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Abstract

Low back pain is experienced by a large number of people
in western countries and may be caused and influenced by
many different pathologies and psychosocial factors includ-
ing disc degeneration. Disc degeneration involves the in-
creased expression of proinflammatory cytokines and matrix
metalloproteinases (MMPs) in the disc environment, which
leads to the loss of extracellular matrix (ECM) and the viabil-
ity of the native disc cells (DCs). Treatment approaches using
growth factors and cell therapy have been proposed due to
the compelling results that growth factors and mesenchy-
mal stem cells (MSCs) can influence the degenerated discs.
The aim of this study was to investigate the effects of condi-
tioned media (CM) from human MSCs (hMSCs) and connec-
tive tissue growth factor (CTGF) and TGF-{3 on disc cells, and
hMSCs isolated from patients with degenerative discs and
severe low back pain. The aim was also to examine the con-
stituents of CM in order to study the peptides that could

bring about intervertebral disc (IVD) regeneration. DCs and
hMSC pellets (approx.. 200,000 cells) were cultured and stim-
ulated with hMSC-derived CM or CTGF and TGF-3 over 28
days. The effects of CM and CTGF on DCs and hMSCs were
assessed via cell viability, proteoglycan production, the ex-
pression of ECM proteins, and chondrogenesis in 3D pellet
culture. To identify the constituents of CM, CM was analyzed
with tandem mass spectrometry. The findings indicate that
CM enhanced the cellular viability and ECM production of
DCs while CTGF and the control exhibited nonsignificant dif-
ferences. The same was observed in the hMSC group. Mass
spectrometry analysis of CM identified >700 peptides, 129 of
which showed a relative abundance of >2 (CTGF among
them). The results suggest that CM holds potential to coun-
ter the progression of disc degeneration, likely resulting
from the combination of all the substances released by the
hMSCs. The soluble factors released belong to different pep-
tide families. The precise mechanism underlying the regen-
erative effect needs to be investigated further, prior to incor-
porating peptides in the development of new treatment
strategies for low back pain that is potentially caused by IVD
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Published by S. Karger AG, Basel

KARGER © 2020 The Author(s) Karger
Published by S. Karger AG, Basel Open access

karger@karger,com This is an Open Access article licensed under the Creative Commons

www.karger.com/cto Attribution-NonCommercial-4.0 International License (CC BY-NC)

(http://www.karger.com/Services/OpenAccessLicense), applicable to
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.

Daphne Hingert

Department of Orthopedics, Institute of Clinical Sciences, Sahlgrenska Academy,
University of Gothenburg, R-Huset, Plan 7, Goteborgsvigen 31

SE-431 80 Molndal (Sweden)

daphne.hingert@gu.se



Introduction

Low back pain is experienced by a large number of
populations in the West where the lifetime prevalence
is >84% [Airaksinen et al., 2006]. Low back pain ranks
higher than most fatal diseases in terms of years lived
with disability according to the Global Burden of Dis-
ease Study [van Hooff et al., 2014]. The cause of low
back pain is multifactorial in nature. In individuals with
chronic low back pain, disc bulging and degenerative
changes in the intervertebral discs (IVDs) have been
shown to be more common [Brinjikji et al., 2015] than
in control populations. Degenerative disc disease is as-
sociated with long-standing severe back pain. The ar-
chitecture of the IVD involves 2 main tissues, the an-
nulus fibrosus (AF) and the nucleus pulposus (NP).The
AF is the thick lamellae ring made up of organized col-
lagen fibers that surround the gelatinous structure of
the NP within the end plates [Humzah and Soames,
1988]. The NP is made up of proteoglycan and collagen,
crucial for the water content of the IVDs [Roughley,
2004]. The AF is mainly populated by fibroblast-like
cells while chondrocyte-like cells inhabit the NP [Ad-
ams and Roughley, 2006; Minogue et al., 2010]. In de-
generated discs, the collagen fibers in the tissue be-
comes gradually more and more disorganized, and the
2 tissues become hard to distinguish from each other
[Adams and Roughley, 2006]. Increased expression of
proinflammatory cytokines and matrix metalloprotein-
ases (MMPs) in degenerated IVDs leads to aloss of pro-
teoglycan and extracellular matrix (ECM), affecting the
viability of the disc cells (DCs) in the IVDs [Ekman et
al., 2005; Airaksinen et al., 2006]. Current surgical treat-
ments are symptomatic and do not tackle the degenera-
tive process or promote regeneration [Phillips et al.,
2013]. Thus, new treatment strategies with effective
therapeutic agents that can be clinically applied as a
minimally invasive regenerative therapy are warranted.
Several treatment approaches for degenerated disc dis-
ease, including growth factors and cell therapy, have
been suggested [Peroglio et al., 2013; Zeckser et al.,
2016]. Growth factors such as transforming growth fac-
tor B (TGF-P) and connective tissue growth factor
(CTGF) have been reported as major focal points in
protein interaction networks that act as the main in-
ducer of chondrogenesis. In fact, in vitro stimulation
with these factors demonstrated enhanced cell prolif-
eration and ECM production in rat-tail disc cells [Mat-
taetal., 2017]. Meanwhile, cell therapy with mesenchy-
mal stem cells (MSCs) also show promise in promoting
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regenerative effects in many disease models [Gou et al.,
2014; Somoza et al., 2014]. It has been reported that
transplanted cells do not survive for long, but the ther-
apeutic effect observed was due to the vast array of bio-
active substances secreted by the cells that played an
important role in regulating key biological processes
[Vizoso et al., 2017]. DCs have previously been report-
ed to have regenerative outcomes when cocultured with
human (h)MSCs, indicating that substances secreted
from hMSCs might have therapeutic potential [Svanvik
et al., 2010; Hingert et al., 2020]. Studies have also
shown that conditioned media (CM) derived from
MSCs promotes tissue repair in arthritis and cartilage
models [Toh et al., 2014; Kay et al., 2017].

All these reports provide compelling evidence that
growth factors (CTGF and TGF-f) and/or proteins se-
creted from MSCs may have the ability to restore the in-
tegrity of the discs and/or arrest degeneration processes.
To validate this hypothesis, the aim of this study was to
compare the effects of CM from hMSCs with the effects
of the growth factors CTGF and TGF-f on DCs and hM-
SCs isolated from patients with low back pain in a 3D in
vitro model. The aim was to further identify the constitu-
ents of CM to gain an insight into the network of proteins
secreted by the hMSCs.

Materials and Methods

Patients

Disc tissues and bone marrow aspirates (BMA) from the iliac
crest were collected from patients with long-standing low back
pain without radicular pain, who had been diagnosed with degen-
erated-disc disease and were undergoing spinal fusion surgery in-
cluding the removal of the disc(s). The discs were graded according
to the Pfirrmann grading system on magnetic resonance imaging
(MRI) as grade 3/4. Disc tissue was obtained from the center of the
disc. However, the obtained tissue was a mixture of AF and NP tis-
sue due to the disintegration of the discs. Due to limited samples,
no characterization of the cells was performed. Both disc tissues
and BMA were obtained from 2 females and 1 male donor aged
29—49 years.

DC Isolation and Cell Culture

Disc tissues were cut into small pieces, transferred to culture
flasks (CORNING, NY, USA), and incubated with 1 mg/mL type
II collagenase at 37 °C and 5% CO, overnight. Cell suspensions
were centrifuged at 1,500 rpm for 5 min and the cells were there-
after cultured at 37 °C and 5% CO, in DC medium (DMEM-low
glucose with 110 mg/L sodium pyruvate, 4 mmol/L L-glutamine
[Thermo Fisher Scientific, MA, USA], and 1% penicillin/strepto-
mycin, and supplemented with 10% human serum albumin
[HSA]). The medium was changed every 48 h and the DCs were
passaged at 90% confluency. All DCs used in the study were in pas-
sage 5.
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Fig. 1. a Schematic illustration of different stimulations used on hMSC and DC pellets. Illustration of cell viabil-
ity and proliferation on days 7-28 in DC pellets treated with conditioned media (CM) and 10 ng/mL CTGF
(CTGF) (b) and hMSC pellets treated with 10 ng/mL CTGF (CTGF) (c). Values are mean + SEM. * p < 0.05,

**p <0.01, *** p < 0.001.

hMSC Isolation and Cell Culture

BMA collected in 3.2% sodium citrate (Greiner Bio One,
Kremsmuenster, Austria) were transferred to a Ficoll tube (BD Va-
cutainer® CPT™, Biosciences, NJ, USA) and centrifuged at 1,500
rpm for 20 min. hMSCs were isolated and cultured at 37 °C and
5% CO, in MSC media (DMEM low glucose with 110 mg/L sodi-
um pyruvate and 4 mmol/L L-glutamine [Thermo Fisher Scien-
tific]), together with 1% penicillin/streptomycin, 10% HSA, and 4
ng/mL B-fibroblast growth factor (FGF). The medium was changed
every 48 h and cell passaging was done at 90% confluency. All
hMSCs used in the study were in passage 5.

Collection of h(MSC CM

hMSCs from 3 patients were cultured in MSC media at a den-
sity of approximately 10,000 cells/cm? for 14 days, and CM was
harvested every 48 h. The collected CM was centrifuged at 1,500
rpm at 4°C for 5 min. The supernatants (from all 3 patients) were
then pooled, sterile-filtered (SARSTEDT, Niimbrecht, Germany),
and stored at —80 °C until further use. All the hMSCs used in the
study were in passage 4-5.

3D Pellet Culture

Approximately 200,000 DCs or hMSCs were distributed into
each conical tube with 0.5 mL of relevant medium, centrifuged at
1,500 rpm at 4 °C for 5 min, and then incubated at 37°C and 5%
CO,. The medium was changed every 2-3 days and the pellets were
harvested on days 7, 14, and 28. The experiments were conducted
separately with each cell type from each donor.
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Pellet Stimulation

DC pellets were stimulated with CM (CM in chondrogenic me-
diaata 1:1 ratio) or 10 ng/mL CTGF (R&D Systems, MN, USA) in
chondrogenic media (DMEM high glucose with insulin, transfer-
rin, and selenium [ITS-G; Thermo Fisher Scientific], 5 mg/mL lin-
oleic acid, 10 ng/mL TGF-p;; R&D Systems), 14 mg/mL ascorbic
acid , 107 M dexamethasone [Sigma-Aldrich, MS, USA], 1.0 mg/
mL HSA [Equitech-Bio Inc., KV, USA] and 1% penicillin/strepto-
mycin) (Fig. 1a). As the hMSCs were able to produce the same fac-
tors that are in CM, hMSC pellets were only stimulated with 10 ng/
mL CTGF. Chondrogenic medium (contains TGF-f) without any
additives served as a control group. Four replicates of pellets were
cultured for each stimulation group per donor (i.e., 12 pellets in
total for each stimulation group), where 2 pellets were used for
histological evaluation and 2 for the biochemical analysis of each
stimulation group.

Cell Proliferation/Viability Measurement

50 pL of cell-counting kit 8 (CCK-8) solution (Dojindo, Mu-
nich, Germany) was added to each pellet and incubated for 4 h at
37°C and 5% CO,. The supernatant was then collected, and the
color intensity measured at 450 nm with a microplate reader
(BioTek, VT, USA). CCK-8 assay was performed on days 7, 14, and
28 before harvesting the pellets. The supernatant was collected in
duplicate from 4 pellets for each stimulation group (i.e., 8 repli-
cates/stimulation group).

Hingert/Nawilaijaroen/Aldridge/Baranto/
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Histological Staining

DC and hMSC pellets were fixed with 4% formaldehyde (His-
tolab products, Gothenburg, Sweden), sectioned, and then stained
with Alcian blue van Gieson. The histology sections were later ex-
amined for proteoglycan and collagen deposition on light micros-
copy (Nikon Eclipse E600). This was conducted on 2 sections from
each of the 2 pellets for both cell types (i.e., 4 sections investigated/
stimulation group).

Glycosaminoglycan and DNA Assays

The pellets were digested with papain (1.5 mg papain/mL [Sig-
ma-Aldrich, MS, USA]), 20 mM sodium phosphate buffer, 1 mMm
EDTA, and 2 mM dithiothreitol prior to incubation at 60 °C over-
night. Glycosaminoglycan (GAG) and DNA were quantified with
the glycosaminoglycans assay kit (Chondrex, WA, USA) and the
DNA assay kit (Chondrex), respectively. The GAG and DNA con-
tent was then measured at 525 nm and an excitation of 360 nm/
emission 460 nm for GAG and DNA, respectively, with a micro-
plate reader (BioTek). The analysis was conducted in 4 replicates
for each stimulation group, and GAG content was normalized to
the total amount of DNA in each pellet.

Immunohistochemistry

Immunohistochemistry was carried out to verify the character-
istics of chondrocyte-like cells in the DCs and chondrogenic dif-
ferentiation in the hMSCs. The expression of keratin-19 (KRT19),
aggrecan (ACAN), and collagen type II (COLIIA1) was studied in
DC pellets, and the expression of Sox9, ACAN, and COLIIA1 in
hMSC pellets. Briefly, paraffin-embedded sections were deparaf-
finized and rehydrated; antigen retrieval (citrate buffer, pH 6,
90 °C for 20 min) was then carried out. Primary antibodies used
include anti-KRT19 (1:100), anti-Sox9 (1:1,000), anti-ACAN (1:
500), and anti-COLIIA1 (1:100, Abcam, Cambridge, MA, USA).
After incubation at 4 °C overnight, the sections were blocked with
blocking solution (0.1% Triton X-100, 2% BSA, and 100 mM gly-
cine in PBS). COLIIA1 sections only were blocked with 3% BSA.
Secondary antibodies include donkey anti-rabbit IgG Alexa Fluor
546 (1:200, Thermo Fisher Scientific) against KRT19, Sox9, and
ACAN, and goat anti-rabbit IgG Alexa Fluor 546 (1:200, Thermo
Fisher Scientific) against COLIIA1. To complement the detection
of COLIIA1, the sections were incubated with SA-HRP (1:100,
TSA plus cyanine 3 system kit, PerkinElmer, MA, USA) for 30 min,
and cyanine 3 tyramide (1:100, TSA plus cyanine 3 system Kkit)
prior to nuclei counterstaining with ProLong® gold antifade
mountant (DAPI; Thermo Fisher Scientific). The samples were ex-
amined under fluorescence microscope (Nikon Eclipse E600, Ja-
pan). NIS Elements software (Nikon Metrology NV, Europe) was
used to perform fluorescence intensity quantification and deter-
mine the area of the pellets. The levels of protein expression were
presented as pixel/um?. The analysis was conducted in 4 replicates
for each stimulation group.

CM Preparation for Secretome Analysis

Proteins in CM were digested using the filter-aided sample
preparation (FASP) method [Wisniewski et al., 2009]. Briefly, pro-
tein samples were concentrated using 30 kDa MW CO Pall Nanosep
centrifugal filters (Sigma-Aldrich). Digestion was performed in 50
mM TEAB and 1% sodium deoxycholate (SDC) overnight at 37°C
after the addition of trypsin (Pierce trypsin protease, MS grade,
Thermo Fisher Scientific) in a ratio of 1:100 relative to the amount

The Effect of hMSC CM on DCs

of protein. Digested peptides were labeled using TMT 10-plex iso-
baric mass tagging reagents (Thermo Scientific) according to the
manufacturer’s instructions. MSC medium served as a control.

Mass Spectrometry Analysis

Liquid chromatography-mass spectrometry analysis was per-
formed by the Proteomics Core Facility, Sahlgrenska Academy,
Gothenburg University. Mass spectrometric analysis was per-
formed with a Q Exactive mass spectrometer (Thermo Fisher Sci-
entific). Briefly, the CM was analyzed for its peptide content and
compared to control medium. Samples were fractioned into 40
fractions based on hydrophobicity, in order to increase analytical
resolution. Tandem-mass tags (TMT) were used to quantify the
relative amounts of peptides in the CM compared to the control
media. Data analysis was performed utilizing Proteome Discov-
erer v1.4 (Thermo Fisher Scientific) against the Human Swissprot
Database version March 2015 (Swiss Institute of Bioinformatics,
Switzerland). Mascot 2.3.2.0 (Matrix Science) was used as a search
engine. Ratio and fold-changes were calculated by using control
(MSC) media as a denominator. Identified peptides were grouped
based on literature findings.

Statistical Analysis

All statistical data are presented as the mean * standard error
of the mean (SEM). Data were analyzed via SPSS v25.0 software
(IBM SPSS Statistics, NY, USA). Two-tailed Student’s ¢ test was
used for CCK-8 and GAG assays, as well as fluorescence intensity
quantification for hMSC groups (comparing the means of 2
groups) while ANOVA with the Tukey post hoc test was used for
that of DC groups (multiple comparisons). p < 0.05 was considered
statistically significant.

Results

Cell Proliferation/Viability Measurement

In DC pellets, the CM stimulated group demonstrated
a continuous cell proliferation on days 7—28, and the
number of viable cells was significantly higher than in the
CTGF group at 2 time points, i.e., day 14 (p < 0.05) and
day 28 (p < 0.001) (Fig. 1b). However, there was no sig-
nificant difference between the CTGF and control groups.
The cell viability of hMSC pellets was highest on day 7 for
both the CTGF and control groups, compared to the oth-
er time points. Nevertheless, throughout the experiment,
the CTGF group showed no significant difference from
controls (p > 0.05) (Fig. 1c¢).

Histological Staining

Alcian blue van Gieson staining was carried out to ex-
amine proteoglycan and collagen deposition within the
cell pellets. In DC pellets, compared to the other groups,
CM demonstrated the highest proteoglycan accumula-
tion at all time points, starting on day 7 and being main-
tained until day 28 (Fig. 2a). The CTGF and control
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Fig. 2. Histological staining and GAG content of DC pellets stimulated with conditioned media (CM) and 10 ng/
mL CTGF and hMSC pellets treated with 10 ng/mL CTGF on days 7-28. Alcian blue van Gieson staining of DC
pellets (a) and hMSC pellets (b). Histology sections present proteoglycan (blue) and collagen (pink). Black dots
represent the nuclei of the cells. Quantification of GAG production in DC pellets (c) and hMSC pellets (d). Val-
ues presented in bar charts are the mean + SEM.* p < 0.05, ** p < 0.01.

groups revealed no proteoglycan accumulation in DC
pellets. However, collagen deposition was observed. For
the hMSC pellets, CTGF stimulation demonstrated pro-
teoglycan accumulation on days 7 and 14. A similar pat-
tern was observed in the control group (Fig. 2b).

Glycosaminoglycan and DNA Assays

In DC pellets, CM vyielded the highest GAG produc-
tion at all time points and the levels were significantly
higher on day 7 (p < 0.01) and day 28 (p < 0.001) com-
pared to the CTGF and control groups (Fig. 2c). InhMSC
pellets, GAG production gradually increased from day 7
to day 28, but no significant difference was observed be-
tween the CTGF and control groups (p > 0.05) (Fig. 2d).

80 Cells Tissues Organs 2019;208:76-88
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Immunohistochemistry

KRT19

The expression of KRT19 protein was observed in DC
pellets at all time points regardless of the stimulations
(Fig. 3a), confirming the chondrocyte-like cell properties
of DC in the experiment. There was, however, no signifi-
cant difference between the groups (Fig. 3¢c).

Sox9

The expression of Sox9 protein was observed in hMSC
pellets as early as day 7, and the expression was elevated
at later time points for both the CTGF stimulated and
control groups (Fig. 3b, d), indicating the occurrence of
chondrogenesis.

Hingert/Nawilaijaroen/Aldridge/Baranto/
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Aggrecan whereas CTGF showed low COLIIA1 expression and was

In DC pellets, significantly higher expression of ACAN
was observed in pellets treated with CM. An increase in
expression was detected with time compared to in the
CTGF and control groups. No significant difference was
observed between the CTGF and control groups (Fig. 4a,
c). Similarly, the expression of ACAN protein was ob-
served in hMSC pellets at all time points, with no signifi-
cant difference between CTGF and control groups
(Fig. 4b, d).

COLITA1
In DC pellets, significantly higher COLIIA1 expres-
sion was found in the CM group on days 14 and 28,

The Effect of hMSC CM on DCs

not significantly different from the control (Fig. 5a, c).
Although COLIIA1 expression was detected at all time
points in hMSC pellets (Fig. 5b), the expression was rela-
tively low with no significant difference in the CTGF and
control groups (Fig. 5d).

Mass-Spectrometry Analysis of CM

Mass spectrometry analysis identified 753 unique pep-
tides present in CM; 129 of these showed a relative abun-
dance (CM/MSC media) of 22, and 275 peptides showed
<2 (for a complete list of proteins, see online suppl. Table
1; for all online suppl. material, see www.karger.com/
do0i/10.1159/000506350). The 129 peptides comprised
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ECM protein, enzymes, growth factors, tissue inhibitors
of metalloproteinase 1 (TIMP-1), MMPs, MMP regula-
tors, transporters, etc. (Fig. 6). Among the growth factors,
vascular endothelial growth factor (VEGF), bone mor-
phogenetic protein-1 (BMP-1) and CTGF were identified
(Table 1).

Discussion

The findings in this study demonstrated that the stim-
ulation of DCs with CM enhanced cellular viability as
well as promoting ECM production, crucial for main-
taining the structural integrity and biomechanical prop-
erties of the spine. The stimulation with CTGF did not
add to the normal effect of chondrogenic media (con-

82 Cells Tissues Organs 2019;208:76-88
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taining TGF-P), in promoting chondrogenesis in either
hMSCs or DCs, and was less effective than the hMSC
CM.

Disc tissues collected from patients were a mixture of
AF and NP due to disintegration of the discs; this made
it difficult to distinguish between AF and NP. Suggest-
ed markers for chondrocyte-like/NP cells are ACAN,
COLIIA1L, KRT19, NCAMI, etc. [Minogue et al., 2010;
Rutges et al., 2010; Risbud et al., 2015; Tang et al., 2016].
KRT19, ACAN, and COLIIA1 expression in DC pellets
confirmed the chondrocyte-like cell characteristic of the
DCs isolated. One of the limitations of the study was that
no characterization of the cells in the disc tissues was per-
formed to determine the ratio of AF and NP cells in these
experiments due to limited sample availability. Sox9,
ACAN, and COLIIA1 expression in hMSC pellets vali-

Hingert/Nawilaijaroen/Aldridge/Baranto/
Brisby
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dated the chondrogenic differentiation of the hMSCs
[Chimal-Monroy et al., 2003].

Mass spectrometry analysis revealed 129 secreted pep-
tides, which included modulators of growth factors, anti-
apoptotic factors, antiangiogenic factors, MMP inhibitors,
and several proteoglycans including collagens and small
leucine-rich proteoglycans (SLRPs). CTGF was among the
growth factors identified. It is known as a vital component
of the IVD microenvironment where it interacts with sev-
eral growth factors and ECM proteins [Abreu et al., 2002;
Leask and Abraham, 2006; Nishida et al., 2007; Tran et al.,
2010]. Like TGF-f, CTGF plays a role in the development
of cartilage and IVD in the embryonic stage of the spine [Jin
etal, 2011]. The different domains in CTGF mediate phys-
ical interaction with bone morphogenetic proteins (BMPs)
and TGF-p ligands. The interaction is assisted by growth

The Effect of hMSC CM on DCs

factor modulators such as insulin-like growth factor (IGF)-
binding proteins, latent TGF-B-binding protein 3, fol-
listatin, decorin, and EMILIN-1 [Abreu et al., 2002; Leask
and Abraham, 2006; Munjal et al., 2014]. BMP-1, a member
of the TGF-{ superfamily that interacts with CTGF, along
with VEGF, a growth factor that promotes cartilage repair
and regeneration [Gugjoo et al., 2016; Schorn et al., 2017;
Vadala et al., 2018], was also identified. These protein net-
works illustrate the complexity of the signaling mecha-
nisms required to maintain a healthy IVD.

Even though CM was supplemented with chondrogenic
media containing TGF-p (at a 1:1 ratio; Fig. 1), the concen-
tration of TGF-p might have been lower than that in the
CTGF and control groups. However, stimulation with CM
resulted in greater cell proliferation and ECM production
than in the CTGF and control groups in DC pellets. Detec-
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Fig. 6. Pie chart illustrating the distribution of different groups of peptides identified in CM derived from hMSCs.

tion of significantly higher cell proliferation in DCs could
be triggered synergistically by the growth factors, the ECM,
and the plasma proteins in the CM. VEGF, BMP-1, and
CTGF are known to promote proliferative activities [Kim
et al., 2012]. Several ECM and plasma proteins, such as
EGF-containing fibulin-like extracellular matrix protein 2
and prosaposin, regulate cell proliferation, while stannio-
calcin-1 acts as an antiapoptotic factor in response to the
activation by apoptotic cells [Misasi et al., 2004; Block et al.,
2009; Sun et al., 2010]. This may account for the increased
viability observed in DCs when stimulated with CM.

84 Cells Tissues Organs 2019;208:76-88
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CM induced significantly higher proteoglycan accumu-
lation and GAG production, and it displayed higher expres-
sion of ACAN and COLIIA1 in DCs than in the CTGF and
control groups. These findings are supported by previous
findings that MSCs elevated ACAN and COLIIA1 expres-
sion and CM lowered ACAN degradation in a murine mod-
el of arthritis [Kay et al., 2017; Soetjahjo et al., 2018]. The
observed effects of CM could possibly be caused by the pres-
ence of growth factors and several ECM proteins (cathep-
sin, peroxidasin, urokinase-type plasminogen activator,
and plasminogen activator inhibitor-1, which are involved
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Table 1. Representative list of proteins identified in CM of hMSCs along with their classes and functions

No. Accession No. Name

Class

Function

1 P49767 Vascular endothelial growth factor growth factor involved in cartilage repair and regeneration
2 P13497 Bone morphogenetic protein 1 growth factor cartilage proliferation and collagen synthesis
3 P29279 Connective tissue growth factor growth factor cartilage and bone development
4 P22692 Insulin-like growth factor-binding growth factor regulates CTGF
protein modulator
5  QYNS15 Latent-transforming growth factor growth factor key regulator of TGF-f
B-binding protein 3 modulator
6  P09382 Galectin-1 growth factor suppresses proinflammatory cytokine synthesis
modulator
7  P19883 Follistatin protein inhibitor regulates TGF-f8
8  P05121 Plasminogen activator inhibitor 1 protein inhibitor involved in cartilage repair
9 QIBY76 Angiopoietin-related protein 4 precursor protein Whnt signaling antagonist
10  P07602 Prosaposin precursor protein regulates cell proliferation and apoptosis
11 095967 EGF-containing fibulin-like ECM protein regulates cell proliferation and apoptosis
extracellular matrix protein 2
12 Q92626 Peroxidasin ECM protein plays a role in ECM modification
13 Ql4112 Nidogen-2 ECM glycoprotein involved in ECM assembly and cell invasion
14 Q9NRN5 Olfactomedin-like protein 3 ECM glycoprotein binds to BMP-4 and involved in angiogenesis
15 Q9YeC2 EMILIN-1 ECM glycoprotein negatively regulates TGF-f signaling
16  P52823 Stanniocalcins plasma protein antiapoptotic factor
17 075326 Semaphorin transmembrane inhibits angiogenesis and nerve in-growth in IVDs
protein
18  P07585 Decorin proteoglycan negatively regulates TGF-P} signaling
19  P01033 Metalloproteinase inhibitor 1 TIMP-1 inhibitor of MMP-1
20 P00749 Urokinase-type plasminogen activator enzyme involved in angiogenesis and cartilage remodeling
21 P07339 Cathepsin D enzyme ECM remodeling

in ECM assembling, remodeling, and modification [Camp-
belletal., 1991; Péterfietal., 2009; Bonnans etal., 2014; Mao
etal.,, 2014; Popa et al., 2014]. The multiple proteins in CM
most likely worked hand in hand to bring about the chon-
drogenic effects observed in this study.

In addition, the presence of angiopoietin-related pro-
tein 4, an antagonist of Wnt-signaling in CM, may have
been beneficial as the Wnt-signaling pathway regulates
the expression of proinflammatory cytokines involved in
IVD degeneration [Hiyama et al., 2013]. Metalloprotein-
ase inhibitor-1, that can combat the activities of MMPs,
was also identified. However, more investigations into
these factors are needed to elucidate the exact role they
play in combating IVD degeneration.

The Effect of hMSC CM on DCs

Other proteins such as semaphorin, nidogen-2, and
olfactomedin-like protein 3 were also identified and their
exact role remains unknown [Matta et al., 2017]. How-
ever, semaphorin is reported to be a key regulator of a
specific signaling mechanism through several receptor
complexes essential for cell migration, morphology, and
motility [Casazza et al., 2007; Alto and Terman, 2017].
Semaphorin has been demonstrated to be highly ex-
pressed in healthy DCs [Alto and Terman, 2017].

Stimulation with CTGF in this study had no significant
effect on DC and hMSC proliferation compared to the con-
trol group as we have hypothesized, implying that CTGF
was not solely responsible for the effect seen by CM even
in the presence of TGF-P. Furthermore, the concentration
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used in this study might have been too low. The concentra-
tion of 100 ng/mL of CTGF has been reported to promote
cell viability in the monolayers of NP cells [Matta et al.,
2017] and articular chondrocytes [Xing et al., 2018]. How-
ever, the motivation for using 10 ng/mL CTGF here was
that chondrogenic/control medium contained 10 ng/mL
TGF-p, which has been reported to induce the expression
of CTGF [Kothapalli et al., 1997; Chen et al., 2000]. CTGF
at 5 ng/mL has also been shown to coordinate ECM syn-
thesis in the presence of TGF- [Wu et al., 2018]. The no-
tion behind not testing hMSC pellets with CM was that the
hMSCs could produce their own secretome, and that
CTGF should boost proliferation and chondrogenesis. The
fact that CM was effective on DCs implies that the secre-
tome was perhaps meant for other cell types [Baraniak and
McDevitt, 2010]. CM from other cell types has also been
reported to show regenerative effects [Bach et al., 2016].
The presence of complex protein networks in the CM ex-
plains why a therapeutic effect was observed in coculture
models. Enhanced chondrogenic activity was previously
reported in cocultured DCs and hMSCs, and it was be-
lieved to be due to cell-to-cell communication or the secre-
tion of substances through paracrine signaling [Svanvik et
al., 2010; Hingert et al., 2020]. In addition to signaling pep-
tides, hMSCs are reported to secrete extracellular vesicles,
including exosomes that act as vehicles transporting vari-
ous biological factors to targeted cells [Cheng et al., 2018].
These exosomes have been reported to have regenerative
effects on disc degeneration [Bach et al., 2016]; however,
further investigations are needed.

In conclusion, CM holds the potential to influence DCs
from degenerated discs. The therapeutic effect observed
was most probably caused by a combination of all the sub-
stances released by the hMSCs (not just by the growth fac-
tors, e.g., CTGF and TGF-p). These signaling peptides be-
long to different peptide families. The identification of the
key factors needs to be carried out before suggesting pep-

References

tide combinations should be used as a new treatment
strategy for IVD degeneration that leads to low back pain.

Acknowledgement

We would like to thank Dr. Barreto Henriksson for technical
assistance in some of the preliminary experiments.

Statement of Ethics

All human tissues/cells were collected with permission from
the Regional Ethics Review Board at Sahlgrenska Academy, Go-
thenburg University, Gothenburg, Sweden (Dnr. 532-04) and with
the informed consent of the patients.

Disclosure Statement

The authors have no conflicts of interest to declare.

Funding Sources

The study was financed by grants from the Swedish State under
the agreement between the Swedish government and the country
councils (the Alf Agreement) and the Dr. Felix Neubergh Founda-
tion.

Author Contributions

P.N. performed cell cultures, biochemical analysis, histology,
and image analysis, and contributed to writing the manuscript.
D.H. designed the studies, supervised P.N. with the experiments,
analyzed and compiled the results, and was a major contributor to
writing the manuscript. J.A. performed conditioned media collec-
tion and compiled the data from mass spectrometry analysis. A.B.
collected tissue samples for the experiment and provided input for
the study. H.B. collected tissue samples from patients and provid-
ed the samples for the studies, helped design the studies, interpret-
ed the results, and contributed to writing the manuscript. All au-
thors read and approved the manuscript.

Abreu JG, Ketpura NI, Reversade B, De Robertis
EM. Connective-tissue growth factor (CTGF)
modulates cell signalling by BMP and TGEF-
beta. Nat Cell Biol. 2002 Aug;4(8):599-604.

Adams MA, Roughley PJ. What is intervertebral
disc degeneration, and what causes it? Spine.
2006 Aug;31(18):2151-61.

Airaksinen O, Brox JI, Cedraschi C, Hildebrandt
J, Klaber-Moftfett J, Kovacs F, et al. European
guidelines for the management of chronic
nonspecific low back pain. Eur Spine J. 2006;
2(Suppl 2): $192-300.

Alto LT, Terman JR. Semaphorins and Their Sig-
naling Mechanisms. Methods Mol Biol. 2017;
1493:1-25.

Bach FC, de Vries SA, Riemers FM, Boere J, van
Heel FW, van Doeselaar M, et al. Soluble and
pelletable factors in porcine, canine and hu-
man notochordal cell-conditioned medium:
implications for IVD regeneration. Eur Cell
Mater. 2016 Aug;32:163-80.

Baraniak PR, McDevitt TC. Stem cell paracrine
actions and tissue regeneration. Regen Med.
2010 Jan;5(1):121-43.

86 Cells Tissues Organs 2019;208:76-88

DOI: 10.1159/000506350

Block GJ, Ohkouchi S, Fung F, Frenkel ], Gregory
C, Pochampally R, et al. Multipotent stromal
cells are activated to reduce apoptosis in part
by upregulation and secretion of stanniocal-
cin-1. Stem Cells. 2009 Mar;27(3):670-81.

Bonnans C, ChouJ, Werb Z. Remodelling the extra-
cellular matrix in development and disease. Nat
Rev Mol Cell Biol. 2014 Dec;15(12):786-801.

Hingert/Nawilaijaroen/Aldridge/Baranto/
Brisby



Brinjikji W, Diehn FE, Jarvik JG, Carr CM,
Kallmes DF, Murad MH, et al. MRI Findings
of Disc Degeneration are More Prevalent in
Adults with Low Back Pain than in Asymp-
tomatic Controls: A Systematic Review and
Meta-Analysis. AJNR Am ] Neuroradiol.
2015 Dec;36(12):2394-9.

Campbell IK, Last K, Novak U, Lund LR, Hamil-
ton JA. Recombinant human interleukin-1
inhibits plasminogen activator inhibitor-1
(PAI-1) production by human articular carti-
lage and chondrocytes. Biochem Biophys Res
Commun. 1991 Jan;174(1):251-7.

Casazza A, Fazzari P, Tamagnone L. Semaphorin
signals in cell adhesion and cell migration:
functional role and molecular mechanisms.
Adv Exp Med Biol. 2007;600:90-108.

Chen MM, Lam A, Abraham JA, Schreiner GF,
Joly AH. CTGF expression is induced by
TGEF- beta in cardiac fibroblasts and cardiac
myocytes: a potential role in heart fibrosis.
J Mol Cell Cardiol. 2000 Oct;32(10):1805-
19.

Cheng X, Zhang G, Zhang L, Hu Y, Zhang K, Sun
X, et al. Mesenchymal stem cells deliver exog-
enous miR-21 via exosomes to inhibit nucleus
pulposus cell apoptosis and reduce interverte-
bral disc degeneration. ] Cell Mol Med. 2018
Jan;22(1):261-76.

Chimal-Monroy J, Rodriguez-Leon J, Montero
JA, Ganan Y, Macias D, Merino R, et al. Anal-
ysis of the molecular cascade responsible for
mesodermal limb chondrogenesis: sox genes
and BMP signaling. Dev Biol. 2003 May;
257(2):292-301.

Ekman M, Jonhagen S, Hunsche E, Jonsson L.
Burden of illness of chronic low back pain in
Sweden: a cross-sectional, retrospective study
in primary care setting. Spine. 2005 Aug;
30(15):1777-85.

Gou S, Oxentenko SC, Eldrige JS, Xiao L, Pingree
MJ, Wang Z, et al. Stem cell therapy for inter-
vertebral disk regeneration. Am ] Phys Med
Rehabil. 2014 Nov;93(11 Suppl 3):S122-31.

Gugjoo MB, Amarpal, Sharma GT, Aithal HP,
Kinjavdekar P. Cartilage tissue engineering:
role of mesenchymal stem cells along with
growth factors & scaffolds. Indian ] Med Res.
2016 Sep;144(3):339-47.

Hingert D, Barreto Henriksson H, Baranto A,
Brisby H. BMP-3 promotes matrix produc-
tion in cocultured stem cells and disc cells
from low back pain patients. Tissue Eng Part
A. 2020 Jan;26:47-56.

Hiyama A, Yokoyama K, Nukaga T, Sakai D, Mo-
chida J. A complex interaction between Wnt
signaling and TNF-a in nucleus pulposus
cells. Arthritis Res Ther.2013Nov;15(6):R189.

Humzah MD, Soames RW. Human intervertebral
disc: structure and function. Anat Rec. 1988
Apr;220(4):337-56.

Jin H, Shen J, Wang B, Wang M, Shu B, Chen D.
TGF-f signaling plays an essential role in the
growth and maintenance of intervertebral
disc tissue. FEBS Lett. 2011 Apr;585(8):1209-
15.

The Effect of hMSC CM on DCs

Kay AG, Long G, Tyler G, Stefan A, Broadfoot SJ,
Piccinini AM, et al. Mesenchymal Stem Cell-
Conditioned Medium Reduces Disease Sever-
ity and Immune Responses in Inflammatory
Arthritis. Sci Rep. 2017 Dec;7(1):18019.

Kim SY, Lee JH, Kim HJ, Park MK, Huh JW, Ro
JY, et al. Mesenchymal stem cell-conditioned
media recovers lung fibroblasts from ciga-
rette smoke-induced damage. Am J Physiol
Lung Cell Mol Physiol. 2012 May;
302(9):1L891-908.

Kothapalli D, Frazier KS, Welply A, Segarini PR,
Grotendorst GR. Transforming growth factor
beta induces anchorage-independent growth
of NRK fibroblasts via a connective tissue
growth factor-dependent signaling pathway.
Cell Growth Differ. 1997;8(1):61-8.

Leask A, Abraham DJ. All in the CCN family: es-
sential matricellular signaling modulators
emerge from the bunker. ] Cell Sci. 2006 Dec;
119(Pt 23):4803-10.

Mao L, Kawao N, Tamura Y, Okumoto K, Okada
K, Yano M, et al. Plasminogen activator in-
hibitor-1 is involved in impaired bone repair
associated with diabetes in female mice. PLoS
One. 2014 Mar;9(3):e92686.

Matta A, Karim MZ, Isenman DE, Erwin WM.
Molecular Therapy for Degenerative Disc
Disease: Clues from Secretome Analysis of the
Notochordal Cell-Rich Nucleus Pulposus. Sci
Rep. 2017 Mar;7(1):45623.

Minogue BM, Richardson SM, Zeef LA, Freemont
AJ, Hoyland JA. Characterization of the hu-
man nucleus pulposus cell phenotype and
evaluation of novel marker gene expression to
define adult stem cell differentiation. Arthri-
tis Rheum. 2010 Dec;62(12):3695-705.

Misasi R, Garofalo T, Di Marzio L, Mattei V,
Gizzi C, Hiraiwa M, et al. Prosaposin: a new
player in cell death prevention of U937
monocytic cells. Exp Cell Res. 2004 Aug;
298(1):38-47.

Munjal C, Opoka AM, Osinska H, James JF, Bres-
san GM, Hinton RB. TGF-f mediates early
angiogenesis and latent fibrosis in an Emi-
linl-deficient mouse model of aortic valve
disease. Dis Model Mech. 2014 Aug;7(8):987-
96.

Nishida T, Kawaki H, Baxter RM, Deyoung RA,
Takigawa M, Lyons KM. CCN2 (Connective
Tissue Growth Factor) is essential for extra-
cellular matrix production and integrin sig-
naling in chondrocytes. ] Cell Commun Sig-
nal. 2007 Jun;1(1):45-58.

Peroglio M, Eglin D, Benneker LM, Alini M,
Grad S. Thermoreversible hyaluronan-
based hydrogel supports in vitro and ex vivo
disc-like differentiation of human mesen-
chymal stem cells. Spine J. 2013 Nov;13(11):
1627-39.

Péterfi Z, Donké A, Orient A, Sum A, Prokai A,
Molnar B, et al. Peroxidasin is secreted and
incorporated into the extracellular matrix of
myofibroblasts and fibrotic kidney. Am ]
Pathol. 2009 Aug;175(2):725-35.

Phillips FM, Slosar PJ, Youssef JA, Andersson G,
Papatheofanis F. Lumbar spine fusion for
chronic low back pain due to degenerative
disc disease: a systematic review. Spine. 2013
Apr;38(7):E409-22.

Popa NL, Wergedal JE, Lau KH, Mohan S, Rundle
CH. Urokinase plasminogen activator gene
deficiency inhibits fracture cartilage remodel-
ing. ] Bone Miner Metab. 2014 Mar;32(2):
124-35.

Risbud MV, Schoepflin ZR, Mwale F, Kandel RA,
Grad S, Iatridis JC, et al. Defining the pheno-
type of young healthy nucleus pulposus cells:
recommendations of the Spine Research In-
terest Group at the 2014 annual ORS meet-
ing. ] Orthop Res. 2015;33(3):283-93.

Roughley PJ. Biology of intervertebral disc aging
and degeneration: involvement of the extra-
cellular matrix. Spine. 2004 Dec;29(23):2691 -
9.

Rutges J, Creemers LB, Dhert W, Milz S, Sakai D,
Mochida J, et al. Variations in gene and pro-
tein expression in human nucleus pulposus in
comparison with annulus fibrosus and carti-
lage cells: potential associations with aging
and degeneration. Osteoarthritis Cartilage.
2010 Mar;18(3):416-23.

Schorn L, Sproll C, Ommerborn M, Naujoks C,
Kiibler NR, Depprich R. Vertical bone regen-
eration using rhBMP-2 and VEGF. Head Face
Med. 2017 Jun;13(1):11.

Soetjahjo B, Hidayat M, Sujuti H, Fibrianto Y.
Immunohistochemistry ~ Evaluation  of
TGEF-p1, SOX-9, Type II Collagen and Ag-
grecan in Cartilage Lesions Treated with
Conditioned Medium of Umbilical Cord
Mesencyhmal Stem Cells in Wistar Mice
(Rattus novergicus). ] Trop Life Sci. 2018;
8(1):21-7.

Somoza RA, Welter JF, Correa D, Caplan AL
Chondrogenic differentiation of mesenchy-
mal stem cells: challenges and unfulfilled ex-
pectations. Tissue Eng Part B Rev. 2014 Dec;
20(6):596-608.

Sun L, Wang S, Hu C, Zhang X. Regulation of cell
proliferation and apoptosis through fibrocys-
tin-prosaposin interaction. Arch Biochem
Biophys. 2010 Oct;502(2):130-6.

Svanvik T, Henriksson HB, Karlsson C, Hagman
M, Lindahl A, Brisby H. Human disk cells
from degenerated disks and mesenchymal
stem cells in co-culture result in increased
matrix production. Cells Tissues Organs.
2010;191(1):2-11.

Tang X, Jing L, Richardson W], Isaacs RE, Fitch
RD, Brown CR, Erickson MM, et al. Identify-
ing molecular phenotype of nucleus pulposus
cells in human intervertebral disc with aging
and degeneration. ] Orthop Res. 2016;34(8):
1316-26.

Toh WS, Foldager CB, Pei M, Hui JH. Advances
in mesenchymal stem cell-based strategies for
cartilage repair and regeneration. Stem Cell
Rev Rep. 2014 Oct;10(5):686-96.

Cells Tissues Organs 2019;208:76-88 87

DOI: 10.1159/000506350



Tran CM, Markova D, Smith HE, Susarla B, Pon-
nappan RK, Anderson DG, et al. Regulation
of CCN2/connective tissue growth factor ex-
pression in the nucleus pulposus of the inter-
vertebral disc: role of Smad and activator pro-
tein 1 signaling. Arthritis Rheum. 2010 Jul;
62(7):1983-92.

Vadala G, Russo F, Musumeci M, Giacalone A,
Papalia R, Denaro V. Targeting VEGF-A in
cartilage repair and regeneration: state of the
art and perspectives. ] Biol Regul Homeost
Agents. 2018 Nov-Dec;32(6 Suppl. 1):217-
24.

van Hooff ML, van Loon J, van Limbeek J, de
Kleuver M. The Nijmegen decision tool for
chroniclow back pain. Development of a clin-
ical decision tool for secondary or tertiary
spine care specialists. PLoS One. 2014 Aug;
9(8):€104226-104226.

Vizoso FJ, Eiro N, Cid S, Schneider J, Perez-Fer-
nandez R. Mesenchymal Stem Cell Secre-
tome: Toward Cell-Free Therapeutic Strate-
gies in Regenerative Medicine. Int ] Mol Sci.
2017 Aug;18(9):E1852.

Wiséniewski JR, Zougman A, Nagaraj N, Mann M.
Universal sample preparation method for
proteome analysis. Nat Methods. 2009 May;
6(5):359-62.

Wu Q, Mathers C, Wang EW, Sheng S, Wenkert
D, Huang JH. TGF-p Initiates B-Catenin-
Mediated CTGF Secretory Pathway in Old
Bovine Nucleus Pulposus Cells: A Potential
Mechanism for Intervertebral Disc Degenera-
tion. JBMR Plus. 2018 Jul;3(2):e10069.

88 Cells Tissues Organs 2019;208:76-88

DOI: 10.1159/000506350

Xing X, Li Z, Yu Z, Cheng G, Li D, Li Z. Effects of
connective tissue growth factor (CTGF/
CCN2) on condylar chondrocyte prolifera-
tion, migration, maturation, differentiation
and signalling pathway. Biochem Biophys Res
Commun. 2018 Jan;495(1):1447-53.

Zeckser J, Wolff M, Tucker J, Goodwin J. Multi-
potent Mesenchymal Stem Cell Treatment for
Discogenic Low Back Pain and Disc Degen-
eration. Stem Cells Int. 2016;2016:3908389.

Hingert/Nawilaijaroen/Aldridge/Baranto/
Brisby



	TabellenTitel

