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Abstract: Tendon lesions are common sporting injuries in humans and horses alike. The healing
process of acute tendon lesions frequently results in fibrosis and chronic disease. In horses, local
mesenchymal stromal cell (MSC) injection is an accepted therapeutic strategy with positive influence
on acute lesions. Concerning the use of MSCs in chronic tendon disease, data are scarce but suggest
less therapeutic benefit. However, it has been shown that MSCs can have a positive effect on fibrotic
tissue. Therefore, we aimed to elucidate the interplay of MSCs and healthy or chronically diseased
tendon matrix. Equine MSCs were cultured either as cell aggregates or on scaffolds from healthy or
diseased equine tendons. Higher expression of tendon-related matrix genes and tissue inhibitors of
metalloproteinases (TIMPs) was found in aggregate cultures. However, the tenogenic transcription
factor scleraxis was upregulated on healthy and diseased tendon scaffolds. Matrix metalloproteinase
(MMPs) expression and activity were highest in healthy scaffold cultures but showed a strong
transient decrease in diseased scaffold cultures. The release of glycosaminoglycan and collagen was
also higher in scaffold cultures, even more so in those with tendon disease. This study points to an
early suppression of MSC matrix remodeling activity by diseased tendon matrix, while tenogenic
differentiation remained unaffected.

Keywords: mesenchymal stromal cells (MSC); tendinopathy; chronic tendon disease; 3D cell
culture; extracellular matrix; collagen; fibrosis; matrix remodeling; matrix–metalloproteinases (MMP);
tenogenic differentiation

1. Introduction

Tendon disease is a common reason for early retirement from athletic activities,
as their incidence increases with age and exercise level [1,2]. Tendons heal slowly and
with formation of scar tissue. Once an acute tendon injury has occurred, the healing
process begins with a short inflammatory phase of a few days up to 2 weeks. Even during
this early phase and continuing successively, connective tissue is formed under vascular
sprouting and cellular infiltration, showing increased levels of type III collagen and al-
tered concentrations of glycosaminoglycans. Histologically, there are also changes in the
matrix structure, such as a decrease in the density of collagen fibers and a loss of their
parallel arrangement [3]. The excessive and immature formation of extracellular matrix
by fibroblasts and myofibroblasts is referred to as fibrosis, the main mediator of which is
considered to be transforming growth factor (TGF)-β1 [3,4]. Over time, matrix composition
improves as collagen III is degraded and replaced by collagen I, which is controlled by the
interplay of enzymes. These include matrix metalloproteinases (MMPs) and their inhibitors,
the tissue inhibitors of metalloproteinases (TIMPs) [5,6]. Nevertheless, the composition
and fiber organization within the tendon remain altered, and the newly formed scar tissue
can achieve the strength but not the elasticity of healthy tendon tissue. This often leads to
re-injuries, and chronic disease progresses when training is resumed [3].
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To prevent the chronic development of the disease, improved regenerative therapies
for tendon disease are necessary. Tendon disease is not only observed in human athletes
but also in horses. In racehorses, the superficial digital flexor tendon of the forelimb
is most commonly affected, accounting for 89% of all tendon and ligament injuries [7].
The function and clinical relevance of this tendon is comparable to the Achilles tendon in
humans, making it an excellent natural disease model for Achilles tendon pathology in
humans. In horses, the local injection of multipotent mesenchymal stromal cells (MSCs)
has been repeatedly reported to improve tendon healing after acute injury, leading to
reduced recurrence rates [8–12]. This success is primarily attributed to a stimulation
of neovascularization as well as to anti-apoptotic and immunomodulatory effects [13].
However, so far, existing data suggest that treatment might be less successful in chronic
tendon disease [12]. In the latter, the extracellular matrix pathology is predominant; thus,
it would be favorable to make use of the anti-fibrotic properties of MSCs.

Transplantation of MSCs was already shown to significantly reduce fibrosis in the
tissues of the heart, lung, liver, kidney, and cornea [14]. In an experiment with rats, it was
shown that intravenous administration of MSCs could reduce the expression of fibrosis
factors such as α-smooth muscle actin and TGF-β1 [15]. Moreover, in fibrocytes, mRNA
expression of collagen III, TGF-ß1 receptor and smad3 was shown to be decreased in the
presence of MSCs [16]. In addition to their paracrine effects that may indirectly support
matrix remodeling, MSCs also have a direct effect on the extracellular matrix as they can
secrete TIMPs and MMPs and activate exogenous pro-MMPs [17,18]. However, in contrast
to the immunomodulatory mechanisms of MSCs, their matrix-modulating properties have
been addressed very little so far. In particular, it is not known how pre-existing changes in
the extracellular matrix would affect MSCs. Therefore, the current knowledge does not
provide a sufficient basis for the use of MSCs in chronic tendon disease yet.

Aiming to elucidate the potential of MSCs to treat chronic tendon disease, in the
present study, the tenogenic and matrix-modulatory behavior of MSCs was investigated
using an ex vivo model of equine naturally occurring chronic tendon disease. In the first
set of experiments, we compared MSCs cultured on scaffolds obtained from a healthy
tendon to MSCs cultured in a three-dimensional (3D) aggregate culture. In the second
part of the study, MSCs were cultured on scaffolds obtained from equine tendons with
previously characterized chronic disease, as compared to scaffolds from healthy tendons.
We hypothesized that the tendon extracellular matrix would affect MSC behavior and
particularly their matrix remodeling properties.

2. Results
2.1. MSC Culture as Aggregates and on Healthy Tendon Scaffolds

After culturing MSCs from n = 6 donor horses either as cell aggregates or on decel-
lularized healthy equine tendon scaffolds from the same donor horse for 3 and 6 days,
quantitative RT-PCR and supernatant analyses revealed how the healthy tendon extra-
cellular matrix environment influenced MSC behavior as compared to a scaffold-free
3D environment.

2.1.1. Tendon Marker, Growth Factor, MMP, and TIMP Gene Expression

The tenogenic transcription factor scleraxis was upregulated in the MSCs in healthy
tendon scaffold cultures as compared to aggregate cultures (p < 0.05 at day 6). All other
tendon-related genes, including the late tenogenic transcription factor mohawk, tendon
extracellular matrix components, and tenogenic and pro-fibrotic growth factors, were
expressed at higher levels in the MSC aggregate cultures. This was significant on both
day 3 and day 6 for collagen I (p < 0.01) and TGF-β1 (p < 0.01 and p < 0.05), on day 3
for mohawk, TGF-β3 (p < 0.01) and collagen III (p < 0.05), and on day 6 for tenascin-C
(p < 0.01). An increase in gene expression over time, although partly with low fold changes,
was observed in the aggregate cultures for tenascin-C and connective tissue growth factor
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(CTGF) and in the healthy tendon scaffold cultures for collagen III, tenascin-C, decorin,
and CTGF (p < 0.05 for all) (Figure 1).

Figure 1. Relative gene expression of tendon-related genes and growth factors in MSC aggregate
cultures and healthy tendon scaffold cultures. Asterisks indicate significant differences between
groups with p < 0.05 (*) or p < 0.01 (**). Significant differences over time are indicated by hashmarks
for aggregate cultures and by paragraph symbols for healthy tendon scaffold cultures (p < 0.05).
Data were obtained with MSCs from n = 6 donors. SCX: scleraxis; MKX: mohawk; TNC: tenascin-C;
COL1A2: collagen I; COL3A1: collagen III; DCN: decorin; TGFB: transforming growth factor-β;
CTGF: connective tissue growth factor.

Regarding MMPs and TIMPs, there was a trend that, overall, MMPs were expressed
at higher levels in the tendon scaffold cultures, but TIMPs in the aggregate cultures.
When cultured on healthy tendon scaffolds, MSCs showed a higher expression of MMP13
(p < 0.01 on day 3) and MMP9 (p < 0.01 on day 6) as compared to aggregate cultures,
with an additional increase over time (p < 0.05). An increase over time in tendon scaffold
cultures was also observed for TIMP-2 and -3 expression (p < 0.05). On the other hand,
the expression of TIMP3 on day 3 (p < 0.01) and TIMP1 on day 6 (p < 0.05) was higher in
MSC aggregate cultures than in tendon scaffold cultures. Furthermore, in MSC aggregate
cultures, there was an increase in MMP1 and TIMP1 but a decrease in MMP3 expression
over time (p < 0.05 for all) (Figure 2).
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Figure 2. Relative gene expression of matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs) in MSC aggregate cultures and healthy tendon scaffold cultures. Asterisks
indicate significant differences between groups with p < 0.05 (*) or p < 0.01 (**). Significant differences
over time are indicated by hashmarks for aggregate cultures and by paragraph symbols for healthy
tendon scaffold cultures (p < 0.05). Data were obtained with MSCs from n = 6 donors.

2.1.2. Glycosaminoglycan and Total Collagen Release and MMP Activity

In the healthy tendon scaffold cultures, more glycosaminoglycan and total colla-
gen were released into the supernatant than in the aggregate cultures, yet this was
only significant for glycosaminoglycan (p < 0.01 on both day 3 and day 6). However,
the glycosaminoglycan release from tendon scaffold cultures decreased from day 3 to day 6
(p < 0.05). The activity of MMPs in the supernatants was higher in tendon scaffold cultures
(p < 0.01 on day 6) (Figure 3).
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Figure 3. Glycosaminoglycan, total collagen and matrix metalloproteinase (MMP) activity in the
supernatants of MSC aggregate cultures and healthy tendon scaffold cultures. Asterisks indicate
significant differences between groups with p < 0.01 (**). Significant differences over time are
indicated by paragraph symbols for healthy tendon scaffold cultures (p < 0.05). Data were obtained
with MSCs from n = 6 donors.

2.2. MSC Culture on Healthy and Chronic Tendon Disease Scaffolds

MSCs from one representative donor horse, as chosen based on the results described
above, were cultured either on decellularized healthy tendon scaffolds or on decellularized
tendon scaffolds with chronic disease from n = 5 donor horses per group for 3, 6, or 21 days.
Morphological analyses, quantitative RT-PCR and supernatant analyses demonstrated how
the chronically altered tendon matrix influenced MSC behavior.

2.2.1. Morphology of Scaffolds and Scaffold Cultures

Healthy tendon scaffolds and those with chronic disease, as previously characterized
by magnetic resonance imaging, strongly differed in Masson’s trichrome staining of their
paraffin sections (p < 0.01). Confirming their designation to the healthy and to the chronic
disease group, the extracellular matrix in the healthy scaffolds mainly stained red, whereas
diseased scaffolds mainly stained green (Figure 4).

Hematoxylin and eosin staining of paraffin sections of the seeded scaffolds demon-
strated that MSCs were mostly localized on the scaffold surface, with no significant differ-
ences in score points between groups or over time (data not shown). However, quantitative
analysis of Live/Dead staining images revealed remarkable differences between groups.
Most importantly, while MSCs were aligned in widely parallel rows on the healthy tendon
scaffolds, they were randomly oriented on tendon disease scaffolds. This was confirmed by
a higher angular deviation of cell orientation in tendon disease scaffolds at all time points
(p < 0.01 on days 3 and 21, p < 0.05 on day 6). Over time, the deviation in cell orientation
increased further on tendon disease scaffolds and decreased further on healthy scaffolds
(p < 0.05 for the latter). MSC length increased over time in both groups (p < 0.05) but did
not differ between groups (Figure 4).

2.2.2. Tendon Marker, Growth Factor, MMP, and TIMP Gene Expression

The tenogenic transcription factors scleraxis and mohawk were upregulated over
time (p < 0.01 for scleraxis in MSCs on healthy tendon scaffolds, p < 0.05 for all other
comparisons). However, interestingly, with respect to MSC tenogenic induction, there
appeared to be no differences between the healthy and diseased tendon groups. In line
with that, collagen I was also upregulated over time in both groups (p < 0.05) and with
no differences between groups. Other matrix components, which are less abundant in
healthy tendon tissue, were only temporarily upregulated but then downregulated over
time. However, this was only significant for the collagen III upregulation between day 3
and day 6 (p < 0.05) and for the downregulation of tenascin-C between days 6 and 21 in
MSCs on healthy scaffolds (p < 0.01). TGF-β1 and -3 showed a similar regulation pattern,
with a decrease in expression between day 6 and day 21 (p < 0.05), whereas CTGF showed a
consistently increasing expression between day 3 and day 21 (p < 0.01). Differences between
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groups only occurred on day 3, with a lower expression of collagen III and TGF-β3 (both
p < 0.01) and decorin (p < 0.05) in the MSCs cultured on chronic disease tendon scaffolds
(Figure 5).

Figure 4. Morphological analysis of unseeded and MSC-seeded healthy and diseased tendon scaffolds. Masson’s trichrome
staining was performed to confirm tendon disease using unseeded scaffolds. Healthy scaffolds stained mainly red,
representing healthy tendon fibers, while tendon disease scaffolds stained mainly green, representing altered tendon tissue.
The boxplot displays the percentage of green staining. Hematoxylin and eosin staining of seeded tendon scaffolds showed
that cell layers were mostly found on the scaffold surface, with no major differences between the scaffold groups. Live/Dead
staining (live cells shown in green) of tendon scaffold cultures revealed a more random orientation of MSCs on the disease
scaffolds, as quantified by the mean angular deviation from the median angle in cell orientation shown in the boxplot.
It also showed that MSC length increased over time, which was also quantitatively confirmed as shown in the boxplot.
All scale bars: 100 µm. Asterisks indicate significant differences between groups with p < 0.05 (*) or p < 0.01 (**). Significant
differences over time are indicated by paragraph symbols for healthy tendon scaffold cultures and by plus symbols for
diseased tendon scaffold cultures (p < 0.05). Data were obtained using scaffolds from n = 5 different tendons per group.
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Figure 5. Relative gene expression of tendon-related genes and growth factors in MSCs seeded on
healthy and diseased tendon scaffolds. Asterisks indicate significant differences between groups
with p < 0.05 (*) or p < 0.01 (**). Significant differences over time are indicated by paragraph symbols
for healthy tendon scaffold cultures and by plus symbols for diseased tendon scaffold cultures (§ or +
for p < 0.05; §§ or ++ for p < 0.01). Data were obtained using scaffolds from n = 5 different tendons
per group. SCX: scleraxis; MKX: mohawk; TNC: tenascin-C; COL1A2: collagen I; COL3A1: collagen
III; DCN: decorin; TGFB: transforming growth factor-β; CTGF: connective tissue growth factor.

MMPs were either downregulated over time (p < 0.01 on healthy scaffolds for MMP1
and MMP3, p < 0.05 on disease scaffolds for MMP1) or showed a temporal regulation with
the highest expression levels on day 6 (p < 0.05 or p < 0.01 when compared to earlier or later
time points in both groups for MMP9, MMP13, and MMP14). A similar regulation over
time, with the highest expression on day 6, was observed for TIMP1 and TIMP2 (p < 0.05
or p < 0.01 when compared to day 21 for TIMP1 in both groups, p < 0.01 when compared to
day 3 for TIMP2 in MSCs on healthy tendon scaffolds). TIMP3 was upregulated over time
(p < 0.01 for MSCs on healthy scaffolds between day 3 and 6, p < 0.05 for MSCs on chronic
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disease scaffolds between day 3 and 21). Importantly, there were significant differences
between the groups, and these consistently involved lower gene expression levels in MSCs
cultured on tendon disease scaffolds, which was most evident on day 3. Namely, MMP1,
MMP13, and MMP14 but also TIMP2 were downregulated on diseased scaffolds on day 3
(p < 0.01 for all), and MMP3 on day 6 (p < 0.05) (Figure 6).

Figure 6. Relative gene expression of matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs) in MSCs seeded on healthy and diseased tendon scaffolds. Asterisks
indicate significant differences between groups with p < 0.05 (*) or p < 0.01 (**). Significant differences
over time are indicated by paragraph symbols for healthy tendon scaffold cultures and by plus
symbols for diseased tendon scaffold cultures (§ or + for p < 0.05; §§ or ++ for p < 0.01). Data were
obtained using scaffolds from n = 5 different tendons per group.

2.2.3. Glycosaminoglycan and Total Collagen Release and MMP Activity

In the tendon disease scaffold cultures, glycosaminoglycan and total collagen release
into the supernatants were higher than in healthy tendon scaffold cultures, although
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this was only significant for total collagen on day 6 (p < 0.01). Remarkably, the release
of both matrix components strongly decreased over time in both groups (p < 0.01 for
glycosaminoglycans between days 3 and 21, p < 0.05 for collagen between days 3 and 6 in
healthy scaffold cultures and between days 3 and 21 in disease scaffold cultures) and was
at a neglectable level by day 21. Despite the higher release of matrix components, but still
mirroring the gene expression results, MMP activity in the supernatant was highest on day
6 in both groups (p < 0.05 as compared to day 3). Moreover, MMP activity was higher in
the healthy scaffold cultures than in the disease scaffold cultures on day 3 and 6, yet this
failed to reach significance (Figure 7).

Figure 7. Glycosaminoglycan, total collagen, and matrix metalloproteinase (MMP) activity in the
supernatants of healthy and diseased tendon scaffold cultures. Asterisks indicate significant differ-
ences between groups with p < 0.01 (**). Significant differences over time are indicated by paragraph
symbols for healthy tendon scaffold cultures and by plus symbols for diseased tendon scaffold
cultures (§ or + for p < 0.05; §§ or ++ for p < 0.01). Data were obtained using scaffolds from n = 5
different tendons per group.

3. Discussion

In this study, we aim to elucidate the potential performance of MSCs injected into a
chronic tendon lesion using an ex vivo model for naturally occurred chronic tendon disease.
We focused on the matrix remodeling effects of the MSCs, as they likely play a major role
when MSCs are used for treatment of an already fibrotic tendon.

The model we chose was unique in that decellularized extracellular matrices obtained
from actual chronic tendon disease served as scaffolds for MSC culture. The preparation of
decellularized tendon scaffolds and their seeding with MSCs is well established and mirrors
the extracellular tendon environment better than artificial scaffolds [19–21]. Moreover,
with respect to investigating tendon disease, the changes to the tendon extracellular matrix
in chronic disease are complex [22] and cannot be reflected completely by any artificial
scaffold material. Therefore, we chose to harvest tendons from an abattoir and screen them
macroscopically and by magnetic resonance imaging. For the latter, we used procedures
described previously [23] to distinguish acute and chronic lesions. Suitable tendons were
then used to produce either healthy or chronic disease scaffolds, depending on the magnetic
resonance imaging findings, and health or disease of the scaffold extracellular matrix was
confirmed by histology. It remains a limitation that the exact lesion age was unknown due
to the lacking clinical history of the donor horses, yet based on MRI and histology findings,
it is without question that chronic lesions were present in all disease group scaffolds and
absent in all healthy scaffolds.

First, we aimed to characterize MSC tenogenic differentiation and matrix remodeling
on healthy tendon scaffolds. As scaffold seeding is a 3D culture system, we included
a different, frequently used 3D culture system, namely scaffold-free aggregate cultures,
as a control condition. In the literature, 3D aggregate cultures are described using highly
variable cell numbers and experiment settings [24–29]. In this study, the aggregate culture
conditions were kept as similar as possible to the scaffold culture conditions, which means
that the same relation between cell numbers and medium volumes was used, and no
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dynamic stimulation was applied. Interestingly, while the early tenogenic marker scler-
axis was upregulated on healthy scaffolds as compared to the aggregates, other tendon
and matrix genes, as well as TGF-β1 and -β3, were expressed at higher levels in the ag-
gregate cultures. This is in accordance with the overall growing knowledge regarding
increased MSC fitness after 3D aggregate or spheroid culture. Pre-culturing MSCs as
spheroids appears to have positive effects on their regenerative potential [30,31]. Cor-
responding studies have already been performed for wound healing, treatment of the
central nervous system, and myocardial infarction, with improved anti-fibrotic effects
of the MSCs [32–35]. With respect to tendon, others reported that 3D spheroid culturing
maintained the tenogenic [29,36] or ligamentogenic [37] differentiation in contrast to mono-
layer culture. Co-culture with tenocytes or culture with spent medium from tenocytes in
high-density cultures further promoted tenogenic effects [38]. On that basis, MSC aggre-
gate or spheroid cultures represent a promising starting material for scaffold seeding and
tissue engineering [25,39–41]. Nevertheless, as addressed below, aggregate culture did not
stimulate MSC matrix remodeling activities.

Next, comparing MSCs cultured on healthy and chronic disease tendon scaffolds,
the first remarkable observation was that MSC alignment on the scaffolds clearly reflected
the altered tendon fiber orientation in chronic disease. We observed not only a parallel
MSC alignment in healthy scaffolds, as described before [19], but also a recurrent random
alignment in the disease group. However, interestingly, although it is known that scaf-
fold architecture directs differentiation [42,43], there was a similar upregulation of both
tenogenic transcription factors, scleraxis and mohawk, over time in both groups. This sug-
gests that, fortunately, the tenogenic potential of MSCs is not affected by the extracellular
tendon matrix altered by chronic disease. Further supporting this, collagen I expression
and MSC length also increased over time in both groups. In this line, it should also be noted
that CTGF was similarly upregulated over time in both groups. The consequences are
unequivocal, as CTGF has been associated with tendon healing [44,45] but is also strongly
implicated in fibrosis [46]. Regarding extracellular matrix gene expression, collagen III
and decorin expression was lower on tendon disease scaffolds. Both are essential but not
very abundant components in healthy tendons. As collagen III is increased in tendon
lesions [47], it could be hypothesized, although speculatively, that collagen III downreg-
ulation in MSCs on disease scaffolds could be a valuable feedback mechanism to their
pathological abundance in the scaffold. Decorin concentration does not seem to be affected
in tendon lesions [48]. Nevertheless, in our study, its expression was downregulated in
tendon disease scaffolds. Based on its inhibiting effects on the pro-fibrotic growth factor
TGF-β1 [49], decorin might have scar-preventing effects. On the other hand, it is involved
in collagen fibrillogenesis and is associated with a weakening of tendons as it leads to a
decrease in collagen fiber diameter [50]. However, the expression of TGF-β3 was also lower
in the tendon disease group. This could rather be a drawback as TGF-β3 is known for its
positive effects on tenogenesis [51,52], yet this difference was only evident after a short
period of culture (day 3).

Intriguingly, the matrix remodeling activities of MSCs strongly changed in response to
their extracellular environment. This was not unexpected as MMP expression has already
been reported to be influenced by extracellular matrix components and stiffness [53,54].
First of all, the expression of MMP1, MMP9, and MMP13 was strongly upregulated in
all groups compared to the monolayer controls (data used for Pfaffl calculation), leading
to very high fold changes in expression values [55]. Moreover, several differences were
observed between the different 3D cultures investigated. Overall, the gene expression of
several MMP was highest in MSCs cultured on healthy tendon scaffolds. The expression
levels of the gelatinase MMP9 and the collagenase MMP13 were higher in healthy scaf-
fold cultures than in aggregate cultures, while TIMP1 and TIMP3 expression was lower,
suggesting a higher matrix remodeling activity in the healthy scaffold cultures. This was
confirmed by a higher release of matrix components into the supernatant and a higher total
MMP activity in the supernatant. Tendon disease reduced the matrix remodeling activity
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of MSCs. The expression levels of the collagenases MMP1 and MMP13, the stromelysin
MMP3, and the membrane-type collagenase MMP14, as well as the total MMP activity
in the supernatant, were lower in MSCs cultured on disease tendon scaffolds as com-
pared to healthy tendon scaffolds. Interestingly, these differences occurred early during
culture, while MMP gene expression and activity in both groups tended to change over
time. The initially reduced MMP activity in the disease group is consistent with an own
previous study, which had revealed a reduced MMP activity when MSCs were cultured on
pro-fibrotic MSC-derived matrices [56]. However, surprisingly, in the current study, the
release of extracellular matrix components into the supernatants was even higher in disease
scaffold cultures, possibly because the structure of tendon disease scaffolds is generally
more prone to degradation.

The implication of the putatively reduced matrix remodeling activity of MSCs in
chronic tendon disease is not readily explainable. Data on matrix remodeling in tendons
are still not entirely conclusive, considering the complex interplay between MMPs, TIMPs,
growth factors and the extracellular matrix. In vivo, increased MMP expression is often
associated with tendon disease [57–59] and attempts have been made to inhibit MMP in
order to prevent the progression of tendon disease [60,61]. In acute tendon (rupture) repair,
several MMPs, including MMP1, MMP2, MMP9, and MMP13, were upregulated [57,62,63],
while MMP3 expression was reported to be lower [5] or to decrease over time [57]. Low
MMP3 and MMP10 expression levels were also associated with chronic painful tendon
disease [5]. Yet, in a different study, MMP3 expression correlated with neoangiogenesis
and impaired biomechanical properties during tendon healing [64]. In horses with tendon
disease, which had been treated by local MSC transplantation, a lower MMP13 activity
in the MSC-treated group was associated with a better histological appearance and me-
chanical properties 6 months after treatment [65]. In another equine study, MMP3 gene
expression was upregulated in the MSC-treated tendons at week 45 [66]. Based on most
of these findings taken together and considering tendon pathophysiology, it might be
concluded that low expression and activity of collagenases such as MMP13 could prevent
further degradation, while a high expression and activity of MMPs that degrade smaller
matrix components, such as MMP3, could be helpful for removal of increased non-fibrillar
components. On the other hand, it could even be speculated that in chronic tendon disease,
MMPs might generally play a supportive role, as the fibrotic scar tissue has to be degraded
to be finally replaced by tendon tissue of a higher quality.

4. Materials and Methods
4.1. Study Design

The study included two sets of experiments (Figure 8). In the first part, aiming
to investigate the effect of healthy extracellular matrix on MSC tenogenic and matrix
remodeling behavior, MSCs from 6 equine donors were used as biological replicates. They
were cultured on decellularized healthy tendon scaffolds, all obtained from the same
tendon, while aggregate cultures served as 3D control condition. Gene expression and
cell culture supernatants were analyzed on day 3 and day 6. The second part aimed to
investigate the effect of chronic tendon disease, namely of the altered extracellular matrix,
on MSC tenogenic and matrix remodeling behavior. For this purpose, MSCs from the donor
horse best representing the median results from the first part were used for all experiments,
while the tendons used for scaffold production represented the biological replicates. MSCs
were cultured on healthy tendon scaffolds, obtained from 5 different healthy tendons,
and on tendon disease scaffolds, obtained from 5 different tendons with naturally occurring
chronic tendon disease. Morphology, gene expression and cell culture supernatants were
analyzed on day 3, day 6, and day 21.
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Figure 8. Overview of the experimental design.

4.2. Tendon Scaffold Preparation

Superficial digital flexor tendons were dissected from equine forelimbs obtained from
an abattoir. Based on macroscopic and ultrasonographic evaluation, tendons were used in
a comparative study on tendon lesion appearance in low-field magnetic resonance imaging
(Hallmarq EQ2, Hallmarq Veterinary Imaging, Guildford, Surrey, UK) [23] and high-field
magnetic resonance imaging (Magnetom Verio; Siemens Healthcare GmbH, Erlangen,
Germany) (unpublished data). Based on these data, healthy tendons and tendons with
naturally occurred chronic tendon disease were selected for the current study.

Tendons were decellularized by combining freeze–thaw cycles and detergent treatment
as established previously [67]. After decellularization, tendons were stored at −20 ◦C until
the scaffolds were sectioned. First, 1 cm of the length of the tendon was excised, taking
care to cover only the lesion region in the case of the diseased tendons. Next, these tendon
pieces were cut into 300 µm thick scaffolds using a cryotome (Leica CM3050 S, Wetzlar,
Germany). The obtained scaffolds were finally trimmed to a surface area of 1 × 1 cm.

4.3. Mesenchymal Stromal Cell Isolation

Subcutaneous supragluteal adipose tissue was obtained from 6 warmblood horses
aged 1–6 years that were euthanized for reasons unrelated to this study. Mesenchy-
mal stromal cells were isolated by mechanical comminution and following collagenase I
(0.8 mg/mL; Life Technologies, Karlsruhe, Germany) digestion. The obtained MSCs were
expanded and cryopreserved. MSCs from the most representative donor, which were
used for both parts of the study, were characterized by trilineage differentiation and flow
cytometry (Supplement S1).

4.4. Cell Culture Experiments

MSCs were thawed and expanded in Dulbecco’s modified Eagle’s medium (1 g/L
glucose; Gibco®, ThermoFisher Scientific, Darmstadt, Germany) supplemented with 10%
FBS (Gibco®) and 1% penicillin-streptomycin (Pan-Biotech, Aidenbach, Germany) under
standard culture conditions (humidified atmosphere, 37 ◦C, 5% CO2) until passage 3.
For the formation of aggregates, 900,000 MSCs were seeded in 1,500 µL medium in a
24-well ultra-low attachment plate. Scaffolds were placed in a 24 well ultra-low attachment
plate, seeded with 300,000 MSCs per scaffold and incubated with 500 µL medium after
an initial period allowing for cell attachment (6 h). Medium was changed every 3 days,
and the supernatants were stored at −80 ◦C. For medium changes, aggregates were cen-
trifuged at 300× g for 3 min to separate them from the supernatant.



Int. J. Mol. Sci. 2021, 22, 12798 13 of 18

4.5. Histology

Unseeded and seeded scaffolds were fixed in 4% paraformaldehyde and embedded
standing upright in paraffin. Four-micrometer-thick longitudinal sections of the unseeded
scaffolds were subjected to Masson’s Trichrome staining, while sections of the seeded
scaffolds were stained with hematoxylin and eosin (HE). For Masson’s trichrome stained
scaffolds, three images were obtained with a 10× objective, and the percentage of green
staining, displaying altered tendon tissue, was quantified using Fiji/ImageJ (National
Institutes of Health, Bethesda, MD, USA) software. HE stained seeded scaffolds were
scored by two observers with respect to cell distribution on and within the scaffold.

4.6. Live/Dead Staining

Live/Dead staining was performed using a staining kit (LIVE/DEAD™ Viability/
Cytotoxicity Kit, for mammalian cells; Thermo Fisher Scientific, Waltham, MA, USA) ac-
cording to the manufacturer’s instructions. One image using the 4× objective, representing
the middle of the scaffold, and 3 images using the 10× objective, evenly distributed on one
diagonal of the scaffold, were taken using a Nikon Eclipse Ts2-F microscope with a DS-Fi3
camera (Nikon GmbH, Duesseldorf, Germany).

Images obtained from the middle of the scaffold were used for further analysis in
GeoGebra Classic 6 (GeoGebra GmbH, Linz, Austria) software. Twenty randomly chosen
cells per image were marked with a line segment spanning the longest possible distance
within the cell. To analyze MSC orientation, images obtained with the 4× objective were
used to calculate the mean angular deviation from the median angle of cell orientation.
Mean MSC length was calculated based on the measurements in images obtained with the
10× objective.

4.7. Quantitative RT-PCR

RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions, including an on-column DNAse treatment. Prior to
isolation, cell aggregates and scaffolds were shredded in RLT buffer (RNeasy Mini Kit)
containing 0.143 M β-mercaptoethanol using a TissueLyser II (Qiagen) at 30 Hz for 2 min
and 2 × 2 min, respectively. A 2250 ng measure of total RNA was reverse transcribed
using the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher). One
microliter (corresponding to 37.5 ng RNA) of the obtained cDNA was used as template in
each qPCR reaction. qPCR was performed employing the SYBR Green Mastermix (Bio-Rad,
Hercules, CA, USA) on a qTowerG (Analytik Jena). The primers (Table 1) were defined
using PrimerBlast (NCBI) and synthesized at IDT (Integrated DNA Technologies, Leuven,
Belgium). PCR performance was checked by running a melting curve and a dilution series
of pooled experimental cDNA to determine the efficiency of the reaction. Fold changes
were calculated using the Pfaffl formula [55].

4.8. Supernatant Analyses

The soluble sulfated glycosaminoglycan content and total collagen content in the su-
pernatants were measured using colorimetric assays (Glycosaminoglycan Assay Blyscan™,
Carrickfergus, UK, and Sirius Red Total Collagen Detection Assay, Chondrex, Woodinville,
WA, USA), the latter after concentrating the collagen content with polyethylene glycol solu-
tion (Chondrex). The assays were performed according to the manufacturer’s instructions.
To determine MMP activity in the supernatants, a total MMP activity assay kit (Abcam,
Cambridge, UK) was used according to the provided instructions, with an activation of
MMPs for 3 h and fluorescence measurement 30 min after adding the fluorescent sub-
strate. All measurements were performed using an Infinite® M200 Pro plate reader (Tecan,
Maennedorf, Switzerland).
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Table 1. Primer sequences used for qRT-PCR.

Gene Primer Sequence Accession No. PCR Product (bp)

GAPDH For: TGGAGAAAGCTGCCAAATACG
Rev: GGCCTTTCTCCTTCTCTTGC NM_001163856.1 309

COL1A2 For: CAACCGGAGATAGAGGACCA
Rev: CAGGTCCTTGGAAACCTTGA XM_001492939.3 243

COL3A1 For: AGGGGACCTGGTTACTGCTT
Rev: TCTCTGGGTTGGGACAGTCT XM_001917620.3 216

SCX For: TACCTGGGTTTTCTTCTGGTCACT
Rev: TATCAAAGACACAAGATGCCAGC NM_001105150.1 51

TNC For: TGAATATGGAATTGGAGTGTCTGC
Rev: GGAGTTCTCCACACCAGAGTC XM_023628743.1 147

DCN For: GGCTGGCGGATCATAAGTACA
Rev: CCAGGTGGGCAGAAGTCATT NM_001081925.2 88

MKX For: AAGATACTCTTGGCGCTCGG
Rev: ACACTAAGCCGCTCAGCATT XM_014737017.1 170

CTGF For: CGACTGGAAGACACGTTTGG
Rev: GTCTTGGAACAGGCACTCCA XM_023651101.1 89

TGFB1 For: AATTCCTGGCGCTACCTCAG
Rev: GAACTGAACCCGTTGATGCC NM_001081849.1 194

TGFB3 For: TGCCCCAAAGGAATCACCTC
Rev: GCGTTGTTTGGCGATATGCT XM_001492687.6 186

MMP1 For: TGCCAAATGGACTTCAAGCTG
Rev: GCCGAAGGATCTGTGGATGT NM_001081847.2 137

MMP3 For: CACTAGCCATGTGCGATCCT
Rev: GTCCTGAAGGTTTTGCGCC NM_001082495.2 106

MMP9 For: GGCCAGTTCCAGACCTTTGA
Rev: GGCAAGTCTCCCGAGTAGTTT NM_001111302.1 86

MMP13 For: CACCTACACTGGCAAAAGCC
Rev: TGGGATGTTTAGGGTTCGGG NM_001081804.1 104

MMP14 For: GGCATCCAGCAACTTTACGG
Rev: GCTTATCAGGGACAGAGGGC XM_023621963.1 94

TIMP1 For: GTCTCCGGCATTCTGTTGTTG
Rev: GCCCTGATGACGAACTCAGA NM_001082515.1 110

TIMP2 For: AGTTCATCTACACGGCTCCC
Rev: GCCTTTCCTGCGATGAGGTA XM_023651899.1 88

TIMP3 For: AGGACTCTGCAACTTCGTGG
Rev: GTCACGTAGCAAGGCAGGTA NM_001081870.2 129

TIMP4 For: TTGAGTGCTTGGTGCAAAGTG
Rev: TCTCCTTTCCCCAACTAAAGCA XM_001492577.4 91

4.9. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 28. For comparisons
between groups, Mann–Whitney-U tests were used. For paired comparison of differences
over time, Wilcoxon tests or Friedman tests with Wilcoxon post hoc tests and Bonferroni
correction were performed. p-values < 0.05 were considered significant.

5. Conclusions

The current data showed that MSC matrix remodeling activity in MSCs is globally
reduced under the early influence of chronically diseased tendon matrix. Given that at
least some extent of matrix degradation and remodeling is crucial for therapeutic success



Int. J. Mol. Sci. 2021, 22, 12798 15 of 18

when attempting to treat chronic tendon disease, this remains an issue that needs to be
remediated. As the lower expression of MMPs in the tendon disease model was mainly
observed on day 3 and recovered over time, there may be a chance to educate the MSCs in
advance to prevent this effect.
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