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Scaffold-free Scleraxis-programmed tendon
progenitors aid in significantly enhanced
repair of full-size Achilles tendon rupture

Aim: Currently there is no effective approach to enhance tendon repair, hence we
aimed to identify a suitable cell source for tendon engineering utilizing an established
clinically relevant animal model for tendon injury. Materials & methods: We
compared, by in-depth histomorphometric evaluation, the regenerative potential of
uncommitted human mesenchymal stem cells (hMSC) and Scleraxis (Scx)-programmed
tendon progenitors (hMSC-Scx) in the healing of a full-size of rat Achilles tendon
defect. Results: Our analyses clearly demonstrated that implantation of hMSC-Scx, in
contrast to hMSC and empty defect, results in smaller diameters, negligible ectopic
calcification and advanced cellular organization and matrix maturation in the injured
tendons. Conclusion: Scaffold-free delivery of hMSC-Scx aids in enhanced repair in a

clinically translatable Achilles tendon injury model.
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Tendons injuries, consecutive to overuse or
age-related degeneration, are common and
present a clinical challenge in orthopedic
medicine because of the lengthy periods of
post-traumatic healing and functional gain,
as well as the high rate of rupture recur-
rence [12]. Moreover, the number of tendon
clinical interventions per year is constantly
increasing, which is in direct relation to the
rising population aging in Europe and the
USA [3-5]. Certain tendons (Achilles, rota-
tor cuff, patella and forearm extensors) are
particularly susceptible to degeneration and
surgical treatment. The standard therapeutic
options for tendons repair comprise of suture,
autografts, allografts and synthetic prosthe-
ses; however, none of these alternatives have
provided a successful long-term solution,
especially in aged individuals [6].

Tendon tissue heals by initial formation
of poor scar tissue which is then gradually
remodeled over long periods of time (7-12]. In
short, the healing involves three overlapping

phases: an inflammarory stage, which occurs
immediately after the tendon rupture; a pro-
liferation stage begins within the first days/
week and results in the of establishment scar
tissue reconnecting the injured tendon ends;
and a long remodeling stage including the
two substages; consolidation and matura-
tion, initiating around 6 weeks after injury
and goes up to 1-2 years depending on the
age and condition of the patient [7-12]. Cel-
lularity and matrix production are gradually
decreased during the consolidation stage
followed by gradual increase of collagen
fibril alignment and cross-linking over the
extended period of the maturation phase [7-
12]. And precisely because tendon repair and
rehabilitation requires lengthy periods, the
field’s great interest is to accelerate these
processes without loss of quality and func-
tion the de novo built tissue. Cell-based tis-
sue engineering is nowadays one of the most
attractive and widely explored strategies for
musculoskeletal regeneration. This approach
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Figure 1. Investigation of Achilles tendon overall appearance and dimensions. (A) A schematic image of the
established Achilles tendon injury model. (B) Representative gross morphological images of the four study groups,
NT, ED, hMSC-Mock and hMSC-Scx after 16 weeks of healing. (C) The width, measured in the tendon proper, and
(D) length of the Achilles tendons from the four groups. Bar chart present mean values + standard deviations.

**p =0.002 hMSC-Scx vs ED (n = 10, 10 animals/group).

B: Calcaneus bone; D: Surgery defect; M: Gastrocnemius muscle; P: Cell pellet; S: Surgical suture; T: Achilles
tendon.
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relies on reparative cells, alone or in combination with
biocompatible scaffolds, which are delivered during
patient’s surgery into the site of tissue damage. There-
fore, selecting the most appropriate cell type is of
utmost importance.

In tendon engineering, several cell types such as
mesenchymal stem cells (MSC) from different tis-
sue sources and tendon-derived cells have been sug-
gested as suitable targets. However, the involvement of
each of these cell types has to solve various challenges
(reviewed in [7]). Bone marrow (BM)-MSC are the
most frequently evaluated cell type due to well-estab-
lished collection protocols as well as being the best
characterized cells; however, ectopic bone formation
within the injured tendons is closely associated with
BM-MSC implantation (reviewed in [7]). The main
risks of autologous tendon cell applications are patient
comorbidity and a phenotypic drift of the primary cells
during the steps of 7 vitro expansion and validation
(13,14], and reviewed in [7]).

Scleraxis (Sex) is a member of the basic helix-loop-
helix (b(HLH) transcription factor family, which regu-
lates embryonic tendon formation and postnatal ten-
don function [15,16]. In 2012, we showed that a stable
ectopic expression of Sex in BM-hMSC resulted in the
generation of a homogeneous population of commit-
ted tendon progenitors [17]. In 2013 [18], we published
the establishment of a very clinically relevant full-
size Achilles tendon injury model in Rattus norvegi-
cus. Recently, three studies, namely by Gulotta e al.,
Chen et al. and Tan et al., have tested whether Scx in
combination with cells and carriers can promote early
tendon repair up in animal models [19-21]. Hence, in
our study we aimed to fully explore the potential of
a scaffold-free delivery of hMSC-Scx cells in contrib-
uting to tendon repair by utilizing the above i vivo
model (18] and carrying out in-depth histo-morpho-
metric examinations after 16 weeks of cell implanta-
tion. We selected this time point in order to assess the
long-term effect of the cells and how advanced the
critical late remodeling phase of tendon healing is.

Materials & methods

Cell culture

The well-established and characterized hMSC-Mock
and hMSC-Scx cell lines were used in the study
(described in [17]). These two cell lines were main-
tained in Alpha minimum essential medium Gluta-
MAX culture media (Gibco, Germany) supplemented
with 10% fetal bovine serum (FBS, Sigma-Aldrich,
Germany). Cells were cultured on polystyrene dishes
in a humidified incubator at 5% CO, and 37°C.
Cells were expanded to sufficient for implantation
cell numbers in three-five consecutive passages. Prior

implantation, aliquots of hMSC-Mock and hMSC-
Scx were used for RNA isolation and polymerase chain
reaction (PCR) validation of transgene expression
(Supplementary Figure 1 & Supplementary data), which
has been previously demonstrated in 17].

Animal model & surgical procedure

Surgical procedures were performed according to
our established iz vivo model with slight modifica-
tions [18]. All procedures for animal handling prior,
during and after surgery were approved by the Ani-
mal Care and Use Committee of the Bavarian Gov-
ernment (animal grant no. 55.2-1-54-2531-58-08).
Briefly, athymic female Foxnlnu rats were purchased
from Charles River (Sulzfeld, Germany) and accom-
modated in the central animal facility. Four different
study groups with ten rats per group were randomly
selected from the colony: (1) Native tendon (NT), con-
sisting of noninjured left Achilles tendon; (2) Empty
defect (ED) group, consisting of injured right Achilles
tendon without cell implantation; (3) and (4) in which
the animals received one-shot implantation of scaffold-
free Mock- (hMSC-Mock group) or Scx-hMSC pel-
lets (hMSC-Sex group) within injured right Achilles
tendon, respectively. Cell centrifugation at 500 g for
10 min was carried out to form a 3D cell pellet com-
prising of 1 x 10° cells. The surgical operation consisted
of surgically removing three millimeters tendon tissue
from the Achilles tendon proper (~3 mm proximal
from the calcaneus and 3 mm distal from the gastroc-
nemius muscle, average length of rat Achilles tendon is
12 mm) (Figure 1A). Each defect was first reconnected
by Kirchmayr—Kessler suture and then the 3D cell pel-
let was administrated with a cut sterile pipette tip and
left to adhere for approximately 5 min (Figure 1A).

At 16 weeks after surgery animals were euthanased,
gastrocnemius muscle — Achilles tendon — calcaneus
bone units revealed by skin incision, imaged and width
of tendon proper and total length of the Achilles ten-
dons were manually measured. Afterward tissue samples
were explanted and processed as described below.

Histomorphometry

The gastrocnemius muscle — Achilles tendon — cal-
caneus bone units were fixed either in 4% parafor-
maldehyde (PFA; Merck, Germany) or in 95% etha-
nol/5% absolute acetic acid overnight at 4°C (each
five animals/group). PFA-fixed sections were used
for general histological and immunohistochemical
stainings, while ethanol-fixed sections were used for
immunohistochemistry with anticollagen antibod-
ies (Supplementary Table 1). After fixation, specimens
were decalcified in 10% EDTA/PBS pH 8.0 (Sigma-

Aldrich, Germany) for four weeks at room tempera-

fsg

future science group

www.futuremedicine.com

1155



Research Article Hsieh, Alberton, Loffredo-Verde et al.

Point-based scoring system for histological and elastic fiber assessment in order to evaluate the progress of Achilles

tendon repair.

Study Scored parameters
group I n m v v Vi Vil
Cellularity Ectopic Vascularized Adipose Poor fibrous Elastic fibers Total points
calcification areas areas tissue
Content Morphology
NT
Mean 4 4 3.5 2.95 4 4 26.45
Median 4 3.5 2.95 4 26.45
IQR 0 0 1 1.3 0 0
ED
Mean 1 2.7 3.17 2.73 1.77 2.25 1.25 14.87
Median 1 3 3 2.6 1.65 2.5 1 14.75
IQR 0 1.1 0.25 0.55 1.475 2.25 0.75
hMSC-Mock
Mean 1.24 2.72 2.76 2.5 1.5 2.5 1.75 14.97
Median 1.6 3 3 2.6 1.3 2.5 1.5 15.5
IQR 1.3 1.3 1.2 0.65 1.1 1 1.75
hMSC-Scx
Mean 1.5 3.33 2.8 2.9 2.48 2.75 2.25 18.01
Median 1 3.15 2.8 3 2.65 3 2.5 18.1
IQR 1.5 0.825 1.6 0.3 2.78 0.75 1
Mean, median point values and IQR (interquartile range) of scored points are shown.
I: Estimation of increase in cellularity compared with normal, uninjured tendon (NT).
II: Estimation of increase in areas with ectopic calcification compared with NT.
IIl: Estimation of increase in vascularized areas compared with NT.
IV: Estimation of increase in adipose-rich areas compared with NT.
V: Estimation of increase in areas with poor fiber organization compared with NT.
VI: Estimation of increase in total amount of mature elastic fibers compared with NT.
VII: The sum of points of classes I-VI.
4 points = 0-25%, 3 points = 26-50%, 2 points = 51-75% and 1 point = 76-100%. For elastin fiber morphology 4 points = thin parallel elastin fibers, while 1 point
= thick irregular elastin fibers.

ture, then treated with consecutive 10, 15 and 20%
sucrose/PBS solutions at 4°C for 2 h and last, embed-
ded in cissue freezing medium (Jung, Germany),
and cryosectioned longitudinally at 12 um (Microm
HM500 OM, Germany) allowing full exposure of the
whole complex Gastrocnemius muscle- Achilles ten-
don-calcaneus. Prior use sections were stored at -20°C.

Selected sections (PFA-fixed) were stained with
hematoxylin and eosin (H&E) [18], or periodic acid-
schiff (PAS) using well-established standard histo-
logical protocols or following manufacturer’s instruc-
tions (PAS staining system, Sigma-Aldrich). For the
Safranin-O/Fast Green (S.O/F.G) staining [18.22],
the sections were equilibrated to room temperature
and hydrated with PBS 3x 5 min and then changed
to deionized water. Next, the sections were placed in
0.02% F.G (Sigma-Aldrich) in 95% ethanol for 12

min, rinsed under 1% Acetic Acid for 5 min, immersed

in 0.5% S.O (Sigma-Aldrich) for 15 min. Last, samples
were rinsed quickly in 90% and 100% ethanol, and
mounted with Entellan mounting medium (Merck).
For immunohistochemistry, selected sections were
treated with 2 mg/ml hyaluronidase (Sigma-Aldrich,
Germany) for 30 min at 37°C. After washing and
blocking, primary antibodies were applied overnight
at 4°C. Next day, corresponding secondary antibod-
ies were used for 1 h. For full details on blocking
solutions and antibodies used in the study refer to
Supplementary Table 1. For immunofluorescence-
based experiments, sections were shortly counter-
stained with 4',6-diamidino-2-phenylindole (DAPI)
(Life technology, USA) and mounted with fluoroshield
(Sigma-Aldrich, Germany). For 3,3' diaminobenzi-
dine (DAB)-based experiments, an initial quenching
step was performed using 4% H,O,/methanol for 30
min at room temperature, and afterward the classical
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vectastain ABC kit was implemented according to the
manufacturer’s instructions (VectorLab, USA). Photo-
micrographs were taken with a black/white Axiocam
MRm or color AxiocamICc3 camera mounted on
Observer Z1 microscope (Carl Zeiss, Germany). Indi-
vidual staining types were reproduced three-times
independently and for each studied parameter accord-
ing to the initial fixation, three to five animals per
group were analyzed.

In order to evaluate the progress of tendon repair,
H&E- or consecutive elastin-stained sections from
five animals (each animal represented with three to
five different slides consisting of three to four sections)
were employed for microscopical scoring by four inde-
pendent observers in a blinded fashion. A point-based
scoring system for histological and elastic fiber assess-
ment was used similar to Stoll ez 2/ [23] with some
modifications. The following parameters were scored
and given points: (I) percentage of increase in cellular-
ity compared with NT; (II) percentage of increase in
ectopic calcification; (III) percentage of vascularized
areas versus total area; (IV) percentage of adipose-like-
occupied areas; (V) percentage of poor fibrous areas;
(VI) elastin fiber content (percentage increase) and
morphology; and (VII) total score as the sum of points
in parameters [-VI (Table 1).

Quantification of nuclear aspect ratio,
orientation & density

In healthy tendon or in advanced stage of tendon heal-
ing, low numbers of cells with much flattened nuclei
that are parallel-aligned to the tensile axis are typical
features. To determine the aspect ratio of nuclei (NAR,
defined as the ratio of the minor diameter to the maxi-
mal diameter) and cell density via nuclear count,
DAPI images were analyzed using Image] software
v1.45s with installed NII plugin (National Institutes
of Health, MD, USA). First, by color threshold adjust-
ment the images were converted in black and white
wherein DAPI-stained areas appear in black color and
the remaining background in white color. Second, by
implementing ‘analyze particles” tool in NII plugin
nuclear numbers and minor and maximal diameter
for each nucleus were automatically calculated. Third,
NAR were next calculated with GraphPad software
and distributed by frequency as flattened cells are rep-
resented by NAR = 0, while rounded cells have NAR
= 1. Cell density was expressed by calculating the
number of nuclei per mm?.

To determine nuclear orientation (by estimating
angular deviation), H&E-stained images were ana-
lyzed with the following algorithm using the Axio-
Vision V4.8 software (Carl Zeiss): first, each image
was converted to grey scale and nuclei were marked

by adjusting the intensity segmentation threshold;
second, nuclear orientation measurements were made
with the ‘angular’ tool as the angle between the major
axis of a nucleus and the longitudinal axis of the tissue
were automatically given for manually selected nuclei.
Nuclear orientation angle values of 0° represent a
nucleus that is perfectly aligned along the longitudinal
axis and as this value increases toward 90°, the nucleus
becomes more angled to the long axis of the tendon.

Six to nine randomly taken 20x magnification
images per section (within the area of injury 3 mm
proximal from the calcaneus) of three to five animals
per group were analyzed and a total number of approx-
imately 2000 nuclei were measured for NAR and den-
sity, while approximately 200 nuclei per group were
evaluated for angular deviation.

X-ray analysis

Dissected hind limbs from the four study groups (ten
animals/group) were screened for in-tendinous calcifi-
cation using x-ray imaging with a Cabinet x-ray Fax-
itron (Hewlett Packard, USA). Images were taken with
32kV, 2 mA and 2 s exposure time. White areas compa-
rable with the calcaneus represented calcified areas. The
total area of calcification in each animal was digitally
quantified in each Achilles tendon using the ‘polygonal’
tool of Image Pro Plus software v4 (Media Cybernetics,
USA). In addition, mean value and standard deviations
were calculated for each study group.

Polarized microscopic evaluation

Organized collagen type I fibers have strong birefrin-
gence property when exposed to polarized light; hence,
they can be visualized in orange to yellow colors using
microscopy. All 10 animals per group were prescreened
and four representative animals/group were selected for
the best quality of the H&E slides allowing for optimal
and identical setting of the polarized microscopy imag-
ing. Each animal was represented with one slide con-
sisting of three sections. Microscopy was performed
with 10x objective supplemented with a polarized filer
mounted on Axioskope 2 microscope (Carl Zeiss). For
optimal imaging the transmission axis of the analyzer
was with an angle of 54° to the axis of the polarizer
in the analyzes of all samples. In order to cover the
entire tendon territory approximately 50 consecutive
images/section were taken manually in a mosaic man-
ner and digitally stitched with Adobe Photoshop CS5
software (Adobe System, CA, USA). Next, total Achil-
les tendon area (denominator) was measured in pixel
with ‘magic wand’ tool and by using ‘color selecting’
tool the yellow-to-orange-positive pixels (numerator),
corresponding to highly organized collagen areas, were
automatically quantified. Final data were expressed
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as a percentage of collagen birefringence and for each
study group mean values and standard deviations were
calculated.

Detection of the implanted human cells in rat
Achilles tendons

For detection of the implanted hMSC-Mock or
hMSC-Scx, tissue sections were stained with human-
specific (HLA)-ABC antibody as described above and
in Supplementary Table 1. For the detection of human
DNA in rat tendons genomic PCR-based method was
used as follows: the material of five tissue sections from
10 animals/group was scraped, collected and lyzed with
20 mg/ml proteinase Kin PCR buffer (Merck) overnight
at 55°C. For controlling sample loading PCR for rat
glyceraldehyde-3-phosphate dehydrogenase (rGAPDH,
primers F5-GACATGCCGCCTGGAGAAAC-3'
and R5-AGCCCAGGATGCCCTTTAGT-3') was
performed using the following PCR program: 95°C/5
min; 95°C/30 s; 56°C/30 s; 72°C/60 s; 72°C/1 min;
as steps 2—4 38 cycles. PCR with human specific
genomic primers for amelogenin X (AMELX, prim-
ers F5-CAGCTTCCCAGTTTAAGCTCT-3" and
R5-TCTCCTATACCACTTAGTCACT-3' [24])
was performed with touchdown program: 94°C/5
min; 94°C/30 s; 57°C/30 s; 4. 72°C/30 s; 94°C/30
s; 47°C/30 s; 72°C/30 s; 72°C/5 min as steps 2—4
10 cycles and steps 5—7 38 cycles. MGResearch PCR
instrument (BioRad, Germany) was used. The PCR
products were separated on 2% agarose gels, stained
with ethidium bromide and visualized on a gel imager
(Vilber Lourmat, Germany).

Data & statistics analysis

Quantitative data and statistical significance were ana-
lyzed with GraphPad Prism 5 software (GraphPad,
CA, USA). In general, each group was segregated in
two halves due to fixation procedures; then three to five
animals per group were examined, but the total histol-
ogy slide and section numbers were kept equal between
groups. In width, length, scoring and x-ray analyses
all ten animals were evaluated. Bar charts show mean
values and standard deviations. Multigroup statisti-
cal testing was performed with one-way ANOVA fol-
lowed by post hoc Dunnett’s test and t-test, and p-values
< 0.05 were considered statistically significant.

Results

Engineered Achilles tendons with Scleraxis-
programmed tendon progenitors are superior
in tissue appearance & composition

The gross morphological appearances of the Achilles
tendons of the four experimental groups were evalu-
ated and documented post-dissection. We concluded

that all tendon defect ends, including the ED group,
were completely reconnected. Among the three injured
groups, the healed Achilles tendons of the hMSC-Scx
group had the best opalescent tissue appearance that
resembled the native tissue (Figure 1B). According to
our quantitative data, the hMSC-Scx group had sig-
nificantly smaller mean tendon width compared with
the ED group (Figure 1C), whereas no significant dif-
ferences were found regarding the mean tendon length
(Figure 1D).

For examination of the general tendon composition,
organization as well as for overall assessment of the
healing stage first, H&E (Figure 2A) and elastin stain-
ings and imaging of the four groups were performed.
Afterward a qualitative evaluation of the degree of
repair in all injured Achilles tendons was carried out
by point-based scoring of the following parameters
(Supplementary Figure 2): cellularity, ectopic calcifi-
cation, vascularized areas, adipose areas, poor fibrous
areas and elastic fiber content and morphology. The
results of four independent blinded observers are given
in Table 1. Our scoring data clearly showed that the
hMSC-Scx group (total mean of 18.01 and median of
18.1) has the highest scores compared with the other
injured groups (ED group: total mean of 14.87 and
median of 14.75; hMSC-Mock group: total mean of
14.97 and median of 15.5), indicating a superior com-
position of the healed Achilles tendons that is closer to
the noninjured, healthy tendon NT group.

Very flattened cell nuclei, parallel alignment of the
cells along the longitudinal strain axis and low cellu-
larity are characteristic features of healthy and fully
repaired tendon tissue. To investigate these three
aspects, first we quantified the frequency distribution
of nuclei with different flacness factor. This was per-
formed by estimating the nuclear aspect ratio (NAR)
as NAR, lower than 0.1 corresponds to completely flat-
tened/elongated nucleus of differentiated tenocyte-like
cell. We found a tendency that the frequency of NAR
lower than 0.1 in hMSC-Scx group was above 20% and
thus higher than that of ED and hMSC-Mock groups
(Figure 2B). Next, we studied and displayed the fre-
quency of the nuclear deviations of approximately 200
nuclei/group in order to assess the cellular alignments
within the Achilles tendons of the four study groups
(Figure 2C). In a NT more than 70% of the nuclei are
aligned in the range of 0-10° angles to the longitudi-
nal axis, another 25% of the nuclei are in the range
of 10-20° angles. Interestingly, only in the h(MSC-Scx
group about 80% of the nuclei were within the angular
deviation range of 0-20°, while in the ED and hMSC-
Mock groups more than 50% of the nuclei had angular
deviation of 30-70°. This finding became even more
apparent when we calculated the average and maxi-
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mum values of the nuclear orientation angles, which
are shown in the circular sectors (Figure 2C). Only the
hMSC-Scx group had average and maximum values
very close to that of the control NT group. Last, we
analyzed by automated nuclear counting the tendon
cell density since at the time period of 16 weeks post-
surgery low cell density indicates advanced remodeling
phase and overall healing process (Figure 2D). The cell
densities within the engineered area of ED, hMSC-
Mock and hMSC-Scx groups were higher than the NT
group, still the cellular density of hMSC-Scx Achil-
les tendons was significantly lower than the other two
injured groups (Figure 2D).

Scleraxis-programmed tendon progenitors
reduce the ectopic bone formation

Our study in 2013 18] revealed in-tendinous calcifica-
tion in the repaired Achilles tendons, which we dis-
cussed is due to altered biomechanics of the injured
tissue. Hence, it was very critical in our new model
to examine if the implantation of hMSC-Scx cell will
result in lowering the ectopic calcification. Using x-ray
imaging and subsequent quantification, we can clearly
demonstrate that indeed the h(MSC-Scx group had the
least degree of calcification in comparison to the ED
and hMSC-Mock groups (Figure 3A & B). To further
verify this substantial result we also performed immu-
nostaining for the classical bone-marker osteopon-
tin, which confirmed that the hMSC-Sex group had
very negligible and scars osteopontin-positive areas
(Figure 3Q).

Since bone formation is closely related to vascular-
ization, we investigated for endothelial and macro-
phage-rich areas by immunohistochemistry against
CD31 and CD68, respectively (Figure 3D & E). In the
ED and hMSC-Mock groups, vessels were observed
in the large calcified areas and in the tendon periph-
ery, while in the NT and hMSC-Scx groups vessels
were rare and only at the tendon periphery and sheets.
CD68-expressing cells were very seldomly observed
within vessels in the ED, hMSC-Mock and hMSC-
Scx groups without any detectible difference, suggest-
ing their involvement in the gradual vessel obliteration
rather than in inflammation.

Scleraxis-programmed tendon progenitors aid
in enhanced tendon tissue maturation

Increase of collagen I to collagen III ratio, development
of very organized collagen fibers with strong birefrin-
gence and enrichment of aligned and denser elastin
fibers are hallmarks of advanced remodeling and late
maturation phase of the tendon repair process (7]. This
is paralleled with interchange of certain proteoglycans
in the tendon matrix, namely reduction in biglycan

(regulator of early and thin collagen fibril formation)
and upregulation of decorin and lumican levels (reg-
ulators of late and thick collagen fibril formation) as
well as a general drop in the deposition of mucopoly-
saccharides and nontendinous glycosaminoglycans/
proteoglycans [25.26]. Hence, to study whether implan-
tation of hMSC-Scx cells leads to faster tendon healing
in terms of quicker entry into the maturation repair
phase of the remodeling stage, we first analyzed the
overall content of mucopolysaccharides and cartilage-
related glycosaminoglycans in the Achilles tendons of
all groups by PAS and S.O./E.G. staining, respectively
(Figure 4A & B). Among the injured groups, the ED
group showed very strong positive PAS staining as well
as several S.O/F.G-rich areas suggesting that the graft-
ing of cells gave an advantage in the tendon healing
of the corresponding study groups. This inclination
was further confirmed by polarized light microscopy
analyses which demonstrated increased collagen bire-
fringence areas, equivalent of more mature colla-
gen fibers, in the Achilles tendons from the hMSC-
Mock and hMSC-Scx groups compared with the ED
(Figure 5A & B). Last, detailed immunohistochemistry
studies of six different antigens, precisely collagen
type I and III, biglycan, decorin, lumican and elastin,
revealed that their expression pattern in hMSC-Scx
group resembled that of the NT group (Figure 6). This
group had higher collagen I, decorin, lumican and
elastin levels than the ED and hMSC-Mock groups.
Very apparent difference was observed with regards to
biglycan levels: ED group exhibited very high expres-
sion signals, while implantation of either h(MSC-Mock
or hMSC-Scx cells resulted in biglycan expression
comparable to the levels in the NT group.

Altogether, based on our immunohistochemistry
data, and together with the above-described results, we
firmly concluded that implantation scaffold-free deliv-
ery of hMSC-Scx cells leads to advanced and superior
healing in a very clinically relevant in vivo model of
full-size Achilles tendon injury.

The implanted human cells integrate & can
survive 16 weeks in vivo

To examine whether the implanted hMSC-Mock and
hMSC-Scx cells were integrated in the Achilles ten-
dons and a portion of them has survived during the
given healing period of 16 weeks, we performed first
human-specific PCR on genomic DNA isolated from
cryosections of the three injured groups, wherein the
ED group served as negative control. In Figure 7A it is
shown that in 9 out of 10 animals we detected human
DNA only in the study groups that were implanted
with cells. Next, by performing immunohistochemis-
try against the human HLA-ABC epitope, we localized
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Figure 2. Detailed analyses of tendon tissue organization, nuclear aspect ratio, angular deviation and density. (A) Representative
H&E mosaic images for each study group displayed different substructures in the Achilles tendons, the extent of which were scored in
Table 1. (B) Frequency distribution of nuclear aspect ratio (NAR) (width vs length of nucleus). The black arrow indicates a tendency in
NAR 0.0-0.1 increase in hMSC-Scx versus ED. (C) Frequency distribution and circular sector of maximum and average value of angular
deviation (angle between individual nuclear axis and tendon tissue longitudinal axis). The black arrow indicates *p = 0.05 of hMSC-
Scx versus ED in 10°-20° deviation. (D) Representative black and white-converted images of DAPI staining and chart of calculated cell
density. Bar charts present mean + standard deviation; ***p = 0.0001 hMSC-Scx versus ED, ***p = 0.0006 hMSC-Mock versus ED and
*p = 0.05 of hMSC-Scx versus Mock. Six to nine randomly taken 20x magnification images per section of three to five animals per
group were analyzed and a total number of approximately 2000 nuclei were measured for NAR and density, while approximately 200
nuclei per group were evaluated for angular deviation.

A: Adipose areas; C: Calcaneus bone; EC: Ectopic calcification; F: Poor fibrous tissue; M: Muscle; T: Organized collagen fibers.
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single human cells incorporated within the proper of
the Achilles tendons in hMSC-Mock and hMSX-Scx
groups (Figure 7B).

Discussion

Due to the global population aging and weak regenera-
tive potential of tendons, age-related degeneration, var-
ious tenopathies, traumatic and sport ruptures, tendon
conditions still present major challenges to orthopedic

hMSC-Mock hMSC-Scx

© Osteopontin @

ED

hMSC-Mock

hMSC-Scx

2mm

medicine. A novel approach to treat tendon injuries is
with tissue engineering, in which cells, alone or in com-
bination with a scaffold, are introduced into the defect
in order to enhance the repair and restore the original
tissue function faster. In this approach a critical step is
to identify the most appropriate cell type.

At present, the preferable cell types for musculoskel-
etal tissue engineering are adult MSC derived from
bone marrow (BM) or adipose tissue (AD) [27-29], as in
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Figure 3. Evaluation ectopic calcification and vasculature within the Achilles tendons of the four study groups.
(A) Representative x-ray images (calcification indicated with arrow heads) and (B) plot of total calcified area in
each Achilles tendon measured from the x-ray images. Mean values + standard deviations (10 animals/group) are
included as lines in the plot; *p = 0.05 hMSC-Scx versus ED and hMSC-Scx versus Mock. Representative images of
the bone-osteopontin (C), the vessel/endothelial CD31 (left panels are 10x magnification, right panels are 40x
magnification) (D) and the macrophage CD68 markers (E). Positively stained areas are in brownish color. Stainings
were reproduced at least thrice independently and for each antigen sections from three to five animals/group
were analyzed.
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Figure 4. Analyses of mucopolysaccharides depositions
and cartilage glycosaminoglycans-rich areas in

the Achilles tendons of the four study groups.
Representative mosaic and magnified images of

(A) Periodic Acid-Schiff (PAS, dark purple color) and

(B) Safranin-O/Fast Green (5.0, orange to red color/F.G,
green to light blue color) stainings. Both staining times
were reproduced at least thrice independently with
sections from five animals/group.

particular the BM-MSC, being the best characterized,
are still the most common cell source, because they
are easily accessible and expandable, and can be dif-
ferentiated applying standardized protocols to at least
three different mesenchymal lineages. However, there
are several difficulties limiting the use of BM-MSC in
tendon repair, such as ectopic ossification, bigger scar
formation linked to high risk of adhesions and reduced
MSC quality with donor age [30]. The results of our
model demonstrated, in comparison to nonimplanted
injured tendons, that delivery of MSC reduces the rate
of in-tendinous ossification; however, among the two

different cell types the hMSC-Scx group was superior.
AD-MSC have become an alternative, very attractive
cell source derived from plastic surgery, because of
their low morbidity isolation procedure as well as lower
risk of ectopic bone formation [30]. Studies have con-
cluded a better collagen fiber organization and over-
all improvement of the tendon structure when using
AD-MSC for tendon therapy [31.321; however, this
cell type also faces few challenges including endog-
enous tendency toward adipocyte differentiation,
purity levels of the primary cells and the possible side
effects on the AD-MSC quality regarding background
metabolic conditions [33]. For the above reasons, in
the recent years, the field has turned its attention to
tendon-resident stem/progenitor cells (TSPC) [13.34],
which have been suggested to play a critical role in
the proliferative and remodeling phase of tendon heal-
ing 11] and have the native propensity to terminally
differentiate in tendon-specific cells [11]. Indeed in our
previous study, using the same full size Achilles ten-
don injury model, the rat tendon-derived population
outperformed the classical BM-derived cells in histol-
ogy and biomechanical analyzes [18]. Several hurdles
are associated with the implementation of TSPC in
tendon repair. On the technical/methodological side
their purification and validation has proven difficult
due to the lack of TSPC markers and their extended
expansion has been linked to considerable phenotypic
drift in vitro 135]. On the clinical side, the availability
of tendon biopsies for TSPC isolation remains almost
an unresolvable issue that is directly concomitant with
patient comorbidity and longer preparatory procedures
prior treatment, an issue that is further amplified with
possible TSPC complications due to patient aging and/
or various disease conditions [13]. To overcome the dif-
ficulties associated with the use of TSPC, in 2012 we
reported an alternative way to generate tendon pro-
genitors based on the one-step programming of the
classical BM-derived MSC via the ectopic expression
of the leading tendon transcription factor Sex 17). It
should be noted that our single cell-derived lines are a
very useful standardized experimental model. For true
clinical applications, it should be explored if transient
Sex delivery in autologous MSC is sufficient for their
stable programming into the tendon lineage. Others
have shown alternative ways to induce tenogenic com-
mitment of hMSC; for example, overexpression of the
late tendon marker EGRI (early growth response-1) or
BMP2 (bone morphogenetic protein 2)/Smad8 or com-
bination of BMPI2 and BMPI3 [36-38]. Our previous
work showed that subsequent to the involvement of the
single early tendon factor Sex, hMSC underwent sev-
eral major changes, comprising of reduced self-renewal,
restricted multipotential and upregulated expression
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of tendon-related genes, which collectively advocated
their successful conversion into tendon progenitors [17].

Here, we can report for the first time that after
in vivo implantation, our hMSC-Scx cells not only can
form tendon-like structures, but can directly contrib-
ute to enhanced tendon healing in a clinically relevant
Achilles tendon injury model. Based on two differ-
ent techniques for in vivo tracking, namely forensic
genomic PCR and antibody-based detection, we could
demonstrate that the human cells are retained within
the implanted area and that a portion of these cells or
their progeny can survive as long as 16 weeks post-sur-
gery. Moreover, via a combination of tissue morpho-
metric, x-ray, polarized light microscopic and various
histological and immunohistological analyses of pro-
teins critical in tendon repair process we clearly showed
that the hMSC-Scx group had smaller tendon diame-
ter, negligible ectopic calcification and advanced cellu-
lar organization and matrix maturation of the injured
tendons, making this study group the closest to the
native noninjured tendon. Hence, we concluded that
hMSC-Scx implantation aids in advanced and superior
remodeling stage of the tendon healing. Based on our
encouraging results, we will aim in follow-up studies
to additionally optimize the application of hMSC-Scx
cells in terms of: developing a suitable tendon-specific
scaffold for cell delivery in order to further augment
the repair outcome; evaluating their potential in a big
animal model followed by end point biomechanical
testing in order to approximate to the tendon dimen-
sions of patient clinical scenarios; and establishing a
transient viral or nonviral approach for Sex-program-
ming to surpass the safety concerns related to genetic
modification of donor-derived human cells.

The positive effect of Sex in tendon healing has been
suggested by three other studies. Gulotta ez al. applied
a transient adenoviral expression of Sex in MSC to treat
tendon-bone insertions of detached by surgical cut rat
rotator cuffs, and evaluated tendon healing in the pro-
liferative phase of 2 and 4 weeks. Despite the limited
histological evaluation and lack of cell characterization
and tracking, the main result was improved biome-
chanical strength in the Scx group [19]. Next, Tan ez al.
utilized, similar to our study, lentiviral delivery of Sex,
but together with green fluorescent protein (GFP), in
rat tendon-derived cells, in combination with fibrin
glue and compared their healing potential to Mock
(with GFP) and nontransduced cells in a patellar ten-
don window injury model with terminal analyses at 2,
4 and 8 weeks. The authors concluded that the dou-
bly transgenic Scx/GFP tendon cells in comparison to
Mock/GFP cells promoted tendon healing at the early
stage. However, the data also suggested that the extent
of repair after Sex/GFP cell implantation is much com-

parable to that of the nontransduced cells. Hence, it
remains questionable if overexpression of Scx in native
tendon-derived cells is beneficial and, as discussed
above, a difficulty in the implication of such cells is
the associated complications with their obtainment
from patients’ prior therapy. In addition, it should be
considered that in window defect models the neigh-
boring tendon regions stay intact, thus it is difficult to
segregate the impact of local stem/progenitor cells to
that of the implanted cells [21]. Last, Chen ez a/. tested
the use of human embryonic stem cells (hESC), which
were first differentiated to MSC, then engineered via
lentivirus to express Sex and loaded onto silk-collagen
sponge for repair of a gap wound model in rat Achil-
les tendons at 2 and 4 weeks [20]. The iz vitro pheno-
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Figure 5. Microscopic evaluation and quantification of
mature collagen fiber areas in the Achilles tendons.
(A) Representative mosaic and magnified images of
H&E-stained Achilles tendons under polarized light,
wherein highly organized collagen fibers are visible

in orange to yellow colors. (B) Quantification of total
collagen birefringence (in percentage of total tendon
area). Chart shows means + standard deviations of four
animals/group.
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Figure 6. Immunostainings of the tendon-related matrix proteins: collagen type | and lll, biglycan, decorin,
lumican and elastin (all in green color) and nuclear counterstain DAPI (in blue). All stainings were reproduced at
least thrice independently including sections from three to five animals/group.

typization of the hESC-MSC-Scx cells is in line with
our first study [17]. At the two evaluated time points
of early tendon healing, the Scx group was superior
in terms of tissue organization and elastic modulus
to the control GFP-transduced hESC-MSC group; it
is unclear how approximating are the engineered ten-
dons to noninjured since such were not included for
direct comparison. Furthermore, since tendon repair is
a time consuming process, the evaluation of the long-

term effects of the cell therapy on tendon composition
and strength, functional gain and repeated perfor-
mance or possible injury reoccurrence has to become
a key goal in future studies. In sum, our investigation
provides novel and promising findings that a scaffold-
free delivery of hMSC-Scx cells for the treatment of a
clinically relevant Achilles tendon injury model results
in advanced late remodeling stage and overall enhance-
ment of the tendon repair. Hence, we and others can
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Figure 7. Detection of the implanted human cells in the rat Achilles tendons after 16 weeks in vivo. (A) By PCR for
the human-specific amelogenin X (AMELX) gene using genomic DNA isolated from tendon tissue sections. Size of
PCR product: 329 bp, and for simplicity not the actual animal number, but numbers 1-10 are given in the figure.
For loading control PCR for rGAPDH was carried out. Size of PCR product: 92 bp. (B) By immunostaining for the
human-specific antigen (HLA)-ABC. In the representative images positive human cells are in green color and the
nuclear counterstain DAPI in blue color. PCR and stainings were reproduced twice with samples from 10 and five

animals, respectively.

strongly propose Scx-delivery as a therapeutic strategy
to augment tendon healing.

Conclusion & future perspective

Scaffold-free h(MSC-Scx cells implantation in injured
Achilles tendons resulted in smaller size, negligible in-
tendinous ossification and advanced tissue maturation
of the newly formed tendon, which collectively suggest
that hMSC-Scx cells exert strong tendon-inducting
and differentiating properties making them very well
suited for reconstruction of full-size tendon defects. In
future, in order for h(MSC-Scx cells, or variants of this
technology, to become a factual clinical tool in ortho-
pedics several open questions have to be addressed,

such as possible combination and optimization with
biomaterials/carriers; understanding the exact fate
and survival rate of implanted cells; examining stable
programming via transient Sex expression in autolo-
gous cells; long-term functional and biomechani-
cal performance tests in big animal models without
immunosuppression; safety inspections behind the
cell manipulation; and precise estimation of the time
frame from patient hospitalization, preparation of
the donors cells to exact point and technique of cell
implantation. We believe that the present and forth-
coming results on the application of Secx-based cell
therapy can lead to improve the outcome of tendon
surgeries.

Executive summary

remodeling phase of the repair process.

making this study group the closest to the NT.

suggesting their direct contribution to the healing.

therapy of tendon injuries.

e We explored the in vivo repair potential of tendon progenitors generated by a direct programming of
mesenchymal stem cells with the transcription factor Scleraxis (hMSC-Scx cells).

e We utilized our clinically relevant Achilles tendon injury model and implanted scaffold-free hMSC-Scx or
control hMSC-Mock cells in the injured tendons; the tendon healing was compared with empty defect
(ED) and noninjured, native tendons (NT) at 16 weeks post-surgery, a time point corresponding to the late

¢ Via combination of morphometric, x-ray, polarized light microscopic and various histological and
immunohistological analyses we found that the repaired tendons of hMSC-Scx group had smaller tendon
diameters, negligible ectopic calcification and advanced cellular organization and matrix maturation, hence

e Using two different methods for in vivo tracking, we also demonstrated that the human cells are retained
within the implanted area and that a portion of these cells, or their progenitors, can survive 16 weeks in vivo,

* In sum, we can report that scaffold-free hMSC-Scx cell implantation aids in advanced and superior remodeling
stage of the tendon healing and can be foreseen, after additional optimization steps, as a novel approach for
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