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Abstract

Background: Similar to humans, the horse is a long-lived, athletic species. The use of mesenchymal stromal cells
(MSCs) is a relatively new frontier, but has been used with promising results in treating joint diseases, e.g., osteoarthritis.
It is believed that MSCs exert their main therapeutic effects through secreted trophic biomolecules. Therefore, it has
been increasingly important to characterize the MSC secretome. It has been shown that the effect of the MSCs is
strongly influenced by the environment in the host compartment, and it is a crucial issue when considering MSC
therapy. The aim of this study was to investigate differences in the in vitro secreted protein profile between naive and
chondrogenic differentiating bone marrow-derived (BM)-MSCs when exposed to an inflammatory environment.

Methods: Equine BM-MSCs were divided into a naive group and a chondrogenic group. Cells were treated with
normal expansion media or chondrogenic media. Cells were treated with IL-1(3 for a period of 5 days (stimulation),
followed by 5 days without IL-1B (recovery). Media were collected after 48 h and 10 days. The secretomes were
digested and analyzed by nanoL.C-MS/MS to unravel the orchestration of proteins.

Results: The inflammatory proteins IL6, CXCL1, CXCL6, CCL7, SEMA7A, SAA, and haptoglobin were identified in the
secretome after 48 h from all cells stimulated with IL-13. CXCL8, OSM, TGF-31, the angiogenic proteins VCAM1, ICAMT,
VEGFA, and VEGFC, the proteases MMP1 and MMP3, and the protease inhibitor TIMP3 were among the proteins only
identified in the secretome after 48 h from cells cultured in normal expansion media. After 10-day incubation, the proteins
CXCLT, CXCL6, and CCL7 were still identified in the secretome from BM-MSCs stimulated with IL-13, but the essential
inducer of inflammation, IL6, was only identified in the secretome from cells cultured in normal expansion media.
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and chondrogenic BM-MSCs was still evident.

Joint disease

Conclusion: The findings in this study indicate that naive BM-MSCs have a more extensive inflammatory response at 48 h
to stimulation with IL-13 compared to BM-MSCs undergoing chondrogenic differentiation. This extensive inflammatory
response decreased after 5 days without IL-1(3 (day 10), but a difference in composition of the secretome between naive
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Background

Similar to humans, the horse is a long-lived, athletic
species. Osteoarthritis (OA) including joint inflamma-
tion and cartilage degradation is one of the leading
causes of lameness in horses, but there is still no cure
to prevent the progressive degradation of the joint tis-
sue or restore normal joint anatomy. Therefore, the
goals for the treatments used for decades have been
to slow the progression of the disease, minimize pain,
and increase the function of the joint [1]. The use of
mesenchymal stromal cells (MSCs) in treating joint
diseases is a relatively new frontier, but has been used
with promising results in the clinic [2, 3], and cell-
based therapies are seen as the next-generation treat-
ment of joint diseases.

It was originally proposed that transdifferentiation or
cell fusion of transplanted MSCs was the principal
mechanism underlying their therapeutic action in tissue
regeneration [4]. But it is now believed that MSCs exert
their main therapeutic effects through secreted trophic
biomolecules acting in a paracrine fashion [5]. There-
fore, it has been increasingly important to characterize
the MSC secretome, and omics approaches have proved
very useful for this purpose [6—9]. Indeed, identification
of key MSC-secreted factors might be central in the de-
sign of next-generation joint disease therapeutics. The
array of mechanisms affected by the MSC secretome
spans from cell division and cell survival [10] to angio-
genesis [11], extracellular matrix (ECM) organization
[12], immunomodulation [13], and inflammatory re-
sponse [14]. Previous studies have shown that the mode
of MSC action is affected by the environment. A study
of the secretome from human bone marrow (BM)-de-
rived MSCs stimulated with IL-1f identified a broad
spectrum of proteins involved in inflammation and
angiogenesis which were overrepresented in the stimu-
lated MSC secretome [9, 15], and another study of
human osteoarthritic BM-MSCs undergoing chondro-
genic differentiation reported a panel of extracellular
markers potentially useful for cartilage repair after tissue
engineering-based treatments [8]. These findings indicate
that the effect of MSCs will be strongly influenced by the
environment of the host compartment, and it is a crucial
matter when considering MSC therapy.

The aim of this study was to investigate differences in
the in vitro secreted proteome between naive and chon-
drogenic differentiating BM-derived MSCs when ex-
posed to an inflammatory (IL-1f3) environment.

Methods

Study design

Mesenchymal stromal cells derived from the bone mar-
row were divided into a naive group and a chondrogenic
group. Cells were treated with normal expansion media
or chondrogenic media. Cells were treated with IL-1f
for a period of 5 days (stimulation), followed by 5 days
without IL-1f (recovery). Media were collected after 48 h
and 10 days (Fig. 1).

Isolation and expansion of mesenchymal stromal cells
BM-MSCs were obtained from a 15-year-old standard
bred trotter mare. The horse was euthanized with cap-
tive bolt and exsanguination at the Large Animal Teach-
ing Hospital, University of Copenhagen, for unrelated
reasons.

The MSCs were isolated according to the procedure
described in Bundgaard et al. [16]. In short, BM-MSCs
were isolated from BM aspirated from the sternum,
which together with tuber coxae is the most common
location for bone marrow aspiration in the horse [17].
BM was aspirated using a Jamshidi biopsy needle (11
gauge, 12.7 cm) (Stryker, Kalamazoo, MI, USA) in a 20-
mL syringe preloaded with 1 mL 10% 0.109 M trisodium
citrate. The sample was further processed within ~1h
after sampling.

The mononuclear cell fraction was recovered after
Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA)
separation, washed in sterile PBS, and resuspended in
growth medium (GM) (Dulbecco’s modified Eagle’s
medium (DMEM) 1g/L glucose, with phenol red,
GlutaMAX, and pyruvate (Thermo Fischer Scientific,
Waltham, MA, USA) supplemented with 10% (v/v)
fetal bovine serum (FBS) (Thermo Fischer Scientific,
Waltham, MA, USA), 100 U/mL penicillin and 100 pg/mL
streptomycin (Thermo Fischer Scientific, Waltham, MA,
USA), and 25 pg/mL amphotericin B (Thermo Fischer Sci-
entific, Waltham, MA, USA)). The cells were distributed
equally in two T75 cm?® culture flasks and cultured at
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Fig. 1 Schematic drawing of the workflow. a Bone marrow-derived mesenchymal stromal cells (BM-MSCs) were isolated from the equine sternal
bone marrow. b BM-MSCs were expanded to P4. ¢ The BM-MSCs were seeded in 6-well plates and divided in the following treatment groups: (1)
expansion media without IL-13 (EM), (2) expansion media with IL-13 (EMIL) for 5 days followed by 5 days recovery time, (3) chondrogenic media
without IL-13 (CM), and (4) chondrogenic media with IL-13 (CMIL) for 5 days followed by 5-day recovery time. Media in the 6 wells were
harvested and pooled from each of the treatment groups after 48 h and 10 days. d Samples were concentrated in spin filters, processed,
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37°C in a humidified atmosphere containing 5% CO,.
After overnight incubation, non-adherent cells were re-
moved and fresh medium added. Medium was changed
every 2—3 days. Cells were passaged at ~80% confluency
(10-12days) wusing trypsin-EDTA (0.25%) (Thermo
Fischer Scientific, Waltham, MA, USA). P1 cells were fur-
ther expanded in GM without amphotericin B. At 80%
confluency (8—10 days), cells were detached with trypsin-
EDTA, rinsed in sterile PBS, counted, and cryopreserved
in FBS supplemented with 10% dimethyl sulfoxide
(Sigma-Aldrich, St. Louis, MO, USA) in ~ 2 x 10° aliquots.
Cryopreserved MSCs (~2 x 10° cells) were thawed and
expanded in T75 cm? flasks in GM without amphotericin
B. At ~90% confluency (10-12days), the cells were
passaged as described and replated. When P4 cells
reached ~ 90% confluency (5-6 days), they were harvested
and validated for mesodermal differentiation capacity
using protocols for osteogenesis and chondrogenesis.

Interleukin-1pB stimulation and chondrogenic differentiation
Cells (P5) were seeded in 6-well plates at a density of
50,000 cells/well (5208 cells/cm?®) and expanded in
GM without amphotericin B. Upon reaching ~ 80%
confluency, wells were washed with sterile PBS and
divided into four treatment groups (6 wells/group).
The treatment groups include expansion media with-
out IL-1p (EM), expansion media with IL-1p (EMIL)
for 5days followed by 5-day recovery time, chondro-
genic media without IL-1f (CM), or chondrogenic

media with IL-1B (CMIL) for 5 days followed by 5-day re-
covery time. All media were without phenol red, and to
avoid interference from serum proteins in the results, FBS
was substituted with insulin-transferrin-selenium (ITS)
which has proven useful to sustain proliferation and differ-
entiation in several cell types [18, 19]. EM consisted of
DMEM 1 g/L glucose, supplemented with 1% (v/v) Gluta-
MAX (Thermo Fischer Scientific, Waltham, MA, USA), 1%
(v/v) ITS (Thermo Fischer Scientific, Waltham, MA, USA),
and 100 U/mL penicillin and 100 pg/mL streptomycin
(Thermo Fischer Scientific, Waltham, MA, USA). CM con-
sisted of DMEM 4.5 g/L glucose, supplemented with 1% (v/
v) GlutaMAX (Thermo Fischer Scientific, Waltham, MA,
USA), 1% (v/v) pyruvate, 1% (v/v) ITS, 100 U/mL penicillin
and 100 pg/mL streptomycin, 107 M dexamethasone
(Sigma-Aldrich, St. Louis, MO, USA), 50 pg/mL ascorbic
acid (rL-ascorbic acid 2-phosphate) (Sigma-Aldrich, St
Louis, MO, USA), and 10ng/mL TGF-p3 (recombinant
human TGF-B3) (R&D Systems, Inc., Minneapolis, MN,
USA)). EMIL and CMIL were supplemented with IL-1p
(1 pL/mL) (recombinant equine IL-1B) (R&D Systems, Inc.,
Minneapolis, MN, USA). A volume of 1-mL medium was
added per well. After 48h, media were harvested and
pooled from each treatment group, centrifuged at 2000g for
2 min, snap frozen in liquid nitrogen, and stored at — 80 °C
until further processing. Fresh treatment medium was
added to each well including IL-1p for EMIL and CMIL.
Medium was changed on days 5 and 8 to EM and CM
without IL-1p for all wells. All media were harvested on
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day 10 and processed as described for medium harvested
after 48 h.

Cell differentiation into mesodermal lineages

Cells were passaged (P4) to 48-well plates at a density of
~10% cells/well (9090 cells/cm?) and expanded in GM
without amphotericin B. At ~ 80% confluency, cells were
washed with sterile PBS and medium was changed to
chondrogenic differentiation medium (DMEM 4.5g/L
glucose, without phenol red, supplemented with 1% (v/v)
GlutaMAX (Thermo Fischer Scientific, Waltham, MA,
USA), 1% (v/v) pyruvate (Thermo Fischer Scientific,
Waltham, MA, USA), 2% (v/v) FBS, 1% (v/v) insulin-
transferrin-selenium (ITS) (Thermo Fischer Scientific,
Waltham, MA, USA), 100 U/mL penicillin and 100 pg/mL
streptomycin, 107" M dexamethasone (Sigma-Aldrich, St.
Louis, MO, USA), 50 ug/mL ascorbic acid (L-ascorbic acid
2-phosphate) (Sigma-Aldrich, St. Louis, MO, USA), 10 ng/
mL TGF-p3 (recombinant human TGF-3) (R&D Systems,
Inc., Minneapolis, MN, USA)) or osteogenic differentiation
medium (DMEM 1 g/L glucose, without phenol red, sup-
plemented with 1% (v/v) pyruvate (Thermo Fischer Scien-
tific, Waltham, MA, USA), 2% (v/v) FBS, 1% (v/v) ITS, 100
U/mL penicillin and 100 pg/mL streptomycin, 1077 M
dexamethasone, 50 pg/mL ascorbic acid (L-ascorbic acid 2-
phosphate), 10 pL/mL 1 M [-glycerophosphate (p-glycero-
phosphate, disodium salt, pentahydrate) (Merck KGaA,
Darmstadt, Germany)). Differentiation medium was chan-
ged every 3 days for 21 days. Confirmation of chondrogenic
and osteogenic differentiation was performed by staining
for proteoglycans in the extracellular matrix using 0.1%
Safranin O, pH4.6 (Merck KGaA, Darmstadt, Germany),
and calcified extracellular matrix deposits using 2% Alizarin
red staining, pH 4.2 (Sigma-Aldrich, St. Louis, MO, USA),
respectively.

Processing of the conditioned medium

Samples were thawed on ice and the proteins concen-
trated by use of a 3-kDa cut-off spin filter (Amicon
Ultra-4 Centrifugal filter unit) (Merck Millipore, Bur-
lington, MA, USA) followed by acetone precipitation (6x
acetone (v/v), 1 h, —20°C), which is the preferred prep-
aration method to be free of salts and other disturbing
agents [20]. The proteins were resuspended in 0.5 mL
0.5% sodium-deoxycylate (SDC) (Sigma-Aldrich, St
Louis, MO, USA) in 50 mM triethylammonium bicar-
bonate (TEAB) (Sigma-Aldrich, St. Louis, MO, USA)
and the total protein measured on a spectrophotometer
(DeNovix DS 11Fx) (Denovix, Wilmington, DE, USA) in
duplicates. A volume corresponding to 200 pg protein
was transferred to a 10-kDa cut-off spin filter (Amicon
Ultra-0.5 Centrifugal filter unit) (Merck Millipore,
Burlington, MA, USA) and 100 pL 0.5% SDC in 50 mM
TEAB buffer was added. The proteins were reduced with
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1:50 (v/v) 0.5M tris(2-carboxyethyl)phosphine (Thermo
Scientific, Waltham, MA, USA), alkylated with 1:10 (v/v)
0.5M chloroacetamide (Sigma-Aldrich, St. Louis, MO,
USA), and incubated 30 min at 37 °C followed by centrifu-
gation for 15min at 14,000g. The buffer was exchanged
with 200 pL 0.5% SDC in 50 mM TEAB followed by cen-
trifugation for 15min at 14,000g, and the flow-through
was discarded. Trypsin (1 ug/100 pg protein) was added,
and the proteins were digested overnight at 37°C. The
digested samples were centrifuged 15 min at 14,000g, the
filter washed by centrifugation with 100 pL. 50 mM TEAB
for 15 min at 14,000g, and the flow-through used for fur-
ther processing.

The SDC was removed from the sample with phase
extraction by the use of 3:1 (v/v) ethyl acetate and acid-
ification by trifluoroacetic acid (pH < 2). After thorough
vortexing and centrifugation for 1min at 14,000g, the
upper phase was discarded and the lower phase contain-
ing the digested proteins was dried down by vacuum
centrifugation. The samples were stored at — 20 °C.

LC-MS/MS analysis

Peptides were resuspended in resuspension buffer (2%
acetonitrile, 0.1% trifluoracetic acid (Thermo Fischer Sci-
entific, Waltham, MA, USA), 0.1% formic acid in MilliQ
water), and a volume corresponding to ~ 1 pug peptide
was analyzed by nanoLC-MS/MS (Thermo Scientific
Dionex Ultimate 3000 RSLC) coupled in line to a
Thermo Scientific Q Exactive HF mass spectrometer.
The peptide separation was accomplished using a pre-
column setup (Acclaim PepMap 100 C18 2cm 100 pm
precolumn; 75 pm 75 cm main column) (Thermo Fischer
Scientific, Waltham, MA, USA) and a 60-min gradient
from 10% buffer B (99.9% acetonitrile) to 35% buffer B
and the buffer A being MilliQ water with 0.1% formic
acid. The mass spectrometer was set to acquire MS1
data from m/z 375-1500 at R = 60k and MS2 at R = 30k
allowing up to 20 precursor ions per MS1 scan.

Data analysis

Raw data was searched against the Equus caballus refer-
ence sequence database from Uniprot (UP000002281;
May 16, 2017; 22,698 proteins) using MaxQuant search
engines (MaxQuant v.1.6.0.1 and Perseus v.1.6.0.2). Only
proteins with at least two unique peptide sequences,
FDR < 1%, and identified in all technical replicates were
included. Label-free quantification (LFQ) was based on
total ion chromatogram normalization [21]. A difference
in intensity of the same protein in the different condi-
tions > 3x was considered significant. The R statistical
software version 3.3.2 (https://www.r-project.org) was
used for further analysis of the data. The heatmap was
generated in R by the use of R-packages “gplots”
(https://CRAN.R-project.org/package=gplots) and
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“RColorBrewer”  (https://CRAN.R-project.org/package=
RColorBrewer). Protein descriptions and GO biological
processes found in Uniprot were used to group identified
proteins, and the online database STRING-DB vs 10.5 was
used to analyze interactions between clusters of proteins
[22]. The MS proteomics data have been deposited and
made publicly available to the ProteomeXchange Consor-
tium via the PRIDE partner repository with the dataset
identifier PXD016842 [23].

Results

Cellular morphology and differentiation into mesodermal
linages

Cells were plastic adherent and exhibited a fibroblast-like
morphology. Chondrogenic differentiated cells stained
positive for proteoglycans in the extracellular matrix and
osteogenic differentiated cells stained positive for calcified
extracellular matrix deposits on day 21 after induction of
differentiation.

Mass spectrometry analysis
A total of 706 proteins with at least 2 unique peptides
were identified with a 5% FDR on the protein level. A
scatter plot with log2-transformed LFQ values showed a
Pearson correlation of >0.97 for triplicate analysis
(Supplementary 1 and 2).

Figure 2a shows a Venn diagram comparing the secre-
tomes from the four conditions after 48 h. A total of 309
proteins were common for all conditions. The proteins
identified in the secretomes from the IL1pB-stimulated
conditions (EMIL48 and CMIL48) included a number of
proteins involved in the acute inflammatory response
such as IL1pB, IL6, CXCL1, CXCL6, CCL7, semaphorin-
7A (SEMA7A), the acute phase proteins serum amyloid
A (SAA) and haptoglobin (HP), and the proteases
MMP8 and antileukoproteinase (SLPI). Proteins identi-
fied only in the secretome from EMIL48 included the
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proteases MMP1 and MMP3 and the protease inhibitor
TIMP3, as well as CXCL8 and oncostatin M (OSM), in-
volved in the acute inflammatory response. Also, the
angiogenic proteins VCAMI1, ICAMI1, VEGFA, and
VEGEFC were only identified in EMIL48. In the secre-
tome from chondrogenic differentiated cells, a number
of proteins involved in chondrogenesis were identified
such as cartilage oligomeric matrix protein (COMP),
stimulator of chondrogenesis 1 (SCRG1), xylotransferase
1 (XYLT1), and growth arrest-specific 6 (GAS6). Pro-
teins identified only in the secretome from CMIL48 in-
cluded vanin 1 (VNNI1) and secreted phosphoprotein 1
(SPP1), also known as osteopontin, which both have a
role in inflammatory diseases.

The Venn diagram comparing the secretomes from
the four conditions after 10 h (Fig. 2b) showed a total of
297 proteins in common for all four conditions. Among
the 9 proteins identified in both conditions stimulated
with IL-1f8 (EMIL10 and CMIL10) were the proteins
CXCL1, CXCL6, CCL7, MMP1, and MMP19. IL6 was
only identified in EMIL10. Secretogranin III (SCG3), in-
volved in platelet degranulation and angiogenesis, and
cartilage acidic protein 1 (CRTACI1), a protein upregu-
lated in synovial fluid from humans with OA, were also
only identified in the secretome from EMIL10. Proteins
identified only in the secretome from CMIL10 included
the inflammatory proteins SAA and IL11, gremlin
(GREM1) involved in regulation of chondrocyte and
osteoblast proliferation, and proteins involved in ECM
organization, e.g., laminin subunit gamma-2 (LAMC2),
cathepsin S (CTSS), and a-2-macroglobulin like 1
(A2ML1). In the secretome from chondrogenic differen-
tiated cells (CM10 and CMIL10), a number of proteins
involved in cartilage formation and bone mineralization
were identified such as COMP, SCRGI1, epiphycan
(EPYC), osteomodulin (OMD), asporin (ASPN), and al-
kaline phosphatase (ALPL).

-

CM48

EMIL48

EMIL10

CMIL10

Fig. 2 Secretomes harvested after 48 h and 10 days from BM-MSCs with or without IL-1(3 stimulation. Venn diagram comparing the secretomes
harvested after a 48 h (48) and b 10 days (10) from equine bone marrow-derived mesenchymal stromal cells subjected to IL-13 stimulation (IL) for
5 days followed by 5 days without inflammation. At both time points, the secretome from naive cells (EM) and chondrogenic differentiating cells
(CM) was assessed
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Figure 3 presents the majority of identified proteins
involved in either the inflammatory response, ECM
organization, or chondrogenesis in a heatmap based on
the difference in intensity between EM48/EMILA4S,
CM48/CMIL48, EM10/EMIL10, and CM10/CMIL10 re-
spectively. With a focus on the proteins differing in in-
tensity between the different conditions after 48 h, it was
found that TGF-B1 was identified with a higher intensity
in the secretome from EM48IL compared to EM48. The
intensity of the protein interleukin 6 receptor beta unit
(IL6ST), important in the receptor system for various in-
flammatory proteins and also osteoblast differentiation, was
significantly higher in the secretome from inflammatory-
stimulated cells compared to non-stimulated.

Analysis of the intensity of proteins after 10 days
showed that amyloid-beta precursor protein (APP), pro-
lyl endopeptidase FAP (FAP), and integrin alpha-4
(ITGA4) involved in various processes including both
ECM organization and the inflammatory response were
identified in the secretome from naive cells only after
stimulation with IL-1p, while they were identified in the
secretome from both CM10 and CMIL10, and only FAP
had a significantly higher intensity in the secretome
from CM10IL compared to CM10. Cartilage acidic pro-
tein 1 (CRTAC1) was only identified in EMIL10. The
enzyme (XYLT1) involved in cartilage ECM organization
was identified in both CM10 and CMIL10, but only in
the secretome from EMIL10.

The cell surface receptor CD44, which is a mesenchymal
stromal cell marker, but also a receptor that participates
in a wide variety of cellular functions including the inflam-
matory response and ECM organization, was identified
with a significantly higher intensity in the secretome from
EMIL compared to secretome from non-stimulated naive
cells both after 48 h and 10 days. The intensity of CD44 in
the secretome from CM and CMIL did not differ signifi-
cantly at the two time points.

The proteins lumican and decorin expressed in cartil-
age were identified with the same intensity in the secre-
tome from chondrogenic differentiated cells after 48 h
and 10 days regardless of IL-1f stimulation. The inten-
sity for these two proteins was higher in the secretome
from non-stimulated naive cells compared to IL-1p-
stimulated cells after both 48 h and 10 days, but it was
not significant. Connective tissue growth factor (CTGF),
a protein involved in chondrogenesis, was observed in a
significantly higher intensity in IL-1p stimulated com-
pared to non-stimulated chondrogenic cells after 48 h,
but had the same intensity after 10 days. CTGF was also
expressed in EM and EMIL after both 48 h and 10 days,
but with no significant difference. The intensity for
procollagen-lysine,2-oxoglutarate 5 (PLOD) 1, PLOD 2,
PLOD 3, and cartilage associated protein (CRTAP), im-
portant proteins for collagen fibril formation, was in the
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same range in the secretome from all chondrogenic dif-
ferentiated cells after 48 h and 10 days, and from EM48,
but had a tendency towards a lower intensity in the
secretome from EMIL10 compared to EM10. EFEMP1, a
negative regulator of chondrogenesis, was identified in a
higher concentration in the secretome for EMIL. The
concentration did not differ in chondrogenic differenti-
ating cells.

Discussion

In this study, BM-MSCs were subjected to inflammation
for 5 days followed by 5 days without inflammation.
Samples were harvested after 48 h of inflammation mim-
icking acute inflammation [24, 25], and again on day 10
to evaluate the cells’ recovery after the inflammatory in-
sult. At both time points, the modulatory effect of chon-
drogenic differentiation on the inflammatory response
was assessed.

The findings in this study indicate that naive BM-MSCs
have a more extensive inflammatory response at 48 h to
stimulation with IL-1B compared to BM-MSCs undergo-
ing chondrogenic differentiation (EMIL48 and CMIL48).
This extensive inflammatory response decreased after
5 days without IL-1f (day 10), but a difference in compos-
ition of the secretome between naive and chondrogenic
BM-MSC (EMIL10 and CMIL10) was still evident.

It is well known that IL-1f activates the nuclear
factor-kB (NF-kB) pathway, a proinflammatory signaling
pathway leading to release of a large array of cytokines
(e.g., IL1, IL6, CXCL8), chemokines (e.g, CXCLI,
CXCL10, IL18), adhesion molecules (e.g, ICAMI,
VCAM]1, MMPs), and various other proteins involved in
inflammation [26]. The inflammatory proteins IL6,
CXCL1, CXCL6, CCL7, SEMA7A, SAA, and haptoglobin
were all identified in the secretome after 48 h from cells
stimulated with IL-1f. IL6 is known as a main down-
stream target of IL-1p via the NF-kB pathway [26], and
IL6 is one of the most important inflammatory cytokines
[27]. IL6 is a strong activator of the acute phase re-
sponse with expression of SAA and HP among others
[27]. The chemokines CXCL1 and CXCL6 are chemo-
tactic cytokines involved in various pathological pro-
cesses including inflammatory diseases, and it has been
shown that both CXCL1, CXCL6, and SEMA7A are in-
volved in the inflammatory response in joint-related dis-
eases such as rheumatoid arthritis [28, 29]. Also, IL-1B
was identified in the secretome from both EM48IL and
CMA48IL, but it was not possible to distinguish between
IL-1p produced by BM-MSC and the recombinant
equine IL-1f used for stimulation. In a previous study,
the gene expression of IL-1 was upregulated in equine
BM-MSCs after 24 h conditioning with IL-1f [24], which
supports a positive feedback loop of IL-1p in equine
BM-MSCs.
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Fig. 3 Differences in the secretomes harvested after 48 h and 10
days from BM-MSCs with or without IL-1(3 stimulation. Heatmap
showing the difference in protein intensity in the secretomes
harvested after 48 h (48) and 10 days (10) from equine bone
marrow-derived mesenchymal stromal cells subjected to IL-13
stimulation (IL) for 5 days followed by 5 days without inflammation.
At both time points, the secretome from naive cells (EM) and
chondrogenic differentiating cells (CM) was assessed. The proteins
included are involved in either the inflammatory response,
extracellular matrix organization, or chondrogenesis. The data has
been log10 transformed

J

A number of proteins produced in response to NF-kB
pathway activation were identified only in the secretome
from EMIL48. CXCL8 and OSM are essential proinflam-
matory proteins similar to IL6. CXCLS8 is released upon
NF-kB pathway activation and is especially chemoattract-
ant on neutrophils [30], and OSM in combination with
IL-1 has been shown to upregulate various inflammatory
and MMP genes [31]. CXCL8, OSM, and the proteases
MMP1 and MMP3 and the protease inhibitor TIMP3
were among the proteins involved in the acute inflamma-
tory response only identified in the secretome from
EMIL48. Proinflammatory cytokines such as IL1( and IL6
have been shown to activate the mitogen-activated protein
kinase and Janus kinase/signal transducers and activators
of transcription (JAK/STAT) pathway leading to increased
synthesis of MMP1 and MMP3 [32]. These proteases are
among the MMPs playing a critical role in the destruction
of articular cartilage in various joint diseases [32]. Upregu-
lation of MMP1, MMP3, and the protease inhibitor
TIMP3 in the secretome from EMILA48 suggests that naive
BM-MSCs promote proteolytic activity in response to IL-
1B stimulation. The multifunctional cytokine TGF-B1 was
also among the proteins with a significant higher concen-
tration in the secretome from EMIL48 compared to
EM48. In OA, it has been found that TGF-§ expression
increases in the early stages in an attempt to counteract
the catabolic effects of inflammatory cytokines such as IL-
1B or TNFa [33]. Also, the angiogenic proteins VCAM1,
ICAM1, VEGFA, and VEGFC were only identified in
EMIL48. The inflammatory response depends on migra-
tion of leukocytes, and VCAMI1 and ICAM1 have been
shown to be essential in the process of leukocyte emigra-
tion to sites of inflammation [34], and it is known that the
angiogenic process on sites of inflammation is perpetuated
primarily by VEGF [35]. This indicates that naive
BM-MSCs stimulated with IL-1( also have angiogenic
properties. The cellular response for naive BM-MSCs
to inflammatory stimulation is in line with the find-
ings in a study of the secretome from human BM-
MSCs stimulated with IL-1fB, IL6, and TNFa. Here
they also found an increase of a broad range of pro-
teins related to inflammation, protease activity, and
angiogenesis [9]. Gene expression of proinflammatory
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molecules in equine BM-MSCs was also increased
after inflammatory conditioning for 12-72h, and it
was demonstrated that the inflammatory response
profile was affected by the type of conditioning, con-
centration of the proinflammatory cytokines, and the
duration of the stimulation [24, 25, 36].

In a previous study, it was shown that IL-1f inhibited
chondrogenic differentiation of human BM-MSCs aspi-
rated from femurs of patients undergoing total hip re-
placement [37]. They did not include non-differentiating
cells, and cells were only analyzed after 28-day culture,
but the findings highlight the importance of further
studies on the effect of inflammation on MSC and devel-
oping strategies to prepare the MSCs for an inflamma-
tory in situ environment. In our study, the two proteins
VNNT1 and SPP1 were identified in the secretome from
CMIL48. VNN1 has been studied in many different
inflammatory diseases showing that it has either a pro-
tective or a sensitizing role [38], but the role in joint dis-
eases has not been studied. For SPP1, also known as
osteopontin, it has been indicated that it causes a de-
crease of collagen 2 and COMP in chondrocytes from
osteoarthritis [39], but in OA progression, it plays an im-
portant role as a regulator [40], and it has been identi-
fied as a susceptibility gene for RA [41].

Taken together, these data propose that naive BM-MSCs
have a more extensive inflammatory response, including
proteolytic and angiogenic activity, to stimulation with IL-
1P after 48 h (EMIL48) compared to BM-MSC undergoing
chondrogenic differentiation (CMIL48). This indicates that
chondrogenic differentiation or a chondrogenic environ-
ment has a protective mechanism to IL-1f stimulation.

After 10-day incubation, the proteins CXCL1, CXCL6,
and CCL7 were still identified in the secretome from
BM-MSC stimulated with IL-1f, as after 48-h incuba-
tion, but the essential inducer of the acute inflammatory
response, IL6, was only identified in the secretome from
EMIL10 and not CMIL10. This further supports that IL-
1P induces inflammation in BM-MSCs and that chon-
drogenic differentiation or a chondrogenic environment
works as a moderator to IL-1f stimulation and facilitates
a faster recovery after IL-1p stimulation. Also, the prote-
ases MMP1 and MMP19 were both identified in the
secretome from EMIL10 and CMIL10 indicating that
there was still some degradation activity [32]. The pro-
teins SAA and IL11 that both induce angiogenesis in RA
[42, 43] were identified in the secretome from CMIL10
only. This indicates that there still was some inflamma-
tory induced angiogenesis activity in this condition.

It has been demonstrated that the secretome from hu-
man BM-MSC can be used to describe the molecular
mechanism during chondrogenesis [8]. In this study, a
number of proteins related to cartilage were identified in
the secretome from BM-MSCs cultured in a chondrogenic
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environment validating that the cells were undergoing
chondrogenesis. After 48 h, these proteins included COMP,
an important protein in cartilaginous ECM [44], SCRG1
[45], XYLT1 [46], and GAS6. After 10 days, these proteins
included COMP, SCRG1, EPYC [47], OMD [48], ASPN
[49], and ALPL [50]. The proteins lumican and decorin are
expressed in the cartilage [51] and have both been sug-
gested as chondrogenic markers [52, 53]. They were identi-
fied in all conditions, but the MS spectral intensity profiles
were markedly higher for these proteins in the chondro-
genic conditions compared to the naive conditions.

The composition of the secretome was analyzed by
MS, and the raw data was searched against the Equus
caballus reference database from Uniprot. In accord-
ance with the guidelines from the Human Proteome
Organization (HUPO) [54], only proteins with at least
two unique peptide sequences were included in the
analyses of the secretomes. It should be noted that the
reference database does not yet cover the complete
equine genome. Moreover, a substantial part of the se-
quences in the reference database are derived from tran-
scripts, which cause redundancy in protein assignments
and fragment variants of the same sequence. To minimize
the impact of this fact on the results and further improve
the validity and quality of the study outcome, we only in-
cluded proteins identified in all three replicates in the final
analyses of the secretomes.

In conclusion, this study showed that naive BM-MSCs
had a more extensive inflammatory response at 48 h to
stimulation with IL-1B compared to BM-MSCs undergo-
ing chondrogenic differentiation. This extensive inflam-
matory response decreased after 5-day recovery time
without IL-1 (day 10), but a difference in composition
of the secretome between naive and chondrogenic BM-
MSCs remained evident. This study is descriptive and
shows the effect of differentiation status on sensitivity to
inflammation in BM-MSCs. The work in this study is
important when considering BM-MSC therapy, because
the findings indicate that BM-MSCs will be strongly in-
fluenced by an inflammatory environment present in the
host compartment upon injection even later after the
inflammation has subsided and that chondrogenic differ-
entiation or a chondrogenic environment may have a
protective mechanism to IL-1p stimulation. Further
studies are needed to evaluate if this effect is transferable
to other MSC types and to establish the functional and
mechanistic consequences for use of MSC in therapy.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513287-020-01706-7.

Additional file 1: Supplementary 1 and 2. Scatter plot with log2-
transformed label free quantification (LFQ) values from mass



https://doi.org/10.1186/s13287-020-01706-7
https://doi.org/10.1186/s13287-020-01706-7

Bundgaard et al. Stem Cell Research & Therapy (2020) 11:187

spectrometry analysis of the secretomes harvested after 1) 48 h (48) and
2) 10days (10) from equine bone marrow-derived mesenchymal stromal
cells subjected to IL-1(3 stimulation (IL) for five days followed by five days
without inflammation. At both time points, the secretome from naive
cells (EM) and chondrogenic differentiating cells (CM) was assessed.

Additional file 2: Supplementary 3. Table with data used for the
heatmap.

Abbreviations

A2ML1: a-2-Macroglobulin like 1; ALPL: Alkaline phosphatase; APP: Amyloid-
beta precursor protein; ASPN: Asporin; BM: Bone marrow; CM: Chondrogenic
media; CMIL: Chondrogenic media with IL-13; COMP: Cartilage oligomeric
matrix protein; CRTACT: Cartilage acidic protein 1; CRTAP: Cartilage-
associated protein; CTGF: Connective tissue growth factor; CTSS: Cathepsin S;
DMEM: Dulbecco’s modified Eagle’s medium; ECM: Extracellular matrix;

EM: Expansion media; EMIL: Expansion media with IL-13; EPYC: Epiphycan;
FAP: Prolyl endopeptidase FAP; FBS: Fetal bovine serum; GAS6: Growth
arrest-specific 6; GM: Growth medium; GREM1: Gremlin; HP: Haptoglobin;

IL: Interleukin; IL6ST: Interleukin 6 receptor beta unit; [TGA4: Integrin alpha-4;
ITS: Insulin-transferrin-selenium; JAK/STAT: Janus kinase/signal transducers
and activators of transcription; LAMC2: Laminin subunit gamma-2;

MMP: Matrix metalloproteinase; MSCs: Mesenchymal stromal cells; NF-

kB: Nuclear factor-kB; OA: Osteoarthritis; OMD: Osteomodulin;

OSM: Oncostatin M; PLOD: Procollagen-lysine 2-oxoglutarate 5; SAA: Serum
amyloid A; SCG3: Secretogranin Ill; SCRG1: Stimulator of chondrogenesis 1;
SDC: Sodium-deoxycylate; SEMA7A: Semaphorin-7A; SLPI: Antileukoproteinase;
SPP1: Secreted phosphoprotein 1; TEAB: Triethylammonium bicarbonate;
VNNT: Vanin 1; XYLT1: Xylotransferase 1

Acknowledgements
Not applicable

Authors’ contributions

LB designed the study; harvested the MSCs; performed most of the work
with the cell cultures, the sample preparation for MS analysis, and the data
interpretation; and wrote the manuscript. AS provided expert assistance with
the sample preparation for MS analysis, MS analysis, and data interpretation
and revised the manuscript. KIE assisted with the optimization of the
protocol for preparation of the samples for MS analysis, assisted with the MS
analyses, and revised the manuscript. LCB designed the study, provided
expert assistance with harvesting and culturing the MSC, and revised the
manuscript. The authors read and approved the final manuscript.

Funding

Funding was generously provided by The Danish Council for Independent
Research (grant number 1335-00133B) to cover the project expenses. The
Danish Agency for Science and Higher Education is acknowledged for the
funding to Danish National Mass Spectrometry Platform for Functional Prote-
omics (PRO-MS; Grant no. 5072-00007B) enabling parts of this study. The
Obel Family Foundation and the Svend Andersen Foundation are acknowl-
edged for grants to the analytical platform enabling parts of this study.

Availability of data and materials

The mass spectrometry proteomics data generated during the current study
are available in the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD016842.

Ethics approval and consent to participate

The experimental protocol was approved by the ethics and welfare
committee of Department of Veterinary Clinical Sciences, University of
Copenhagen, and all procedures were carried out according to the Danish
Act on animal experiments.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Page 9 of 10

Author details

'Department of Veterinary Clinical Sciences, University of Copenhagen,
Agrovej 8, 2630 Taastrup, Denmark. “Department of Health Science and
Technology, Aalborg University, Fredrik Bajers Vej 7E, 9220 Aalborg @,
Denmark.

Received: 2 January 2020 Revised: 14 April 2020
Accepted: 5 May 2020 Published online: 20 May 2020

References

1. Contino EK. Management and rehabilitation of joint disease in sport horses.
Vet Clin North Am Equine Pract. 2018;34(2):345-58.

2. Mdlwraith CW, Frisbie DD, Rodkey WG, Kisiday JD, Werpy NM, Kawcak CE, et al.
Evaluation of intra-articular mesenchymal stem cells to augment healing of
microfractured chondral defects. Arthroscopy. 2011;27(11):1552-61.

3. Ferris DJ, Frisbie DD, Kisiday JD, Mcllwraith CW, Hague BA, Major MD, et al.
Clinical outcome after intra-articular administration of bone marrow derived
mesenchymal stem cells in 33 horses with stifle injury. Vet Surg. 2014;43(3):
255-65.

4. Gnecchi M, Danieli P, Malpasso G, Ciuffreda MC. Paracrine mechanisms of
mesenchymal stem cells in tissue repair. Methods Mol Biol. 2016;1416:123-46.

5. Kyurkchiev D, Bochev |, Ivanova-Todorova E, Mourdjeva M, Oreshkova T,
Belemezova K, et al. Secretion of immunoregulatory cytokines by
mesenchymal stem cells. World J Stem Cells. 2014;6(5):552-70.

6.  Riis S, Stensballe A, Emmersen J, Pennisi CP, Birkelund S, Zachar V, et al.
Mass spectrometry analysis of adipose-derived stem cells reveals a
significant effect of hypoxia on pathways regulating extracellular matrix.
Stem Cell Res Ther. 2016;7(1):52.

7. Bara JJ, McCarthy HE, Humphrey E, Johnson WE, Roberts S. Bone marrow-
derived mesenchymal stem cells become antiangiogenic when
chondrogenically or osteogenically differentiated: implications for bone and
cartilage tissue engineering. Tissue Eng Part A. 2014;20(1-2):147-59.

8. Rocha B, Calamia V, Casas V, Carrascal M, Blanco FJ, Ruiz-Romero C.
Secretome analysis of human mesenchymal stem cells undergoing
chondrogenic differentiation. J Proteome Res. 2014;13(2):1045-54.

9. Maffioli E, Simona N, Angioni R, Santagata F, Cali B, Zanotti L, et al.
Proteomic analysis of the secretome of human bone marrow-derived
mesenchymal stem cells primed by pro-inflammatory cytokines. J Proteome.
2017;166:115-26.

10.  Uemura R, Xu M, Ahmad N, Ashraf M. Bone marrow stem cells prevent left
ventricular remodeling of ischemic heart through paracrine signaling. Circ
Res. 2006,98(11):1414-21.

11. Togel F, Weiss K, Yang Y, Hu Z, Zhang P, Westenfelder C. Vasculotropic,
paracrine actions of infused mesenchymal stem cells are important to the
recovery from acute kidney injury. Am J Physiol Ren Physiol. 2007;292(5):
F1626-35.

12, McFarlin K, Gao X, Liu YB, Dulchavsky DS, Kwon D, Arbab AS, et al. Bone
marrow-derived mesenchymal stromal cells accelerate wound healing in
the rat. Wound Repair Regen. 2006;14(4):471-8.

13. Franquesa M, Hoogduijn MJ, Bestard O, Grinyo JM.
Immunomodulatory effect of mesenchymal stem cells on B cells.
Front Immunol. 2012;3:212.

14.  Klinker MW, Wei CH. Mesenchymal stem cells in the treatment of
inflammatory and autoimmune diseases in experimental animal models.
World J Stem Cells. 2015;7(3):556-67.

15. Zanotti L, Angioni R, Cali B, Soldani C, Ploia C, Moalli F, et al. Mouse
mesenchymal stem cells inhibit high endothelial cell activation and
lymphocyte homing to lymph nodes by releasing TIMP-1. Leukemia. 2016;
30(5):1143-54.

16.  Bundgaard L, Stensballe A, Elbaek KJ, Berg LC. Mapping of equine
mesenchymal stromal cell surface proteomes for identification of specific
markers using proteomics and gene expression analysis: an in vitro cross-
sectional study. Stem Cell Res Ther. 2018;9(1):288.

17. Al Naem M, Bourebaba L, Kucharczyk K, Rocken M, Marycz K. Therapeutic
mesenchymal stromal stem cells: isolation, characterization and role in
equine regenerative medicine and metabolic disorders. Stem Cell Rev Rep.
2020;16(2):301-22.

18. Liu X, Zhang T, Wang R, Shi P, Pan B, Pang X. Insulin-transferrin-selenium as
a novel serum-free media supplement for the culture of human amnion
mesenchymal stem cells. Ann Clin Lab Sci. 2019;49(1):63-71.



Bundgaard et al. Stem Cell Research & Therapy

20.

21.

22.

23.

24.

25.

26.
27.
28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.
39.

40.

42.

(2020) 11:187

Mainzer C, Barrichello C, Debret R, Remoue N, Sigaudo-Roussel D, Sommer
P. Insulin-transferrin-selenium as an alternative to foetal serum for epidermal
equivalents. Int J Cosmet Sci. 2014;36(5):427-35.

Jiang L, He L, Fountoulakis M. Comparison of protein precipitation methods
for sample preparation prior to proteomic analysis. J Chromatogr A. 2004;
1023(2):317-20.

Cox J, Hein MY, Luber CA, Paron |, Nagaraj N, Mann M. Accurate proteome-
wide label-free quantification by delayed normalization and maximal
peptide ratio extraction, termed MaxLFQ. Mol Cell Proteomics. 2014;13(9):
2513-26.

Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M, et al. The
STRING database in 2017: quality-controlled protein-protein association
networks, made broadly accessible. Nucleic Acids Res. 2017;45(D1):D362-D8.
Vizcaino JA, Csordas A, Del-Toro N, Dianes JA, Griss J, Lavidas |, et al. 2016
update of the PRIDE database and its related tools. Nucleic Acids Res. 2016;
44(22):11033.

Vezina Audette R, Lavoie-Lamoureux A, Lavoie JP, Laverty S. Inflammatory
stimuli differentially modulate the transcription of paracrine signaling
molecules of equine bone marrow multipotent mesenchymal stromal cells.
Osteoarthr Cartil. 2013;21(8):1116-24.

Barrachina L, Remacha AR, Romero A, Vazquez FJ, Albareda J, Prades M,

et al. Effect of inflammatory environment on equine bone marrow derived
mesenchymal stem cells immunogenicity and immunomodulatory
properties. Vet Immunol Immunopathol. 2016;171:57-65.

Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling in inflammation. Signal
Transduct Target Ther. 2017;2:17023.

Schaper F, Rose-John S. Interleukin-6: biology, signaling and strategies of
blockade. Cytokine Growth Factor Rev. 2015;26(5):475-87.

Szekanecz Z, Kim J, Koch AE. Chemokines and chemokine receptors in
rheumatoid arthritis. Semin Immunol. 2003;15(1):15-21.

Xie J, Wang H. Semaphorin 7A as a potential immune regulator and
promising therapeutic target in rheumatoid arthritis. Arthritis Res Ther.
2017;19(1):10.

Harada A, Sekido N, Akahoshi T, Wada T, Mukaida N, Matsushima K. Essential
involvement of interleukin-8 (IL-8) in acute inflammation. J Leukoc Biol.
1994;56(5):559-64.

Barksby HE, Hui W, Wappler |, Peters HH, Milner JM, Richards CD, et al.
Interleukin-1 in combination with oncostatin M up-regulates multiple genes
in chondrocytes: implications for cartilage destruction and repair. Arthritis
Rheum. 2006;54(2):540-50.

Malemud CJ. Matrix metalloproteinases and synovial joint pathology. Prog
Mol Biol Transl Sci. 2017;148:305-25.

Finnson KW, Chi Y, Bou-Gharios G, Leask A, Philip A. TGF-b signaling in
cartilage homeostasis and osteoarthritis. Front Biosci (Schol Ed). 2012,4:251-68.
Pober JS. Endothelial activation: intracellular signaling pathways. Arthritis
Res. 2002;4(Suppl 3):5109-16.

MacDonald 1J, Liu SC, Su CM, Wang YH, Tsai CH, Tang CH. Implications of
angiogenesis Involvement in arthritis. Int J Mol Sci. 2018;19(7):E2012.
Barrachina L, Remacha AR, Romero A, Vazquez FJ, Albareda J, Prades M,

et al. Priming equine bone marrow-derived mesenchymal stem cells with
proinflammatory cytokines: implications in immunomodulation-
immunogenicity balance, cell viability, and differentiation potential. Stem
Cells Dev. 2017,26(1):15-24.

Felka T, Schafer R, Schewe B, Benz K, Aicher WK. Hypoxia reduces the
inhibitory effect of IL-1beta on chondrogenic differentiation of FCS-free
expanded MSC. Osteoarthr Cartil. 2009;17(10):1368-76.

Bartucci R, Salvati A, Olinga P, Boersma YL. Vanin 1: its physiological
function and role in diseases. Int J Mol Sci. 2019;20(16).e3891.

Zhang Y, Wang T, Cao Y. Osteopontin can decrease the expression of Col-ll
and COMP in cartilage cells in vitro. Int J Clin Exp Med. 2015;8(2):2254-60.
Cheng C, Gao S, Lei G. Association of osteopontin with osteoarthritis.
Rheumatol Int. 2014;34(12):1627-31.

Gazal S, Sacre K, Allanore Y, Teruel M, Goodall AH, Tohma S, et al.
Identification of secreted phosphoprotein 1 gene as a new rheumatoid
arthritis susceptibility gene. Ann Rheum Dis. 2015;74(3):¢19.

Mullan RH, Bresnihan B, Golden-Mason L, Markham T, O'Hara R, FitzGerald
O, et al. Acute-phase serum amyloid A stimulation of angiogenesis,
leukocyte recruitment, and matrix degradation in rheumatoid arthritis
through an NF-kappaB-dependent signal transduction pathway. Arthritis
Rheum. 2006;54(1):105-14.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Page 10 of 10

Elshabrawy HA, Volin MV, Essani AB, Chen Z, Mclnnes IB, Van Raemdonck K,
et al. IL-11 facilitates a novel connection between RA joint fibroblasts and
endothelial cells. Angiogenesis. 2018;21(2):215-28.

Acharya C, Yik JH, Kishore A, Van Dinh V, Di Cesare PE, Haudenschild DR.
Cartilage oligomeric matrix protein and its binding partners in the cartilage
extracellular matrix: interaction, regulation and role in chondrogenesis.
Matrix Biol. 2014;37:102-11.

Ochi K, Derfoul A, Tuan RS. A predominantly articular cartilage-associated
gene, SCRG1, is induced by glucocorticoid and stimulates chondrogenesis
in vitro. Osteoarthr Cartil. 2006;14(1):30-8.

Mis EK, Liem KF Jr, Kong Y, Schwartz NB, Domowicz M, Weatherbee SD.
Forward genetics defines Xylt1 as a key, conserved regulator of early
chondrocyte maturation and skeletal length. Dev Biol. 2014;385(1):67-82.
Johnson HJ, Rosenberg L, Choi HU, Garza S, Hook M, Neame PJ.
Characterization of epiphycan, a small proteoglycan with a leucine-rich
repeat core protein. J Biol Chem. 1997;272(30):18709-17.

Sugars RV, Olsson ML, Marchner S, Hultenby K, Wendel M. The glycosylation
profile of osteoadherin alters during endochondral bone formation. Bone.
2013;53(2):459-67.

Nakajima M, Kizawa H, Saitoh M, Kou |, Miyazono K, lkegawa S. Mechanisms
for asporin function and regulation in articular cartilage. J Biol Chem. 2007;
282(44):32185-92.

Poole AR, Matsui Y, Hinek A, Lee ER. Cartilage macromolecules and the
calcification of cartilage matrix. Anat Rec. 1989,224(2):167-79.

Knudson CB, Knudson W. Cartilage proteoglycans. Semin Cell Dev Biol.
2001;12(2):69-78.

Ranera B, Remacha AR, Alvarez-Arguedas S, Castiella T, Vazquez FJ, Romero
A, et al. Expansion under hypoxic conditions enhances the chondrogenic
potential of equine bone marrow-derived mesenchymal stem cells. Vet J.
2013;195(2):248-51.

Barry F, Boynton RE, Liu B, Murphy JM. Chondrogenic differentiation of
mesenchymal stem cells from bone marrow: differentiation-dependent
gene expression of matrix components. Exp Cell Res. 2001;268(2):189-200.
Deutsch EW, Lane L, Overall CM, Bandeira N, Baker MS, Pineau C, et al.
Human proteome project mass spectrometry data interpretation guidelines
3.0. J Proteome Res. 2019;18(12):4108-16.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study design
	Isolation and expansion of mesenchymal stromal cells
	Interleukin-1β stimulation and chondrogenic differentiation
	Cell differentiation into mesodermal lineages
	Processing of the conditioned medium
	LC-MS/MS analysis
	Data analysis

	Results
	Cellular morphology and differentiation into mesodermal linages
	Mass spectrometry analysis

	Discussion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

