisation performed using a
dismembrator (D-9, Miccra GmbH, Heitersheim,
Germany). Subsequently, 200 µL of chloroform
were added to perform a two-phase extraction of
the RNA. Following a 5 min incubation step, the
5
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were stained at the same time for each marker for
comparison purposes.

was either mixed with custom-designed primers and
Platinum SYBR Green qPCR SuperMix-UDG kit
(11733-038, Invitrogen) or TaqMan Gene Expression
Assays and Fast Advanced Master Mix (4444557,
Applied Biosystems). Runs were performed using
the QuantStudio 3 real-time PCR system (Applied
Biosystems). Melting curves were analysed to confirm
the specificity of the reaction and the quantification
cycle 35 was used as cut-off. Relative expression levels
were calculated by the Livak method (using the 2− ΔΔCt
method), being ΔΔCt = ΔCt(sample of interest) − ΔCt(control
, where ΔCt = Ct(gene of interest) − Ct(GAPDH) (Livak and
sample)
Schmittgen, 2001).

Microscopy and image analysis
From each of the IL-6- and MMP-3-stained sections,
images were obtained from three different areas. For
each area, images were acquired by bright-field and
polarised-light microscopy. Polarised-light images
were used to distinguish the birefringent LM from
the black TLBN regions. To evaluate each staining,
the bright-field images were processed using ImageJ
software and the colour deconvolution function to
separate the Vector® NovaRED® and haematoxylin
colour components. Subsequently, the TLBN and the
LM were outlined in the Vector® NovaRED® colour
channel as regions of interest and the mean pixel
intensity was measured for each region. The TLBN/
LM ratio of the colour intensities was calculated and
the mean of the three images was used to normalise
the values of each sample to the control sample from
the same experiment. For each experiment (n = 7-10)
all samples were stained at the same time.

Protein quantification in the organ culture
supernatants
The concentration of PGE 2 (K051-H5, Arbor
Assays, Ann Arbor, MI, USA), bIL-6 (MBS9141101,
MyBioSource San Diego, CA, USA), hIL-6 (430507,
BioLegend), hIL-1β (DLB50, R&D Systems), hIL1ra (BRA00B, R&D Systems), hCFH (ab137975,
Abcam), hTIMP-1 (ELH-TIMP1, RayBiotech,
Peachtree Corners, GA, USA) and hTIMP-2 (ELHTIMP2, RayBiotech) was determined by ELISA in
the supernatants at days 11 and 16 of organ culture.

Mechanical testing
A peel test was performed to determine the peeling
strength of the AF, according to Gregory et al. (2012).
AF segments were incised along a central lamella
by 5 mm into a “Y” configuration. The split ends of
the specimens were fixed in a “T” configuration in a
uniaxial material testing machine (Z10, Zwick). The
adjacent lamellae were pulled apart at 0.5 mm/s until
the complete separation of the tissue. The mean force
in the plateau regions of each force-displacement
curve was normalised to the height of the AF tissue
and used to calculate the delamination strength
(Gregory et al., 2012; Saggese et al., 2019)

DNA and protein quantification in the AF tissue
AF tissues were digested overnight at 56 °C
using 0.5 mg/mL proteinase K (P6556, SigmaAldrich) solution for DNA and sGAG quantification.
DNA content was determined using the Quant-iT
PicoGreen dsDNA assay kit (P7589, Invitrogen).
sGAG content was determined using the Blyscan
assay kit (B1000, Biocolor, Carrickfergus, UK).
AF tissues were digested for soluble collagen and
elastin quantification according to the Sircol (S1000,
Biocolor) and Fastin (F2000, Biocolor) assay kits,
respectively.

Statistical analysis
Results are presented as median ± interquartile
range. Statistical analysis was performed using
GraphPad Prism 8 software (GraphPad Software,
Inc.). Data were tested for normal distribution
using D’Agostino-Pearson omnibus normality test.
Parametric data were analysed using unpaired t-test
to determine differences between two groups or oneway analysis of variance to determine differences
between three or more groups. Nonparametric data
were analysed using Kruskal-Wallis test with Dunn’s
multiple comparison test to determine differences
between three or more groups. Significance was set
at p < 0.05.

Immunohistochemistry
Following fixation in formalin for 48 h, AF samples
were washed under running tap water for 2 h,
dehydrated and embedded in paraffin-wax. Crosssections with 7 µm thickness were dewaxed and
rehydrated. For antigen retrieval, the sections were
incubated with 10 mmol/L citrate buffer (pH 6.0,
85 °C, 20 min), followed by hyaluronidase (2 mg/
mL in citrate buffer, pH 8.0, 30 min, 37 °C) and
collagenase (2 mg/mL in citrate buffer, pH 8.0, 15 min,
37 °C) digestion. The avidin-biotin complex kit (PK6100, Vector laboratories) and Vector® NovaRED®
Substrate Kit, Peroxidase (HRP) (SK-4800, Vector
Laboratories) were used for the immunostaining.
Sections were incubated with rabbit anti-IL-6 (1 : 200,
bs0782R, Bioss, Woburn, MA, USA) or rabbit antiMMP3 (1 : 200, ab15191, Abcam) antibodies overnight
at 4 °C, according to Saggese et al. (2019). Goat antirabbit IgG Biotin-XX (1 : 200, B-2770, Invitrogen)
was used as secondary antibody. Primary antibodies
were polyclonal and reacted with human and bovine
molecules. All samples from the same experiment

Results
Analysis of cell viability and gene expression
profile of AF cells
To induce a degenerative and proinflammatory
environment, AF-OCs were stimulated day 7 after
isolation with CTS + IL-1β. The rings were either
6
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Fig. 2. Gene expression of bovine AF cells at day 11 of organ culture. (a) Relative mRNA expression of
bovine cell survival marker bNOS2, (b) proinflammatory markers and (c) complement regulators. Results
were normalised to the expression level of bGAPDH and control group (dashed line = 1). n = 5-12 (5-12
IVD biological replicates; 3 MSC biological replicates and 1-4 experimental replicates); # p < 0.05, ## p < 0.01
(versus control); * p < 0.05, **** p < 0.0001 (between CTS + IL-1β stimulation and treatments).

Fig. 3. Gene expression of bovine AF cells at day 11 of organ culture. (a) Relative mRNA expression of
bovine matrix components, (b) TIMPs, (c) matrix degrading enzymes and (d) vascularisation marker bVEGF.
Results were normalised to the expression level of bGAPDH and control group (dashed line = 1). n = 6-12 (612 IVD biological replicates; 3 MSC biological replicates and 2-4 experimental replicates); # p < 0.05, ## p < 0.01
(versus control); * p < 0.05, ** p < 0.01, *** p < 0.001 (between CTS + IL-1β stimulation and treatments).
7
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bCD55, and bCD59 were upregulated after CTS + IL1β stimulation when compared to control samples,
this being statistically significant for bCD59 (p < 0.05).
The secretome treatment significantly downregulated
bCD46, bCD55 (both p < 0.05) and bCD59 (p < 0.0001)
expression in comparison to CTS + IL-1β stimulation
alone. bCD46 was upregulated in the MSC-treated
group, whereas bCD59 was downregulated in
secretome-treated samples, both in comparison to
the control group (p < 0.01).
The gene expression of the main AF matrix
components bACAN and bCOL1A1, inhibitors
of matrix degradation bTIMP-1 and bTIMP-2,
matrix degrading enzymes bMMP-1, bMMP-3 and
bADAMTS-4 and the vascularisation marker bVEGF
was also analysed (Fig. 3). While bACAN expression
was not altered in the different groups, bCOL1A1 was
downregulated in the MSC group when compared
to the control group (p < 0.05) and in the MSC
(p < 0.001) and secretome (p < 0.05) groups versus the

treated with MSCs (MSC group) or secretome of
pre-conditioned MSCs (secretome group) to mimic
the physiological conditions of MSCs in the AF-OC
model.
To investigate whether AF cell viability was
affected by CTS + IL-1β, co-culture with MSCs or
secretome treatment after 4 d of organ culture, the
expression of bNOS2, a marker of cell survival,
was analysed (Fig. 2a). No differences were
observed between the experimental groups. The
proinflammatory markers bIL-6, bIL-8 and bPTGS2
were significantly upregulated in the CTS + IL-1βtreated group (p < 0.05) in comparison to the control
group and to the combination with the secretome
treatment (p < 0.05, Fig. 2b). The MSC group
presented upregulated bIL-6 and bPTGS2 expression
in comparison to the control group (p < 0.05) and
upregulated bIL-8 expression versus CTS + IL-1β
stimulation alone (p < 0.05). Regarding the expression
of inhibitory complement receptors (Fig. 2c), bCD46,

Fig. 4. DNA and protein content of AF-OCs at day 11. (a) Amount of DNA (ng) released to the culture
supernatants. (b) DNA content in the AF tissues normalised to wet weight (ng/mg). (c) Collagen, elastin,
and sGAG content in the AF tissues normalised to wet weight (µg/mg). n = 10-18 (6-12 IVD biological
replicates and 1-2 experimental replicates; 3 MSC biological replicates and 3-6 experimental replicates),
* p < 0.05, **** p < 0.0001.
8
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Fig. 5. IL-6 and MMP-3 content of AF-OCs at day 11. (a) Representative images under polarised-light
and bright-field of the IL-6 and MMP-3 distribution within the TLBN (yellow arrows) and the LM (green
arrows) of AF-OCs; scale bar: 500 μm. (b) IL-6 and (c) MMP-3 staining intensity in the TLBN normalised
to the LM and to the unstimulated control sample for each experiment. n = 7-10 (7-10 IVD biological
replicates; 3 MSC biological replicates and 2-4 experimental replicates); ## p < 0.01 (versus control, dashed
line); * p < 0.05, ** p < 0.01 (between CTS + IL-1β stimulation and treatments).
9
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CTS + IL-1β group (Fig. 3a). bTIMP-1 was significantly
upregulated by CTS + IL-1β stimulation and co-culture
with MSCs (p < 0.05, Fig. 3b). bTIMP-1 and bTIMP-2
were significantly downregulated by the secretome
(p < 0.001) in comparison to CTS + IL-1β stimulation

alone. bMMP-1, bMMP-3 and bADAMTS-4 were
upregulated in the CTS + IL-1β-stimulated and
MSC-treated groups when compared to the control
group (p < 0.05, Fig. 3c) but were downregulated
by the combination with the secretome treatment

Fig. 6. Cell metabolic activity and protein content of AF-OC supernatants at days 11 and 16. At day 11,
50 % of the medium was exchanged. (a) Mitochondrial metabolic activity of AF-OCs expressed in relative
fluorescence units normalised to tissue wet weight. (b) Human/bovine PGE2 (ng/mL), (c) bIL-6 (pg/mL),
(d) hIL-6 (ng/mL), (e) hIL-1β (ng/mL), (f) hIL-1ra (pg/mL), (g) hCFH (ng/mL) and (h) hTIMP-2 (ng/mL)
concentrations. n = 6-12 (6-12 IVD biological replicates; 3 MSC biological replicates and 2-4 experimental
replicates), * p < 0.05, ** p < 0.01, *** p < 0.001, n.d.: not detectable.
10
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compared to CTS + IL-1β (p ≤ 0.05). bVEGF expression
was significantly upregulated with the secretome
treatment in contrast to control samples (p < 0.05,
Fig. 3d) but did not present differences compared to
CTS + IL-1β.

found for MMP3 on CTS + IL-1β stimulation alone in
contrast to the secretome treatment (p < 0.05, Fig. 5c).
The mitochondrial metabolic activity of the cells,
as well as PGE2, bIL-6, hIL-6, IL-1β, IL-1ra, hCFH
and hTIMP-2 content in the AF-OC supernatants
were quantified at day 11 and 16 (Fig. 6). While at
day 11 no significant differences were found in the
mitochondrial metabolic activity of the cells (Fig. 6a),
at day 16, significantly lower activity was observed in
the CTS + IL-1β group (p < 0.05), which was recovered
in the secretome treatment group (p < 0.05). PGE2
production was higher in all stimulated/treated
groups versus control samples after 4 (day 11) and 9
(day 16) d of culture (p < 0.05, Fig. 6b). Interestingly,
bIL-6 production was higher after CTS + IL-1β
stimulation than in control and co-culture with MSCs
at both timepoints (p < 0.05, Fig. 6c). hIL-1β, hIL-6, hIL1ra, hCFH and hTIMP-2 ELISAs detected specifically
human molecules (Fig. 6d-h). Higher hIL-6, hCFH
and hTIMP-2 were found in the supernatant of the
secretome-treated group in comparison to the release
by the MSCs in direct co-culture with the AF-OCs
(p < 0.05). Slightly higher IL-1ra was detected in the
secretome group but without significant differences.
hIL-1β was added to the culture medium of all groups
except for the control. At both timepoints of analysis,
a slight consumption was observed in the CTS + IL1β-stimulated and MSC-treated groups in comparison
to the added 10 ng/mL, whereas significantly higher
hIL-1β was observed in the secretome-treated group
in comparison to CTS + IL-1β (p < 0.05). The detected
hIL-1β was partially produced by the pre-conditioned
MSCs, as well as IL-1ra (Fig. 7).

AF matrix remodelling
Following 4 d of stimulation, no differences were
found in the DNA content released to the culture
supernatant between the CTS + IL-1β and control
groups (Fig. 4a); whereas the groups treated with
MSCs (p < 0.0001) or secretome (p < 0.05) displayed
an increase in the DNA released to the culture
supernatant. When the DNA content was quantified
in the AF tissue itself, no differences were detected
between the groups (Fig. 4b). Collagen, elastin and
sGAG matrix content was also quantified in the AF
tissue (Fig. 4c). Elastin and sGAG contents were
similar under all conditions, whereas collagen content
was slightly lower in the MSC-treated group (p = 0.09,
versus CTS + IL-1β alone) and significantly lower in
secretome-treated samples (p < 0.05, in comparison
to both the control and CTS + IL-1β groups).
Production of soluble factors
The distribution of IL-6 and MMP-3 in the AF tissue
was assessed by immunohistochemistry at day 11
(Fig. 5). IL-6 and MMP-3 were detected over the entire
AF tissue (Fig. 5a). For IL-6, a significantly higher
staining intensity was found in the CTS + IL-1β group
in comparison to the control group (p < 0.01, Fig. 5b),
which was reduced by secretome treatment (p < 0.01).
A significantly higher staining intensity was also

Fig. 7. Protein content of blank basal medium without or with 10 ng/mL IL-1β supplementation; of
human MSC culture supernatants after 48 h of culture under basal medium and normoxia (unstimulated)
or preconditioning (pre-conditioned); and of the secretome solution added to the AF organ cultures
(secretome mixed in a 1 : 1 ratio with medium + IL-1β). (a) Human IL-1β (hIL-1β, ng/mL), and (b) hIL1ra (pg/mL). n = 6 (3 biological replicates and 2 experimental replicates), n.d. = not detectable, ** p < 0.01,
non-parametric Mann-Whitney test.
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Mechanical properties of AF tissue
A biomechanical peel test was performed in AF tissue
segments after 9 d of organ culture stimulation/
treatment (Fig. 8). Force-displacement curves were
obtained and the mean force along one or more
plateau regions was used to calculate the mean
annular delamination strength for each sample. No
differences between the control and the CTS + IL1β stimulation were observed at this timepoint.
Approximately 30 % lower delamination strength
was detected in the groups treated with MSCs
(p = 0.07) and secretome (p < 0.05) when compared
to the CTS + IL-1β stimulation alone.

mL instead of 1 ng/mL IL-1β and a longer stimulation
period of up to 9 d was investigated. The stimulation
with 10 ng/mL IL-1β was previously established for
MSCs (Ferreira et al., 2021) and is still in the range
of concentrations used by other authors (Le Maitre
et al., 2007; Markova et al., 2013; Ponnappan et al.,
2011). While IL-1β seemed to be consumed/degraded
with time in culture (Fig. 6e in contrast to the initial
concentration of the medium + IL-1β in Fig. 7a), the
overall expression/production of proinflammatory
molecules and matrix-degrading enzymes by AF cells
increased after CTS + IL-1β stimulation (as shown in
Fig. 2b, 3c, 5, 6b,c). Similarly, the model established
by Saggese et al. (2019) was also characterised by an
increased production of COX-2, PGE2, IL-6 and MMP3. Interestingly, a decrease in mitochondrial metabolic
activity was observed in the CTS + IL-1β group after
16 d of culture (Fig. 6a), which has been previously
related with inflammation (Hernández-Aguilera et al.,
2013) and AF cell apoptosis (Rannou et al., 2004). But
by contrast, cell viability was unaffected, because a
similar DNA content was observed for the different
groups (Fig. 4b), in agreement with findings from
Saggese et al. (2019).
Regarding the expression of complement
regulatory proteins that play an important role
in the innate immune response, only bCD59 was
upregulated after CTS + IL-1β stimulation (Fig.
2c), with no changes observed for bCD46 or bCD55
(important for cell protection against complementmediated lysis). Interestingly, CTS appeared to have a
stronger impact on the regulation of these factors than
IL-1β (data not shown). By contrast, IL-1β stimulation
alone has been previously described to upregulate
the expression of these regulators by isolated human
articular chondrocytes (Hyc et al., 2003); however,
chondrocyte gene expression was investigated only
24 h after stimulation. Nevertheless, the present study
results suggested that, because CD59 is a direct TCC
inhibitor, the pathway leading to its formation may
play a role in IVD degeneration. This is in agreement
with recent findings in human degenerated IVD
tissues (Teixeira et al., 2021).
In CTS + IL-1β-stimulated AF-OCs, no changes
in bACAN or bCOL1A1 gene expression (Fig. 3a)
or collagen, elastin or sGAG matrix content (Fig.
4c) were detected in comparison to non-stimulated
AF-OCs. Moreover, a slight increase in the annular
delamination strength was observed in CTS + IL1β-stimulated AF-OCs (3.1 ± 1.0 N/mm, Fig. 7) in
comparison to the unstimulated control (2.6 ± 1.2 N/
mm) after 9 d of stimulation (but without statistical
significance). Interestingly, in the study by Saggese et
al. (2019), no changes in the tissue’s fibrillin-1 content
were detected after 5 d of CTS + IL-1β stimulation
in comparison to untreated controls. However, a
decrease in the annular peel strength from ~ 1.25 N/
mm in the control group to ~ 0.8 N/mm in the
CTS + IL-1β group was detected (Saggese et al., 2019).
It appears that, with time in culture, tissues displayed
higher delamination strength values in comparison

Discussion
The healthy IVD is characterised by a harsh
microenvironment, because of low oxygen levels,
high osmolarity, nutritional deficits and mechanical
loading. These conditions are further exacerbated by
degeneration and inflammation (Molinos et al., 2015;
Urban, 2002). The proinflammatory/degenerative
microenvironment, particularly low oxygen (5 % O2)
and low glucose (1 mmol/L) conditions have been
shown to promote stem cell death and inhibit sGAG
and collagen production in vitro (Naqvi and Buckley,
2015). In the present study, the proinflammatory and
catabolic environment of the IVD was simulated
following a previously established ex vivo model
of bovine AF rings cultured under low oxygen and
glucose supplies, iso-osmotic (400 mOsm) conditions
and CTS + IL-1β stimulation (Saggese et al., 2019).
However, in the present study, in contrast to Saggese
et al. (2019), the AF rings were stimulated with 10 ng/

Fig. 8. Annular delamination strength of AF-OCs at
day 16. Peel strength as a function of the displacement
rate (N/mm). n = 6-12 (6-12 IVD biological replicates;
3 MSC biological replicates and 2-4 experimental
replicates), * p < 0.05.
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to the data previously published by Saggese et al.
(2019). This might indicate that changes in other
factors which were not the subject of the present
study (e.g. versican, collagen type VI) (Melrose et al.,
2008) may have contributed to the differences in the
peel-force test at the different timepoints. Therefore,
to more closely simulate the human physiological
conditions and induce matrix breakdown and
annular tear, a model using higher strains and
complex loading (Heuer et al., 2008) could be used
in future investigations.
MSC-based therapies have been investigated for
IVD regeneration and back pain treatment because
of i) the MSC ability to differentiate in response to
the microenvironment and cell-cell interaction into
an NP-like phenotype, promoting matrix synthesis
(Strassburg et al., 2010), and ii) their anti‐inflammatory
and immune‐modulatory activities (Cunha et al.,
2017; Miguélez-Rivera et al., 2018; Teixeira et al., 2018).
Clinical trials have shown an increased IVD water
content and an improvement of pain and disability in
up to 2 years of follow-up (Noriega et al., 2017; Orozco
et al., 2011; Pettine et al., 2015; Pettine et al., 2016;
Yoshikawa et al., 2010). These therapies have mostly
focused on restoring extracellular matrix production
(particularly ACAN) and disc biomechanics (Adams
and Roughley, 2006; Bendtsen et al., 2016), but still
little is known regarding the biological effects of
MSC transplantation. Moreover, few studies have
addressed/targeted a functional AF repair (Sakai
and Grad, 2015). MSCs secrete numerous soluble
factors in response to the microenvironmental cues,
tuning several mechanisms in neighbour tissues via
paracrine signalling (Ferreira et al., 2018). Therefore,
the therapeutic potential of MSC secretome has
been investigated in the context of several disorders,
including degenerative joint diseases (Ferreira et
al., 2018). MSC secretome has been suggested to
stimulate IVD progenitor cells activity towards repair
in degenerated human IVD tissues (Brisby et al., 2013).
Nonetheless, the MSC secretome content may be
determined by the microenvironment to which the
cells are exposed (Ferreira et al., 2018). Therefore, the
effect of MSCs versus pre-conditioned MSC secretome
was evaluated in the present study.
MSCs were exposed to a low oxygen atmosphere
(6 % O 2 ) and proinflammatory stimulus (IL1β medium supplementation), features of the
AF-OC microenvironment. The pre-conditioned
MSCs displayed upregulated expression of the
proinflammatory markers hIL-6 and hIL-8 and the
matrix degrading enzymes hMMP-1 and hMMP-3
(data not shown). In particular, IL-1β-preconditioning
has been shown to significantly upregulate the
expression of multiple immune-modulating cytokines
(e.g. COX-2, IL-6, IL-8) and chemokines (e.g. CCL5),
as well as MMPs compared to non-stimulated MSCs
(Carrero et al., 2012; Fan et al., 2012; Ferreira et al.,
2021). Interestingly, the complement components
hC3 and hC5 and regulatory proteins were also
shown to be upregulated by the pre-conditioned

MSCs, whereas TCC components hC6 and hC9 were
downregulated in comparison to MSCs cultured
under atmospheric oxygen conditions and normal
expansion medium (data not shown). This indicates
a potential to modulate the complement system
activation to a certain extent, in agreement with
previous findings (Ignatius et al., 2011; Soland et
al., 2013). Data from the supernatants of secretometreated AF-OCs (evaluated by ELISA assays
without cross-reactivity with bovine molecules)
confirmed that preconditioned MSCs produced high
concentrations of immune-modulating molecules
(Fig. 6), including hIL-6 and hCFH – a first line of
complement inhibition (Tu et al., 2010) – as well as
hTIMP-2 – a tissue damage mediator. IL-1β and IL-1ra
were also produced by pre-conditioned MSCs (Fig.
7). Although IL-1ra has been shown to inhibit IL-1β
proinflammatory and catabolic effects when 200 μg/
mL were delivered directly onto explants of human
degenerate IVDs (Le Maitre et al., 2005, 2007), the
concentration produced by pre-conditioned MSCs
was very low (in the pg/mL range). Therefore, IL-1ra
was not expected to have a strong inhibitory effect.
A paracrine immunomodulatory effect of MSC
secretome has been described in osteoarthritic
cartilage explant cultures (van Buul et al., 2012)
and in rat NP/AF cell and macrophage co-cultures
(Miguélez-Rivera et al., 2018), and it was confirmed
in the present study in the AF-OCs. Molecules
produced by the pre-conditioned MSCs contributed
to a down-regulation of bIL-6, bIL-8 and bPTGS2, as
well as of bCD46, bCD55 and bCD59 by AF cells (Fig.
2b,c). Interestingly, human/bovine PGE2 production
(Fig. 6b) increased with the CTS + IL-1β but was
not altered by MSC or secretome treatments even
though bPTGS2 was downregulated (Fig. 2b). PGE2
is highly produced by both MSCs and IVD cells after
IL-1β stimulation (Teixeira et al., 2018), in agreement
with the present study. By contrast, few effects were
observed with MSCs in co-culture when compared
to previous findings in which IVD cells displayed a
less proinflammatory phenotype in a static model
of MSCs and IVD tissue co-cultures (Teixeira et al.,
2018). Although the MSC-seeded AF-OC rings were
maintained under static conditions for 24 h after
seeding to promote cell adhesion, significantly higher
DNA content was found in the supernatant of this
group (Fig. 4a), indicating cell detachment. Moreover,
the adaptation of the surviving MSCs to the new
environment, particularly the dynamic loading, may
have affected their anti-inflammatory phenotype and
regenerative potential.
In the presence of the MSC secretome, a downregulation of matrix-degrading enzymes and their
inhibitors by AF cells (Fig. 3b,c), and a decrease in
the bovine/human MMP-3 content in the CTS + IL1β-stimulated AF tissue was observed (Fig. 5b).
Nevertheless, the secretome also contributed to a
weakening of the AF peeling strength, which tended
to increase under CTS + IL-1β treatment (Fig. 8).
Although no differences were found between the
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MSC-treated group and the control group regarding
peeling strength, less collagen was detected at the
gene and/or protein level (Fig. 3a,4c, respectively).
Because collagen is an important structural protein
with an impact on the AF mechanical properties,
alterations after secretome treatment will be further
investigated in this model and in vivo to better
understand its physiological relevance. The study
results were in contrast with in vivo studies showing
that the MSC secretome may reduce cartilage damage
in arthritic mice by reducing ACAN cleavage (Kay et
al., 2017) and MMP-13 expression (Chen et al., 2019).
Moreover, MSCs-derived exosomes have also been
shown to increase ACAN and COL2 and decrease
MMP-13 expression by chondrocytes isolated from
a murine osteoarthritis model (Liu et al., 2018) and
to upregulate ACAN and COL2 by human NP cells
(Lu et al., 2017).
Another important aspect to be addressed is
angiogenesis/vascularisation, which, while beneficial
for tissue repair/regeneration in vascularised
tissues, is known to contribute to IVD-degenerationassociated back pain (Binch et al., 2014). Although
vascularisation could not be investigated in the
stretched AF-OC model, bVEGF was upregulated in
AF cells treated with secretome versus control (Fig.
3d). Nevertheless, the secretome did not appear to
affect sprouting of human endothelial cells (data not
shown). Data did not provide enough evidence on the
role of the preconditioned secretome in angiogenesis;
however, IL-1β and MSC secretome have been shown
to upregulate the expression of pro-angiogenic factors
by endothelial cells (Fan et al., 2004; Rosell et al., 2009),
but without a functional effect (Fan et al., 2004).
The limitations of the present study include the
proinflammatory degenerative microenvironment of
the disc, which cannot be completely simulated, and
the short investigation time in which the simulation of
a therapy in a long-term perspective is not possible.
Additionally, the communication between MSCs and
cells of the immune system cannot be simulated using
this model. Moreover, the tensile strain applied to
the system might have contributed to reduced MSC
adhesion to the AF rings with time in culture and,
therefore, explain why almost no effects were found
in the co-culture group.
Overall, the MSC secretome had a potent antiinflammatory effect on the phenotype of AF cells
stimulated with CTS + IL-1β, which was, therefore,
mediated by a paracrine mechanism. It also had
an effect on collagen production/degradation,
particularly COL1A1, as well as on the AF mechanical
properties compared to CTS + IL-1β. Future work will
investigate the long-term effect of the secretome on
the AF matrix.

but without changes in sGAG, elastin or collagen
tissue content. Treatment with the MSC secretome
(following preconditioning by 10 ng/mL IL-1β
medium supplementation and culture under 6 %
O2 and 8.5 % CO2 for 48 h) contributed to a decrease
in the inflammatory and catabolic status of AF cells
activated by CTS + IL-1β and it also appeared to
modulate the activation of cellular complement
system regulators. However, the MSC secretome
contributed to a decrease in collagen at the gene/
protein level and a reduction in the AF delamination
strength in comparison to the CTS + IL-1β stimulation.
Ongoing studies with extended culture periods are
necessary to evaluate long-term changes in the
AF matrix at the protein level and alterations of
mechanical properties.
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Discussion with Reviewers
Reviewer 1: Is there not a control missing, i.d.
treatment with MSC secretome without priming?
Authors: In the present study, we did not focus on the
treatment of AF tissues with MSC secretome without
priming because we have previously demonstrated
that priming with IL-1β strongly affects the MSC
secretome, significantly increasing the production of
proinflammatory mediators IL-6, IL-8, MCP-1, CCL5/
RANTES and PGE2 (Ferreira et al., 2021). This study
also showed that the secretome produced by primed
MSCs downregulates bovine IVD gene expression of
proinflammatory cytokines IL-6 and IL-8 and matrix
degrading enzyme MMP-1, while MMP-3 and TIMP2 are upregulated after 48 h of treatment. Moreover,
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were found between the secretome-treated group
and the control group regarding peeling strength,
less collagen was detected at the protein level (Fig.
4c). Therefore, we hypothesised that the decreased
collagen content may be a hint for a weakening of
the AF mechanical properties. Nevertheless, the
peel-force test measures the strength required (at a
constant velocity) for the detachment of adjacent AF
lamellae through the TLBN, mostly composed of
elastin and fibrillin. Therefore, changes in collagen
content may not influence the test. Given this,
further investigations of the effect of MSC secretome
on matrix turnover and disc degeneration will be
necessary.

literature data have shown that MSC priming
improves their paracrine immunomodulatory effect
and capacity to improve tissue repair/regeneration
across the wide range of tissues and pathological
conditions, including articular cartilage and IVD
degeneration (Ferreira et al., 2018). Therefore, we
opted to further investigate the effect of the primed
MSC secretome on the proinflammatory/degenerative
AF-OC model.
Reviewer 2: If there were no significant changes in
the annular delamination strength test following CTS
+ secretome treatment when compared to controls,
how does this contribute to further disc degeneration?
Authors: The MSC secretome modulated the
proinflammatory response of AF cells but also
influenced the AF collagen content and mechanical
properties of the AF tissue stimulated by CTS + IL1β conditions (Fig. 8). Although no differences

Editor’s note: The Scientific Editor responsible for
this paper was Sibylle Grad.
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