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Regenerative medicine has greatly progressed, but tendon regeneration mechanisms
and robust in vitro tendon differentiation protocols remain to be elucidated. Recently,
tendon explant co-culture (CO) has been proposed as an in vitro model to recapitulate
the microenvironment driving tendon development and regeneration. Here, we explored
standardized protocols for production and storage of bioactive tendon-derived
secretomes with an evaluation of their teno-inductive effects on ovine amniotic epithelial
cells (AECs). Teno-inductive soluble factors were released in culture-conditioned media
(CM) only in response to active communication between tendon explants and stem cells
(CMcp). Unsuccessful tenogenic differentiation in AECs was noted when exposed to CM
collected from tendon explants (CMgt) only, whereas CMgq upregulated SCXB, COL |
and TNMD transcripts, in AECs, alongside stimulation of the development of mature
3D tendon-like structures enriched in TNMD and COL | extracellular matrix proteins.
Furthermore, although the tenogenic effect on AECs was partially inhibited by freezing
CMco, this effect could be recovered by application of an in vivo-like physiological oxygen
(2% Oo) environment during AECs tenogenesis. Therefore, CMgp can be considered as
a waste tissue product with the potential to be used for the development of regenerative
bio-inspired devices to innovate tissue engineering application to tendon differentiation
and healing.

Keywords: amniotic stem cells, co-culture, conditioned media, tendon, tendon-differentiation, tissue engineering

INTRODUCTION

Tendon differentiation is a stepwise process characterized by the sequential expression of tissue
specific markers, an in vivo occurrence through the interaction of inductive paracrine conditions
and the recruitment of tissue progenitor stem cells (Brent, 2005; Nourissat et al., 2015; Citeroni
etal., 2020). However, a comprehensive determination of the underlying tenogenic differentiation
mechanisms remains elusive. To date, several strategies have been proposed using different stem
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cells sources and techniques, without reaching conclusive results
(Govoni et al., 2017; Dale et al., 2018; Giai Via et al., 2018;
Ciardulli et al., 2020b; Citeroni et al., 2020; Giordano et al., 2020).

The first challenge is the definition of a successful tendon
differentiation process in the absence of consolidated markers.
Indeed, the many genes linked to tendon development are in
common with a wide range of other tissues, including muscle,
bone, and cartilage (Liu et al., 2017). In addition, many of these
genes are already expressed in mesenchyme-derived stem cell
sources (Zarychta-Wisniewska et al., 2019), making threshold
level determination in tenogensis difficult. The most prevalent
tenogenic markers are Scleraxis (SCX), Tenomodulin (TNMD),
Collagen type I (COL I), Collagen type III (COL III), and
Thrombospondin 4 (THSB4) (Ciardulli et al., 2020b; Citeroni
et al., 2020). The transcription factor SCX is considered an early
marker of tenogenesis, since it is active during development
the early phase of progenitor cell commitment (Schweitzer
et al., 2001; Brent, 2002). COL I and COL III are the major
component of tendon ECM and their modulation is related to
tendon homeostasis and healing (Maffulli et al., 2000; Sharma
and Maffulli, 2005). TNMD and THBS4 are both considered
late tendon markers: TNMD is abundantly expressed in the
mature tissue (Docheva et al., 2005), while THBS4 contributes
to the regulation of extracellular matrix deposition and in
the repair of myotendinous junction (MTJs) (Frolova et al.,
2014; Subramanian and Schilling, 2014). TNMD expression is
positively regulated by SCX (Shukunami et al., 2006), and it is
involved in tenocyte proliferation, aging, and in the formation
of collagen fibrils (Docheva et al., 2005; Alberton et al., 2015).
In fact, mice with loss of TNMD expression showed impaired
tenocyte proliferation, reduced tenocyte density, and increased
maximal and greater variation of fibril diameters (Docheva et al.,
2005).

The partial comprehension of tendon differentiation
underlying mechanisms operating, in particular, during
adulthood has narrowed their exploitation in developing new
cures and in designing innovative tissue engineering (TE)
approaches (Bullough et al, 2008; Andia and Maftulli, 2017;
Migliorini et al., 2020). Poor prognoses are currently related to
tendinopathies as a consequence of the absence of an effective
treatment and the poor spontaneous healing ability of the
tissue from the high degree of specialization leading to a low
cellularity and hypo-vascularity. These conditions appear
responsible for the reparative processes activated in response
to different tendon injuries leading to the formation of scar
tissue (O’Brien, 1997; Sharma and Maffulli, 2005) that negatively
affects tissue functionality. Indeed, tendon injuries remain at the
frontier of advanced responses to health challenges and sectoral
policy targets.

The reduced regenerative property is, however, a peculiarity
of adult tendons. The ability of tendon to regenerate is strictly
age-related (Stalling and Nicoll, 2008): fetal tendons, during
the early and mid-gestational stages, regenerate efficiently after
injuries (Holm-Pedersen and Viidik, 1972). The underlying
mechanism remains to be clarified, but the ability of fetal
tendons to activate regeneration without any scar deposition
appears related to higher levels of fibroblast tendon-related gene

expression (Tang et al, 2015) and to greater local paracrine
activity (Russo et al., 2015). Indeed, elevated levels of key growth
factors and cytokines are implicated in promoting the scarless
phenotype (Liechty et al., 2000; Chen et al., 2005) with cellular
migration and collagen production levels that may support
fetal tendons elevated healing capabilities (Stalling and Nicoll,
2008; Russo et al., 2015). Approaching birth and during the
post-natal lifetime, tendons undergo profound transformations
by progressively losing cellularity and the capability to secrete
growth factors (Ruzzini et al., 2014; Russo et al., 2015). Adult
tendons, becoming differentiated structures, reduce their ability
to activate regeneration process (Sharma and Maftulli, 2005,
2006; Wang, 2006) and, when injured, they repair exclusively
through scar formation (Woo et al., 2000; Fenwick et al., 2002;
Lin et al., 2004).

The hypothesis that alternate paracrine control exists between
adult and fetal tendons is indirectly confirmed from in vitro
experiments. Barboni et al. (2012a) demonstrated that Amniotic
Epithelial Stem Cells (AECs) can be in vitro differentiated toward
tendon-cell lineage when co-cultured with tendon explants
(CO). However, the tendon explant ability in releasing inductive
tenogenic soluble factors are strictly dependent on tendon origin.
Fetal tendon explants were able to drive the differentiation
of ovine AECs more efficiently than adult (Barboni et al,
2012a), resulting in increased tendon-related gene and protein
expression. Moreover, AECs exposed to fetal tendon explants
acquired a mature tenogenic phenotype organizing themselves
in 3D tendon-like structures (Barboni et al., 2012a). Taking
advantage from such a mechanism, tenogenic commitment was
quickly induced in AECs seeded on an electrospun PLGA
scaffold, increasing their expression of TNMD and COL I gene
and protein (Russo et al., 2020).

This suggests that, similar to other 3D cell culture systems
(Goers et al., 2014; Paschos et al., 2015; Jensen and Teng, 2020),
tendon explants can be successfully exploited to recapitulate
in vitro the dialogue between somatic and progenitor cell
compartments as acted out during fetal tendon development. The
teno-inductive process reported on AECs suggested that fetal
tendon explants were able to activate in vitro the complexity
of paracrine signaling controlling the differentiation and or
regenerative outcomes (Citeroni et al., 2020).

Tendon explant-derived culture approaches may have
different potential impacts. The production of an ex vivo
model to reproduce key differentiation mechanisms (Barboni
et al, 2012a) and the tissue engineering exploitation of a
derived secretome enriched in teno-inductive compounds sit
amongst these.

Starting from these premises, the culture conditions required
to collect teno-inductive secretomes were validated by testing
their biological effect. Indeed, the present research was aimed
to define the differentiation action of conditioned media (CM)
on AECs. In the absence of any molecular characterization, the
process of in vitro tenogenesis was tested on an epithelial stem
cells source and documented by studying tendon differentiation
molecular end points. This rigorous approach has been adopted
to standardize the more suitable protocol to collect teno-
inductive CM and to define the cultural conditions to use
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them after storage. In detail, the first step was to compare the
biological teno-inductive potential of CM collected from the
fetal tendon explant cultured alone (FT) or from AECs co-
cultured with tendon explants (CO) The bio-activity of CM
were tested on AECs by evaluating their in vitro differentiation
by testing late tendon-related genes and proteins expression.
Then, once identified the CM displaying the greater teno-
inductive properties, in the second step, the effects of freezing
storage on CM were defined as in vitro proofs of concept for
their small scale production and practical application of teno-
inductive secretomes.

MATERIALS AND METHODS

Ethics Statement
AECs cells and fetal tendon explants (FT), used within the
study, were obtained from discarded tissues (fetuses and amniotic
membranes of pregnant slaughterhoused animals) of feed chain
animals by local slaughterhouse. For this reason, no ethic
statements were required.

Experimental Design

The experimental design of this study is summarized in
Figure 1. The first step of the experiment (Figure 1A) was
designed to individuate the cell/tissue culture to maximize the
in vitro release of bioactive secretomes including unknown
teno-inductive soluble factors. To this aim, conditioned media
(CM) were collected either from fetal tendon explants (CMEpt)
or from FT in co-culture (CO) with AECs (CMco) and
successively their biological teno-inductive properties were both
evaluated on AECs. AECs incubated in Standard Media (SM)
were used as a control (CTR) (Figure 1A). The second step
of the experiment was performed to evaluate the impact
of freeze (FZ) storage on the biological properties of CM
(CMgz) (Figure 1B) by comparing their teno-inductive influence
on AECs with those of freshly isolated CM. Finally, the
teno-inductive properties of CMgz were also analyzed on
AECs cultured under air or physiological oxygen (physoxia)
(Figure 1B: 21 vs. 2% O, respectively). All cultures were
maintained for 14 days in standard medium (SM) composed
of a-MEM supplemented with 10% FBS (Gibco), 1 mL/100 mL
L-glutamine and antibiotics/antimycotic solution (penicillin G
sodium 100 U/ml, streptomycin 100 mg/ml, amphotericin B 0.25
mg/ml; Gibco, Invitrogen, Carlsbad, CA, USA) or CMs obtained
by different culture conditions, and incubated at 38°C.

AECs and Tendon Explant Collection

Fetuses of 25-35cm of length at ~2-3 months of pregnancy
(Barone and Edagricole, 1983), derived from 6 slaughtered
animals, were used to obtains fetal tendons explants (FT) and
amniotic membrane (AM) to isolate AECs.

AECs were collected as previously described (Canciello et al.,
2018). In detail, the uterus wall was opened to collect AM under
sterile conditions. Then, AM was mechanically peeled from the
chorion with the aid of a stereomicroscope and dissected into 3—
5 cm long fragments. Amnion pieces were washed in Phosphate
Buffered Saline (PBS; Sigma Chemical Co. St. Louis, MO), and

incubated in 0.25% Trypsin/EDTA 200mg /L at 37.5°C for
20 min under gentle agitation. Cell suspensions were collected
after filtration through a 40 pm cell filter and poured into a 50 mL
Falcon tube, containing 10% Fetal bovine serum (FBS) (Gibco) to
inactivate Trypsin, centrifuged, and the supernatant discarded.
Concentration of vital cells were defined after pellet resuspension
and Trypan Blue staining via a haemocytometer.

AECs were seeded immediately after isolation at a density
of 3,000 cells/well in a 12 well-plate in SM and a flow
cytometry phenotype characterization confirmed via negativity
for haematopoetic markers (CD14, CD58, CD31, and CD45),
positivity for surface adhesion molecules (CD29, CD49f, and
CD166), and stemness markers (TERT, SOX2, OCT4, and
NANOG), low expression for MHC class I molecules, and the
absence of MHC class II (HLA-DR) antigens, as previously
reported (Barboni et al,, 2012a,b). FT were isolated from the
forefeet and the peritendineum removed under sterile conditions
(Barboni et al., 2012a). Small pieces of fresh tendon, about 3 mm
in size, were isolated, and mechanically disaggregated under a
stereomicroscope with forceps to maximize the interface between
soft tissue and medium. FT explants were washed twice in PBS
with 1% antibiotics and equilibrated in SM at room temperature
(RT) for 10 min before transference into an incubator.

Transwell FT and AECs Co-cultures

AECs co-culture (CO) with FT was performed using a transwell
system as previously described (Barboni et al., 2012a). The
AECs were plated onto 12 well-plates at 3,000 cells/well in
SM. Transwell chambers (pore size 0.4 um; Costar, NY, USA),
containing FT explants (n: 2 FT forl mm? in size/trans-well),
were inserted into the wells and cultured for FT cultures and
FT+AECs co-cultures, both incubated in air supplemented with
5% CO; at 38°C for 14 days. Each experiments were performed
in triplicate (n = 3 experimental replicates) by comparing cells
derived from 6 different fetuses (n = 6 biological replicates).
The CM were collected at each medium change and processed
as described below.

Conditioned Media Collection, Storage and

Use

CM from co-culture (CM¢o) and from FT (CMgr) were collected
every 2 days, centrifuged at 300 x g to eliminate cell debris and
used for further experimentation. Immediately after collection
freshly isolated CMco and CMgr, were diluted 1:1 in SM (Alves
da Silva et al,, 2015) and tested on AECs culture for their
biological teno-inductive influence over 14 days of incubation
(Figure 1A), and compared with the direct effect of CO as well
as with AECs alone incubated in SM (CTR).

The CM tenogenic effect was also tested after freezing. To
this aim, CM were stored from at least 1 month to maximum
3 months at —80°C (CMgz). After thawing in 37°C bath,
they were used (1:1 dilution in SM) on AECs, and assessed
for their bioactivity in comparison with freshly collected CM.
CMgz bioactivity was evaluated on AECs incubated in 2% O,
tension, thus mimicking the in vivo physiological condition of
tendon tissue (physoxia) (Benjamin and Ralphs, 1997; Sharma
and Maftulli, 2005; Shukunami et al., 2008) or in air oxygen by

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

March 2021 | Volume 9 | Article 649288


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Citeroni et al.

Amnion Derived Secretomes to Foster Tenogenesis

Amniotic epithelial stem cells (AECs)

A -
FT cO
in SM in SM
= - =
{§| 1:1 dilution = y
3 with SM Alr
21% 0,
CMgr CMco incubator
— > = =3
oo @©E&P U J
CMgr CMco CTR in SM COinSM -
14 days
B
e
Ll ) G — -
8 with ]
u SM , , ||
- M CTRinSM  COinSM =
CM
- Ail.
L’ %, Jp—— 21%0,
\ R " incubator
: . CMgz CTR in SM CO in SM
with -
u SM \ g
I e
O P )
CMg; — ~—r -
b LULULLS p LLLLU .
Physoxia
CMgz 2% CTR 2% in SM - 2% O,
incubator
14 days

FIGURE 1 | Experimental design. (A) Analysis of conditioned media (CM) derived from FT alone (CMg) and from co-culture system (CMco) on AECs cultured for 14
days prior to 1:1 dilution with standard media (SM) in air (21% O) compared with AECs cultured alone (CTR) and in co-culture system (CO: FT+AECs). (B) Analysis of
fresh collected CM after storage at —80°C (CMgz) on AECs cultured in either air or and physoxia (2% Oo) prior to 1:1 dilution with SM. FT, fetal tendons explants;
AECs, amniotic epithelial stem cells. CO, co-culture with AECs and FT; CMgr, conditioned media of FT, CMco, conditioned media of CO; CMgz, CM after freezing
thawing procedure; 21% O, air oxygen incubator; 2% O», incubator at 2%; SM, standard media.

Fetal tendons (FT)

using conventional in vitro conditions (air; Figure 1B). In both
the experimental groups, CMgz were replaced every 2 days. AECs
without CM were used as internal negative control (CTR).

Morphological Evaluation of
Teno-Inductive Effect on AECs

AECs morphology evaluation was performed using inverted
microscopy according to previously described criteria (Barboni
et al., 2012a). In detail, at the end of the culture period, the
structures present in each well of every different experimental

condition were cataloged into three different 3D cell aggregate
types: circular aggregates, elongated structures, and 3D tendon-
like structures. All structures in each well were counted. Data
were obtained at least from six different biological replicates
(n = 6 animals) performed in triplicate (n = 3 experimental
replicates), and reported as the mean & S.D.

Total RNA Isolation and RT-gPCR

Genes related to epithelial mesenchymal transition (EMT),
oxygen signaling response, and tenogenic differentiation were
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TABLE 1 | Primers details used for RT-gPCR analysis.

Gene Accession Sequences Product
number size (bp)
VIMR XM_004014247.4  For: 5'-GACCAGCTCACCAACGACA-3' 93
Rev: 5-CTCCTCCTGCAACTTCTCCC-3'
SNAIL?  XM_004014881.2 For:5'- GTCGTGGGTGGAGAGCTTTG-3 119

Rev: 5'- TGCTGGAAAGTGAGCTCTGG—-3'
TWIST®  XM_004008211.4 For: 5'-GCCGGAGACCTAGATGTCATTG-3' 150
Rev: 5'-CCACGCCCTGTTTCTTTGAAT-3

TNMDP  NM_001099948.1 For: 5'-TGGTGAAGACCTTCACTTTCC-3 352
Rev: 5'-TTAAACCCTCCCCAGCATGC-3

SCXB®  XM_866422.2 For: 5'-AACAGCGTGAACACGGCTTTC-3 299
Rev: 5-TTTCTCTGGTTGCTGAGGCAG-3'

COL P AF129287.1 For: 5-CGTGATCTGCGACGAACTTAA-3 212

Rev: 5'-GTCCAGGAAGTCCAGGTTGT-3'
For: 5'-AAGGGCAGGGAACAACTTGAT-3' 355
Rev: 5'-GTGGGCAAACTGCACAACATT

COL III° AY091605.1

THSB4® NM_001034728.1 For: 5'-CCGCAGGTCTTTGACCTTCT-3' 231
Rev: 5'-CAGGTAACGGAGGATGGCTTT-3

HIF T XM_027971913.1 For: 5-TGCTCATCAGTTGCCACTTC-3' 311
Rev: 5'-TTTCCTCATGGTCACATGGAT-3'

GAPDHP AF030943.1 For: 5’-CCTGCACCACCAACTGCTTG-3' 224

Rev: 5'-TTGAGCTCAGGGATGACCTTG-3'

Primers used in @Canciello et al. (2017) and PBarboni et al. (2012a).

examined on whole lysates from AECs isolated after 14 days
of culture in different experimental conditions. SNAIL, TWIST,
and VIM genes were considered as EMT-related markers, HIF
Ia to test oxygen signaling response, and SCXB, COL I, COL
III, TNMD, THSB4 as tendon-related genes (see Table 1). AECs
freshly isolated from the membrane immediately stored in liquid
nitrogen (T0) were used as baseline expression control. In
detail, total mMRNA was extracted by RNeasy Mini Kit (Qiagen),
according to the manufacturer instructions. Total RNA integrity
was evaluated by 1% agarose gel electrophoresis with GelRed
staining (Biotium). Quantification of total RNA samples was
assessed by using Thermo Scientific NanoDrop 2000c UV-
Vis spectrophotometer at 260 nm. Digestion of genomic DNA
was carried out by DNasel (Sigma) exposing the samples
for 15min at RT. One step Real-time qPCR analysis was
performed with 10 ng of total mRNA by using SensiFAST™
SYBR Lo-ROX One step kit (Bioline) and the gene primers in
Table 1. The reactions were carried out with 7500 Fast Real-
time PCR System (Life Technologies) by using the two-step
cycling protocol for 40 cycles (5s at 95°C for denaturation and
30s at 60°C for annealing/extension) followed by melt-profile
analysis (7500 Software v2.3). For each gene analyzed, each
sample was performed in triplicate, and values were normalized
to endogenous reference gene GAPDH. The relative expression
of different amplicons was calculated by the comparative Ct
(A ACt) method, converted to relative expression ratio (2—AACY
(Livak and Schmittgen, 2001), and expressed as fold change over
AECs T0 = 1. For primers sequences, see Table 1.

Total Protein Extraction and Western

Blotting
The late tendon marker TNMD and the HIF la inducible factor
were both analyzed at protein level by using WB assay. To this

TABLE 2 | Details of primary and secondary antibodies used for Western Blot
Analysis.

Primary antibody Conc. Secondary antibody Conc.
ng/pl ng/pl

Mouse TUBULIN (SiSMa 0.5 Anti-mouse HRP conjugated 0.04

T5168) (Santa Cruz sc 516102)

Rabbit TNMD (Abcam 0.5 Anti-rabbit HRP conjugated 0.04

ab81328) (Santa Cruz sc 2357)

Mouse HIF 1a (NovusBio 2 Anti-mouse HRP conjugated 0.2

NB 100-123) (Santa Cruz sc 516102)

aim, total protein was extracted from each sample in lysis buffer
(50 mM Tris HCI pH 8, 250 mM NaCl, 5mM EDTA, 0,1% Triton
X-100 10%) with Phosphatase Inhibitor (P5726, Sigma) and
Protease Inhibitor Cocktails (P8340, Sigma) diluted according to
manufacturing instruction. Samples were put on ice for 30 min,
and then centrifuged at 12,000 x g for 10 min at 4°C. The
supernatant was collected, and 1 wL used to determine protein
concentration with Quick Start™ Bradford 1x Dye Reagent
(BioRad). Afterwards, 30 pg of total protein was separated
by 10% SDS-PAGE, and then transferred to nitrocellulose
membranes (Millipore, Bedford, MA) with TURBO Transfers
(BioRad). Membranes were subsequently incubated with 5%
non-fat dry milk (Sigma) in 0.1% (v/v) Tween 20 in Tris-buffered
saline (T-PBS) for 1 h, at 4°C. Primary antibodies against mouse-
TNMD, mouse -HIF la, and rabbit-a TUBULIN proteins (see
Table 2) were incubated overnight according to manufacturer
instructions. Finally, membranes were incubated with specific
secondary HRP conjugated IgG antibodies for 1h, at room
temperature. Protein bands were visualized by Euroclone ECL
reagents (LiteAblot PLUS Euroclone EMP011005) and detected
by Azure Byosystem. Densitometric analysis was performed
using Image Lab software (version 4.0, Biorad). Relative protein
expression values were normalized to the corresponding Tubulin
expression. Antibodies details are shown in Table 2.

Immunohistochemistry

TNMD and COL I protein expression and localization were
recorded on in vitro cultured AECs by immunohistochemistry
(IHC). In detail, cells were fixed in 4% paraformaldehyde/PBS
for 10min. After 3X 5min PBS washes, the cells were
permeabilised with 0.1% Triton X-100/PBS for 10min at
RT for TNMD immunostaining, or with Tween 20-0.05%/
BSA 1%/ PBS for COL I immunostaining procedures. Blocking
was performed by incubating cells at RT in PBS/1% BSA
for 1h. Cells were incubated with rabbit TNMD (10 pg/iL;
Biorbyt, Cambridge, UK) and mouse COL I (10 pg/pl;
EMD Millipore Corporation, Temecula, USA) primary
antibodies overnight at 4°C. Anti-rabbit Cy3 conjugated
(3.75 wg/nL; Millipore, Temecula, USA) or Anti-mouse
488 FITC conjugated (1 pg/pl; Bethyl, Montgomery, USA)
secondary Abs were then used for 1h at RT. The omission of
primary antibodies (Abs) were used as negative controls of
reactions. Cell nuclei were identified with DAPI counterstaining.
Morphometric evaluation of the images was obtained using
Axioskop 2 Plus incident light fluorescence microscope
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(Carl Zeiss, Oberkochen, Germany) equipped with a CCD
camera (Axiovision Cam, Carl Zeiss) with a resolution of
1300 x 1030 pixels, configured for fluorescence microscopy,
and interfaced to a computer workstation, provided with
an interactive and automatic image analyser (Axiovision,
Carl Zeiss). For each experimental condition, the reaction
was performed in triplicate (n = 3) on each biological
replicates (n = 6 animals).

Cell Orientation Analysis

Cells orientation of AECs cells after 14 days of culture with
CMco and CMgz under air and physoxia condition was
assessed on the obtained 3D tendon-like structures using
the Directionality Plugin of Image] (Sensini et al., 2018; El
Khatib et al., 2020), to better determine the teno-inductive
properties of CMs. Briefly, Plugin chops the IHC images
with cells nuclei DAPI counterstained into square pieces and

computes their Fourier power spectra allowing the generation
of statistics data on the basis of the highest peak found
represented by direction (the center of the Gaussian) and
dispersion (the standard deviation of the Gaussian). Images
of healthy tendon explants were used as internal control to
establish the reference values for the analyses. This approach
quantifies the cells direction, dispersion, and amount (the
sum of the histogram from center-S.D. to center + S.D,
divided by the total sum of the histogram). The real histogram
values are used for the summation, not the Gaussian fit
(amount). A direction of 0 degree means that the cells are
oriented with the longitudinal axis of the sample. The higher
is the dispersion value, the lower is the homogeneity of
cells orientation.

Statistical analyses were performed by One Way ANOVA and
expressed as means + S.D of six biological replicates (n = 6
animals)/each experimental condition in triplicate.

Circular aggregates

nWDAPI (bluc)

MERGE

COl

MERGH
TNMD (red/DAPI (bluc)

Elongated structures Tendon like structures

e

counterstained with DAPI (blue color). Magnification 20X, scale bar: 100 wm.

14 days of culture

FIGURE 2 | (A) Representative images of different cell aggregates developed by AEC cultured under CTR and different teno-inductive (CO and CM) cultural
conditions. Images were obtained with Olympus microscope IX-50 and processed with Image-Pro Insight software. Magnification 10X, scale bar 100 um. (B)
Representative immunofluorescent images displaying the main cell organization after 14 days of culture as CTR, CO, CMco. and CMgr, respectively. AEC under CTR
condition after 14 days lead a confluent monolayer negative for both COL | and TNMD. On the contrary, CO, CMco, and CMgr promote formation of COL | and TNMD
positive 3D structures even if only in CO and CMco both the proteins reach a high concentration combined with an extracellular localization. Representative IHC
images of COL | (green color) and TNMD (red color) protein expression in AECs after 14 days of culture under different experimental conditions. Nuclei were
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Statistical Analysis

The quantitative data of the analysis were obtained by analyzing
at least three samples for each experimental condition performed
in triplicate (n = 3) on each biological replicates (n = 6 animals).
The RT-qPCR results were firstly assessed for distribution using
Shapiro Wilks test. Data sets were compared using Kruskal-
Wallis test followed by Dunn’s post hoc test. The quantitative data
for morphological structures, WB analysis and cells orientation,
were expressed as mean £ S.D by using One Way ANOVA
followed by Tukey post hoc test (GraphPad Prism 6, GraphPad
Software, San Diego, CA, USA). Significant was set at p < 0.05.

RESULTS

CMco Displayed an Enhanced

Teno-Inductive Influence on AECs

CM derived from FT (CMgr) and CO (CMcp) were evaluated in
their biological teno-induction capacity on AECs differentiation
into tendon lineage over 14 days of culture. Specifically, AECs,
following on from incubation, may acquire different phenotypes
ranging from a persistent planar, monolayer, organization to
3D cellular aggregates with circular or elongated structures
and ultimately tendon-like units. When AECs are exposed
to CM, they first assumed a sheet monolayer in few days
before spontaneously forming cell clusters. Sometimes they
developed circular aggregates, randomly distributed within the
well, which, at the end of the incubation period, may morph into
elongated structures with different degree of organization. The
more complex elongated structures acquired a 3D architecture,
at the end of incubation, by detaching from the monolayer
substratum and maintaining peripheral contacts with the well-
border, becoming 3D tendon-like units at day 14. The 3D
tendon-like structures reached a final size ranging from 0.4
to 2mm in length without any difference amongst the groups
(data not shown). These main AEC phenotypes obtained during
the 14 days of culture, are represented in Figure 2A. CMco
displayed a higher ability to promote an AECs morphology shift
toward 3D tendon-like structure organization accordingly to
the incidence of 3D tendon-like structures (Table 3) and their
proteins composition (Figure 2B).

The highest prevalence of 3D tendon-like structures was
recorded in AECs exposed to CO and in CMco (both p < 0.05
vs. CMpt). Conversely, CMpr induced in AECs a significant high
percentage of circular aggregates (p < 0.05 vs. CO and CMco,
respectively) and elongated structures (p < 0.05 vs. CO).

In this experimental phase, IHC was carried out in order to
evaluate the presence and localization of COL I and TNMD
tenogenic proteins, representing end point signals of tendon
like cells.

Exclusively CO, CMco and were able to switched on the
expression of COL I and TNMD that is absent in freshly isolated
AEC (data not shown) and in AEC cultured for 14 days under
CTR condition. However, IHC results indicated that the process
of teno-differentiation was more evident in both CO and CM¢o
(Figure 2B) where both COL I and TNMD seem to reach higher
levels of expression but, above all, they did not have an exclusive

TABLE 3 | CMgo promotes the formation of elongated and tendon-like structures.

Culture Mean of the number of 3D cells structures/well+ S.D
conditions
Circular Elongated Tendon-like

aggregates structures structures
CTR 0 0 0
CO 0 2 +0.53* 11 +0.83*¢
CMco 0 3+0.71* 8 + 0.86*
CMer 6 + 0.98*@ 4 +0.75% 2+0.78"

Number of 3D cells structures counted in different experimental conditions and expressed
as the mean + S.D obtained by analyzing 12 well/ experimental group for each animal (n
= 6). Data were analyzed by One Way ANOVA Test followed by Tuckey post hoc test.
Statistics was performed on the same typology of structure between the experimental
groups. Values were considered statistically significant for p < 0.05 for superscript *vs.
CTR; @vs. CO; Pvs. CMco; °vs. CMgr.

cytoplasmic localization but also they appeared as a components
of extracellular matrix.

In fact, AECs exposed to CO or to CMco revealed an
advanced cellular and extracellular matrix (ECM) in the 3D
structures. The tendon-related phenotype changes, at both
morphological and molecular levels, were promoted in epithelial
cells derived from amniotic membrane exclusively in response to
inductive cultural conditions. Indeed, AECs did not express COL
I and TNMD either immediately after isolation (data not shown)
or at the end of culture when they were maintained under CTR
conditions (Figure 2B). Instead, COL I appeared in 3D circular
aggregates (data not shown) while TNMD was mainly in tendon-
like structures (Figure 2B). The qualitative expression of both
the proteins was, particularly, elevated in CO and CMco derived
3D tendon-like structures, when COL I and TNMD proteins
were mostly localized along the 3D structures and not in the
other dispersed cells (Figure 2B) In addition, the 3D tendon-like
structures of CO and CM¢o showed a more advanced tendon-
like organization with elongated cells displaying nuclei mainly
oriented along the major axis of the in vitro developed tissue
units (Figure 2B, CO and CMcp). By contrast, the 3D tendon-
like structures induced by CMgr (Figure 2B, CMgr) were thinner
with a lesser degree of tissue organization and faint fluorescent
signal revealing weak expression of COL I and TNMD principally
expressed at an intracellular level (Figure 2B, CMpt).

The tendon-like AECs differentiation outcome induced by
CMco was confirmed by gene expression analysis (Figure 3).
Tendon-related gene expression was predominantly upregulated
in CO and CMcp treated-samples, while CMpr mainly induced
overexpression of EMT-linked transcripts (Figures 3A,B). In
detail, CMpr displayed a limited up-regulatory influence on
EMT transcription factor TWIST (p < 0.05 vs. CTR, CO, and
CMco) and EMT endpoint marker VIM (p < 0.05 vs. CTR,
CO, and CM¢o) and two tendon-related genes SCXB and COL
I (both p < 0.05 vs. CTR) (Figure4B). On the contrary, a
more advanced tendon expression profile was observed in AECs
exposed to CO and CMco. The early and late tendon-related
genes, SCXB and THSB4 and TNMD, respectively, showed a
significant upregulation in AECs under both CO and CMco
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FIGURE 3 | CMco promotes upregulation of tendon-linked gene expression. Gene expression profile by Real time gPCR analysis of (A) EMT genes and (B) tendon
related genes in AECs cells cultured for 14 days in different experimental conditions. Relative quantification of each mRNA gene expression normalized to endogenous
GAPDH (internal control) was calculated using the AACt method and expressed as fold change over the AECs TO =1 (calibrator; dashed line). Values were
considered significant for p < 0.05, with the indicated superscripts *vs. CTR, @vs. CO, Pvs. CMgo, °vs. CMgr, respectively.

conditions (both p < 0.05 vs. CMpr) while COL III reached the
highest levels of expression in CM¢o-treated AECs (p < 0.05 vs.
CO and CMgr) (Figure 3B).

According to the biological responses, of both genes profile
expression and morphological phenotype, induced in vitro
on AECs by the derived secretomes, CMco was selected
for its higher teno-inductive performance and used for the
following experiments.

Freezing Reduced the Tenogenic Induced
Activities of CM¢o

To extend the impact of CMco on in vitro tenogenesis and
in cell-free regenerative medicine innovation, the viability of
CMco storage by freezing was evaluated. The teno-inductive
potential of CMco stored at —80°C (CMcorz) was compared
with those of CO and freshly collected CMco in their effect on
in vitro AECs tendon differentiation (Figure 1B). A reduction
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in the tendon-inductive action of CMcopz was suggested by the
morphological outcomes of the in vitro cultures (Table 4 and
Figure 4D) and confirmed by the tendon-related gene profiles
(Figure 4A), respectively. AECs treated with CMcorz displayed
a reduced ability to induce the development of 3D structures (p
< 0.05 vs. both CO and CMcp). AECs in CMcorz aggregated
mainly circular (p < 0.05 vs. both CO and CMcorz) and

elongated structures (p < 0.05 vs. CO and CM¢o) with a limited
number of 3D structures that reached the tendon-like stage
(Table 4).

The gene profile of AECs exposed to CMcorz confirmed their
reduced stage of tendon differentiation. Indeed, the CMcorz
induced AECs showed upregulation exclusively of SCXB and
COL I that reached expression levels similar to those recorded
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TABLE 4 | CMcorz has a reduced teno-inductive capacity.

Culture Mean of the number of 3D cells structures/well+ S.D
conditions
Circular Elongated Tendon-like

aggregates structures structures
CTR 0 0 0
CO 0 2.5+ 0.53" 12 4+ 0.83*0#
CMco 0 2.6+0.71* 7.5 +0.86**
CMcorz 4 + 0.98*ab 5.5 4 0.75% 3+ 0.78*

Number of 3D cells structures counted in different experimental condition and expressed
as the mean + S.D obtained by analyzing 12 well/ experimental group for each animal
(n = 6). Data were analyzed by One Way ANOVA Test followed by Tuckey post hoc test.
Statistics was performed on the same typology of structure between the experimental
groups. Values were considered statistically significant for p < 0.05 for superscript *vs.
CTR, 4vs. CO, Pvs. CMco, *vs. CMcorz.

under CO and CM¢o conditions (p < 0.05 vs. CTR). By contrast,
the late marker of tenogenesis TNMD never reached the levels
recorded in CO and CMco structures (for both p < 0.05;
Figure 4A). The IHC analysis (Figure 4D) revealed that the rare
3D tendon-like structures obtained under CMcopz condition
displayed the positivity for both COL I and TNMD proteins
involving either the intracellular or extracellular distribution
(Figure 4D). However, the protein content quantified by using
Western Blot analysis (Figures 4B,C), confirmed a significant
TNMD protein levels reduction in CMcorz respect to CO and
CMco (for both p < 0.05), even if it was overexpressed respect to
the CTR and TO0 samples (for both p < 0.05) (Figure 4C).

Physoxia Restored the Tenogenic Potential

of Frozen Co-culture Conditioned Media
The culture in 2% O, was able to influence the phenotype of
AECs and to enhance the teno-inductive action of CMcogz. The
effect of O, tension on AECs cultures was confirmed by the
expression of the physoxia marker HIF I« analyzed at gene and
protein level (Figure 5). More in detail, the expression HIF I«
were significantly downregulated in samples under physoxia (p
< 0.05 both CTR 2% and CMcorz 2% vs. CTR and CMcorz)
(Figure 5A). Where, on the contrary, a significant higher levels
of HIF 1o protein was detected (p < 0.05 of both CTR 2% and
CMcorz 2% vs. CTR and CMcorz) (Figures 5B,C).

Chronic exposure of AECs to physoxia had an interestingly
effect on their phenotype (see Table 5). In particular, physoxia
increased the ability of AECs exposed to CMcorz to develop in
vitro 3D tendon-like structures (p < 0.05 of CMcorz in 2% O3
vs. CMcorz) (Table 5).

The EMT gene-related profiles were downregulated in cells
incubated under 2% O, tension involving SNAIL, TWIST, and
VIM (p < 0.05 for both CTR 2% vs. CTR and CMcogz 2%, vs.
CMcorz) (Figure 6A). On the contrary, physoxia induced the
upregulation of tendon-related genes: CTR overexpressed COL
I (p < 0.05 CTR vs. CTR 2%) (Figure 6B), whereas CMcorz
2% overexpressed both the early and late markers, SCXB and
TNMD, respectively (for both p < 0.05 CMcogz 2% vs. CMcorz)
(Figure 6B).

The protein quantification of TNMD reinforced the evidence
of the stimulatory influence of 2%, O, in promoting tendon
differentiation in AECs (Figures 6C,D). Indeed, AECs cultured
under physoxia conditions displayed significantly higher levels
of TNMD (p < 0.05 CTR vs. CTR 2%), reaching values similar
to those induced in AECs from CMcorz exposure (p > 0.05
CTR 2% vs. CMcorz in 21% O3). The intracellular TNMD levels
were further significantly increased when AECs were exposed to
the tendon inductive influence of 2% O2 in combination with
the stimulatory action of CMcorz (p < 0.05 CMcorz 2% vs.
CMcorz) (Figures 6C,D).

Both COL (green fluorescence in Figure 7) and TNMD (red
fluorescence in Figure 7) proteins were localized in 3D tendon-
like structures developed in vitro from AECs exposed for 14 days
to CMcorz and CMcorz 2%. Weak positivity was observed also
in CTR AECs incubated under physoxia condition (CTR 2%),
independently from their ability to aggregate and develop 3D cell
structures (Figure 7).

Altogether, these results suggested that physoxia can
enhance the AECs response to the teno-inductive properties of
frozen CMco.

AECs’ Alignment Induced by CM¢o and
CMcorz 2% Confirmed the Greater
Specialization of 3D Tendon-Like Derived

Structures

CMco and low levels of O, pressure were also able to impact
on the quality of the 3D tendon-like structures developed
after 14 days of culture by influencing AECs orientation and
alignment (Figure 8). Indeed, according to the Fourier power
spectra analyses obtained by the Directionality Plugin of Image]
schematized in Figure 8A, the qualitative distribution of cell
angle direction exposed to CMco, and CMcorz 2% described
a Gaussian curve with a tight shape similar to that recorded
in healthy tendon (Figure 8B). On the contrary, both CTR
(2 and 21% O,) groups developed randomly oriented cells as
demonstrated by the pronounced flattening shape of Gaussian
curve (Figure 8B). The cells treated with CMcorz expressed
an intermediate behavior (Figure 8B). Even though the global
analysis of angle direction did not reveal any significant
differences among the groups as a consequence of its great
individual variation (Figure 8C, p > 0.05), the dispersion values
which report the standard deviation of the Gaussian curves
confirmed the similarity amongst CMco and CMcorz 2% and
healthy tendon in respect to CMcorz (Figure 8D, p < 0.05).

DISCUSSION

This study aims to evaluate the biological effect of CM secretome
derived from ovine tendon fetal tissue, in order to propose a
new approach able to promote teno-differentiation for veterinary
and medical purposes. Tissue co-culture provides a favorable
microenvironment for the induction of in vitro tissue specific
differentiation (Paschos et al., 2015; Xie et al., 2018; Chu
et al,, 2020). This approach has been successfully applied to
in vitro tenogenesis (Barboni et al., 2012a), being effective in
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TABLE 5 | Physoxia recovers CMcorz teno-inductive capacity.

Culture Mean of the number of 3D cells structures/well+ S.D
conditions
Circular Elongated Tendon-like

aggregates structures structures
CTR 0 0 0
CMcorz 254096 5+ 0.228@ 4540658
CTR 2% 3+ 0.89*@ 24 0.75* 0
CMcorz 2% 1+0.54 34+0.77* 6.5+ 0.72#8

Number of 3D cells structures counted in different experimental condition and expressed
as the mean + S.D obtained by analyzing 12 well/ experimental group for each animal
(n = 6). Data were analyzed by One Way ANOVA Test followed by Tuckey post hoc test.
Statistics was performed on the same typology of structure between the experimental
groups. Values were considered statistically significant when p < 0.05 for superscript
*vs. CTR, *vs. CMcorz, 8vs. CTR 2% @vs. CMcorz 2%.

enabling a stepwise differentiation process in freshly isolated
amniotic epithelial cells (AECs). The soluble factors released
from tendon explants first drove the freshly isolated AECs
toward the mesenchyme phenotype followed by a tendon-
like three dimensional organizations which expressed tissue
specific markers (Barboni et al., 2012a). Tendon differentiation
is represented by a complex biological process characterized
by the orchestration of multiple mechanisms including the

sequential expression of early and late markers such as SCXB
and TNMD, respectively (Schweitzer et al., 2001; Docheva et al.,
2005; Dex et al, 2017; Citeroni et al, 2020). In particular,
TNMD is generally accepted as structural and functional marker
of the mature tendon lineage differentiation (Citeroni et al.,
2020). Given its complexity, tenogenesis is hard to achieve,
especially in vitro, and to date the biological processes and
signaling involved are as yet largely unknown. Several teno-
inductive techniques are proposed, involving the use of growth
factors, biomimetic materials and/or bioreactor, but none of
these methods is considered robust in predictably induce a fully
committed tendon phenotype (Citeroni et al., 2020). Here, the
culture condition for collection of teno-inductive secretomes
from tendon explant and AECs co-culture has been defined.
These confirmed that teno-induction did not require cell-to-
cell interaction, but was achievable through the stimulatory
influence of bioactive factors released into the culture media
(CM). This provides a powerful strategy for the small scale
production of inductive factors sufficient to drive a complete
tenogenic differentiation. In addition, AECs proved to be an
useful stem cell model for the study of in vitro tenogenesis and
to test the teno-inductive properties of different stimuli such as
different typologies of CM. Starting from an epithelial phenotype,
the process of tenogenesis can be documented strictly through
the switch on of molecules that are not expressed into freshly
derived primary epithelial cells and not from an expression level
consistent with a mesenchyme stem cell source (Dai et al., 2015;
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Ciardulli et al., 2020a). Indeed, the biological response of AECs to
CM allowed documentation of distinct bioactivity properties by
identifying the greater teno-inductivity of supernatants derived
from the co-cultures (CMco) between fetal explants and AECs.
Soluble factors accumulated in CMco displayed a higher ability
to promote an AECs phenotype shift through the organization of
3D tendon-like structures that displayed a transcriptional profile
characterized by simultaneous EMT and tendon-related gene
upregulation (SNAIL, VIM and SCXB, COL III, COL I, TNMD,
THSB4, respectively). Furthermore, the final commitment of
AECs toward tendon lineage was strongly confirmed by COL
I and TNMD proteins that were largely localized in AECs
composing the CMco derived 3D tendon-like structures in
contrast to the AECs incubated under CTR conditions. The
teno-inductive factors were released into supernatants of the co-
cultures, thus indicating that an active in vitro dialogue between
AECs and tendon explants was specifically triggered.

Even if soluble factors released in the CM were not
characterized, the in vitro results showed that an epithelial source
of stem cells that does not express any tendon-related protein,
were induced to respond to soluble factors released into CM in
response to the mutual dialogue between fetal tendon tissue and
amniotic derived cells.

The differentiation process induced in AEC had been repeated
by reaching consistently tendon lineage genome and protein
end point. The biological efficacy of CM balanced out the
absence of information about the molecular composition of these
secretomes that will required time in order to identified the
cocktail of factors involved in an animal model such as sheep,
where the molecular codification reached to date is very limited.
This is complicated by the large molecular classes that have been
described to be involved in teno-induction belonging to lipid,
protein and miRNA classes (Citeroni et al., 2020).

Previously in vitro and in vivo evidences clearly supported the
ability of AECs in receiving tenogenic inductive information in
response to specific stimuli coming from co-culture with tenocyte
of different species or from injured host tendons (Muttini et al.,
2018). This information was obtained by adopting different
in vivo approaches by transplanting ovine AEC under either
allograft or xenograft settings (Barboni et al., 2012b; Muttini
etal., 2013, 2015, 2018; Mauro et al., 2016).

The xenotransplantation in vivo model open, in addition, the
scenario to use the ovine derived secretomes also for inducing
tenogenesis in other mammals’ species. Indeed, by analyzing
the genome response of human AEC transplanted into an
ovine injured, this concept was confirmed since human AECs
xenotransplanted actively dialogued with the host tissue by
upregulating several genes involved, at the same time, in tendon
regeneration, angiogenesis, and immune response (Barboni et al.,
2018).

Moreover, these results strongly suggest that CM
secretome could be positively considered in trans-species
translational medicine.

On the contrary, CM collected exclusively from fetal tendon
explants alone (CMgr), were more effective in inducing
EMT than tenogenesis. This conclusion is supported by the
overexpression by AECs of EMT transcription factor gene
TWIST and the mesenchyme final marker VIM, as well
as by their failure to upregulate TNMD. Not surprisingly,
AECs exposed to CMpr developed a very limited number
of 3D tendon-like structures at the end of incubation when
compared to CO and CMc¢o. Moreover, TNMD protein levels,
detected by Western Blot analysis, were significantly reduced
respect to CO and CMco. These results indicated that tendon
explants alone were not able to generate per se factors able
to recapitulate a complete tenogenic differentiation, whereas
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they release bioactive molecules driving EMT as a culture
end point.

In the absence of validated markers indicative of tenogenesis,
in the present study teno-induction was confirmed by
complementarity of gene, protein and morphometric data.
The gene and protein profile are relevant, since both early and
late tendon-related genes were low or absent in AECs cultured
in the absence of any inductive stimulus. The morphological/
morphometric analysis of AECs revealed that tendon-like
structures were achieved in response to an active process
driven by CO or by the AECs exposure to CMco. On the
contrary, AECs under CTR condition did not aggregate or
align in 3D structures, instead maintaining the native epithelial
phenotype. These results defined, for the first time, the protocol
for small-scale production of teno-inductive soluble factors
while simultaneously validating in vitro AECs culture as a tool
for bioactivity assay.

The availability of tendon-inductive factors may have research
and application impacts in both helping establish robust in vitro
tendon differentiation protocols and facilitating the development
of tendon tissue engineering approaches. The availability of
bioactive CM with defined teno-inductive properties may be
applied to either scaffold functionalisation (Burdette et al.,
2018; Chen et al,, 2021) or in nanoparticle generation (Felice
et al,, 2018), both of which may have a clinically relevant role
in the development of a new therapies for tendon pathology
(Daneshmandi et al., 2020; Rhatomy et al., 2020).

Tissue engineering protocols directed toward tendinopathies
(Andia and Maftulli, 2019) will require that the CM¢o secretome
drive signaling in a low oxygen environment which, in tendons, is
physiological. In fact, tendon exists in a low oxygen milieu given
the poor vascularisation of the tissue (Benjamin and Ralphs,
1997). While skeletal muscle oxygenation is estimated to be 2-5%
0O,, the oxygen consumption of tendons and ligaments is likely
7.5 times lower (Sharma and Maffulli, 2005). This means that
tenocytes live in a physiological low O, environment (Shukunami
et al,, 2008). Low oxygen pressure is required, alongside specific
growth factors, to induce tendon differentiation in embryonic
stem cells (Dale et al., 2018) and, in combination with others
stimuli, in mesenchymal stem cells (Yu et al, 2016; Zheng
et al., 2017). Regarding this particular aspect, the present study
demonstrated, using AECs, that low oxygen (physoxia, 2% O,)
is a permissive condition enabling AECs to EMT. Low oxygen
has been established as a regulator of EMT in pathological
processes such as tumorigenesis (Chen and Wu, 2016) of breast
(De Francesco et al., 2018), prostate (Tang et al., 2019), and lung
cancer (Kohnoh et al., 2016), or in mesothelial cells triggering
peritoneal fibrosis formation (Morishita et al., 2016). However,
EMT is a biological process associated not only with pathological
conditions, but also with physiological processes which take
place during embryonic development, morphogenesis and stem
cells differentiation (Chen et al., 2017). Moreover, EMT was
recently demonstrated to be involved in Achilles tendon repair
in rats model (Sugg et al., 2014). Intriguingly, the present results
demonstrated that physoxia can be exploited to overcome the
negative effect of freezing on the teno-inductivity of CMcogz.
Working upwards from a baseline principle that CMco storage

is an unavoidable procedure to allow its future, off-the-shelf,
widespread application, the effect of freezing has been analyzed.
Storage at —80°C partially affected the teno-inductive potential
of CMco. Indeed, despite no differences in SCXB and COL
I mRNA content, the expression of the late tendon marker
TNMD was significantly decreased in AECs exposed to CMcorz
with respect to CMco, even though its level was maintained
over CTR. These data suggested that CMcorz was able to start
the tenogenic process in AECs, but was unable to achieve the
differentiation end point. Indeed, CMcopyz resulted in a reduced
formation of 3D tendon-like structures which, however, were
positive for COL I and TNMD protein expression. Conversely,
CMcorz when combined with a physoxic environment enhanced
AEC:s differentiation and stimulated elevated expression of early,
SCXB, and late TNMD, markers at both mRNA and protein
levels. Biological data (gene expression and protein distribution)
combined with morphological results, obtained in AECs exposed
to CMcorz under physoxia, suggested that cryogenic storage did
not switch off the teno-inductive molecules secreted but, it could
modify their availability and or/concentration. Physoxic culture
could enhanced the capacity of AECs to respond to the molecular
tenogenic factors present in frozen CMco, as demonstrated by
the 3D structures that reached morphological and biochemical
levels similar to those recorded in healthy tendons and in
CMco treatment. Moreover, directionality analysis confirmed
the differences in cells angle dispersion between CMco and
CMcorz 2% respect to CMcorz. The hypothesis that low
oxygen can be the most suitable culture condition to induce
tenogenesis, is also supported by TNMD upregulation in AECs
under physoxic condition (CTR 2%) observed in this study.
According to our results, enhanced TNMD expression was
demonstrated in human embryonic stem cells (hESCs) under
low oxygen culture without any further stimulation (Dale et al.,
2018). The Authors indicated that 2% O, supplemented with a
cocktail of bone morphogenetic protein-12,—13 (BMP-12, BMP-
13), and ascorbic acid (AA) represented the best culture system
to induce tenogenesis in hESCs (Dale et al., 2018). According to
this literature data, physoxia, the natural environment of stem
cells niche (Mohyeldin et al., 2010) and also of amniotic stem
cells (Johnell et al., 1971; Banerjee et al., 2018), can enhance
tendon differentiation biological response as demonstrated for
adipose-derived mesenchymal stem cells (Yu et al., 2016) and for
menstrual blood stromal stem cells (Zheng et al., 2017).

Even if, the absence of a complete molecular
characterization and without any evidence supporting the
cell-to cell communication mechanisms involved, several
evidences confirmed the biological role of CM derived from
amniotic cells under in vitro and in vivo conditions (Rossi
et al., 2012; Lange-Consiglio et al., 2013a). More in detail, the
CM-derived from amniotic stem cells were recently used in
vivo to improve clinical recovery in spontaneous tendinopathies
in 13 horses (Lange-Consiglio et al., 2013a). This manuscript
confirmed the idea that, even in the absence of any molecular
characterization, the strong biological outcome obtained can
be indirectly used to confirm that AEC may have a positive
role in inducing tendon regeneration adopting a paracrine
action (Barboni et al., 2012b, 2018; Lange-Consiglio et al.,

in
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2013b; Muttini et al., 2013, 2015, 2018). However, any practical
application of such cells derivates, however, pass through the
possibility to preserve their biological influence unaltered
over time.

Long term storage technologies of bio-derivate compounds
are available and could be tested under strict experimental
conditions to evaluate their efficacy. Lyophilisation removes
water from frozen samples by sublimation and desorption in a
vacuum (Chen et al., 2010), and it is used to preserve biological
materials such as proteins (Roy and Gupta, 2004; Jain et al., 2019),
plasma (Jennings et al., 2015; Storch et al., 2019), and also living
cells (Keskintepe and Eroglu, 2015). Moreover, lyophilisation
improved the long-term stability of nanosized drug delivery, such
as liposomes (Liu et al., 2015) and exosomes (Charoenviriyakul
et al., 2018). It was also demonstrated as a solution to preserve
the whole secretome (Fernandes-Cunha et al., 2019; Chen et al.,
2021).

Lyophilisation, even though not been performed yet in
this setting, could be explored for utility in preservation
of CMco. There could be several advantages of the use
of tenogenic secretome obtained with this strategy in the
field of regenerative medicine. The use of the CM secretome
has advantages over the implantation of the stem cells
themselves, as their components, such as extracellular vesicles,
liposomes, growth factors, and miRNA can be bioengineered
and scaled to specific dosages, and the cell-free nature of the
secretome enables it to be efficiently stored and transported.
The CMco secretome could be used to produce enriched
nanodevices for tendon tissue regeneration. According to
the use of secretome for tissue regeneration, Felice et al.
(2018) demonstrated that nanoparticles loaded with endothelial
progenitor cell (EPC) secretome contributed to ischemic tissue
repair by controlled paracrine secretion upregulated by hypoxia.
Secretome charged nanoparticles could be advantageous as the
technique allows close spatiotemporal control on the kinetic
release of the CM (Felice et al., 2018), and could be used to
directly inject local focal lesions or to functionalise scaffolds
(Tang et al, 2017; Shoma Suresh et al, 2020; Chen et al,
2021).

The composition of nanoparticles themselves is to be taken
into account to elaborate appropriate storage conditions, and
it must be functional to the intended use. Furthermore, both
nanovescicles or nanobeads can be chosen to reach this goals, and
both can ensure a controlled or targeted delivery of their payload,
respectively, as recently suggested (Ciaglia et al., 2019; Palazzo
et al., 2021). On the other hand, the main component of the CM
has to be investigated to study the kinetic of the release (Felice
etal., 2018).

In the future, the characterization of CM¢o secretome will be
pursued to identify which molecular combination is involved in
inducing tenogenesis.

This will be a great attainment either to solve an open
challenges of veterinary and medicine tissue engineering or to
take advantage of nanomedicine technologies (pharmacokinetic
studies and storage protocols) to use teno-inductive secretomes
for scaffolds functionalisation.

Even though an epithelial stem cell source was used as proof of
concept to confirm the teno-inductive properties of CMcq before
proposing them as a novel therapeutic biological cell-free product
to support tendon regeneration, their validation on other stem
cell sources derived from species of vet and medicine relevance
or on in vivo settings have to be considered before moving their
use toward clinical applications.

CONCLUSION

In conclusion, the major goal of the present study was the
definition of an in vitro protocol for the collection of bioactive
teno-inductive factors (CMco) and to preserve them over
time. A small scale production of validated teno-inductive
supernatants may have a great impact for research and for
developing TE to restore tendon microarchitecture and function.
Indeed, the proposed in vitro system that models tenogenesis
by recapitulating the native paracrine phenotypic patterns may
result in significant advances in tendon biology and tenogenic
phenomena at the cellular and molecular levels. At the same
time, the availability of low-cost bioactive factors with assayable
teno-inductive properties in combination with the progress
of biomedical technologies (nanomedicine and scaffold design
and fabrications) may provide practical answer and sustainable
solution to establish cells free therapies protocols by innovating
the challenging field of tendon medicine.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

BB conceptualized whole the research. MRC performed cell
culture, RT-qPCR and statistical data analyses. AM supervised
data analyses, and revised the manuscript. VR performed THC
analysis, MD performed Western Blot analysis. ME performed
cells orientation analyses. MT performed stem cells isolation and
characterization. NF designed physoxia experiments and revised
the manuscript. MCC and MS performed physoxia culture
experiments. BB and MRC wrote and edited the manuscript. GD
and NM revised the manuscript. BB provided research grants. All
authors validated the data and reviewed the manuscript and have
read and agreed to the published version of the manuscript.

FUNDING

The authors acknowledge MiUR within the framework of
PON-RI 2014/2020 (CCI 2014IT16M20OP005), Fondo Sociale
Europeo (FSE). Action I.1- Innovative PhDs with industrial
characterisation Cicle XXXIII (D.D.n 0001377 June 5th, 2017
additional PhD fellowships). MRC, Grant No. C41117000200006,
project title: Tendon regenerative medicine: amniotic stem

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

16

March 2021 | Volume 9 | Article 649288


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Citeroni et al.

Amnion Derived Secretomes to Foster Tenogenesis

cells and their secretome for the development of hyaluronate
functionalized scaffolds. MCC, Grant No. D48G18000150006,
project title: Scaffold innovation for the cure of tendon
disorders: development of a new generation of polyhyaluronate
functionalized biocomposites.

REFERENCES

Alberton, P., Dex, S., Popov, C., Shukunami, C., Schieker, M., and Docheva, D.
(2015). Loss of tenomodulin results in reduced self-renewal and augmented
senescence of tendon stem/progenitor cells. Stem Cells Dev. 24, 597-609.
doi: 10.1089/scd.2014.0314

Alves da Silva, M. L., Costa-Pinto, A. R., Martins, A., Correlo, V. M., Sol,
P., Bhattacharya, M., et al. (2015). Conditioned medium as a strategy for
human stem cells chondrogenic differentiation: Conditioned medium for
MSCs chondrogenic differentiation. J. Tissue Eng. Regen. Med. 9, 714-723.
doi: 10.1002/term.1812

Andia, I, and Maffulli, N. (2017). Biological therapies in regenerative sports
medicine. Sports Med. 47, 807-828. doi: 10.1007/540279-016-0620-z

Andia, I, and Maffulli, N. (2019). New biotechnologies for musculoskeletal
injuries. Surgeon 17, 244-255. doi: 10.1016/j.surge.2018.08.004

Banerjee, A., Lindenmair, A., Steinborn, R., Dumitrescu, S. D., Hennerbichler,
S., Kozlov, A. V., et al. (2018). Oxygen tension strongly influences metabolic
parameters and the release of interleukin-6 of human amniotic mesenchymal
stromal cells in vitro. Stem Cells Int. 2018, 1-11. doi: 10.1155/2018/9502451

Barboni, B., Curini, V., Russo, V., Mauro, A., Di Giacinto, O., Marchisio, M., et al.
(2012a). Indirect co-culture with tendons or tenocytes can program amniotic
epithelial cells towards stepwise tenogenic differentiation. PLoS ONE 7:¢30974.
doi: 10.1371/journal.pone.0030974

Barboni, B., Russo, V., Curini, V., Mauro, A., Martelli, A., Muttini, A, et al.
(2012b). Achilles tendon regeneration can be improved by amniotic
epithelial ~cell allotransplantation. Cell =~ Transplant 21, 2377-2395.
doi: 10.3727/096368912X638892

Barboni, B., Russo, V., Gatta, V., Bernab,0, N., Berardinelli, P., Mauro, A.,
et al. (2018). Therapeutic potential of hAECs for early Achilles tendon defect
repair through regeneration. J. Tissue Eng. Regen. Med. 12, e1594-e1608.
doi: 10.1002/term.2584

Barone, R., and Edagricole (1983). Anatomia Comparata Dei Mammiferi
Domestici. Vol. 4. Bologna: Edagricole.

Benjamin, M., and Ralphs, J. R. (1997). Tendons and ligaments—an overview.
Histol. Histopathol. 12, 1135-1144.

Brent, A. (2002). Developmental regulation of
muscle, cartilage and tendon. Curr. Opin. Genet. Dev.
doi: 10.1016/50959-437X(02)00339-8

Brent, A. E. (2005). Genetic analysis of interactions between the somitic muscle,
cartilage and tendon cell lineages during mouse development. Development
132, 515-528. doi: 10.1242/dev.01605

Bullough, R., Finnigan, T., Kay, A., Maffulli, N., and Forsyth, N. R. (2008). Tendon
repair through stem cell intervention: cellular and molecular approaches.
Disabil. Rehabil. 30, 1746-1751. doi: 10.1080/09638280701788258

Burdette, A. J., Guda, T., Thompson, M. E., Banas, R., and Sheppard, F. (2018).
A novel secretome biotherapeutic influences regeneration in critical size bone
defects. J. Craniofac. Surg. 29, 116-123. doi: 10.1097/SCS.0000000000004103

Canciello, A., Greco, L., Russo, V., and Barboni, B. (2018). Amniotic epithelial cell
culture. Methods Mol. Biol. 1817, 67-78. doi: 10.1007/978-1-4939-8600-2_7

Canciello, A., Russo, V., Berardinelli, P., Bernab,0, N., Muttini, A., Mattioli, M.,
etal. (2017). Progesterone prevents epithelial-mesenchymal transition of ovine
amniotic epithelial cells and enhances their immunomodulatory properties. Sci.
Rep. 7:3761. doi: 10.1038/s41598-017-03908-1

Charoenviriyakul, C., Takahashi, Y., Nishikawa, M., and Takakura, Y. (2018).
Preservation of exosomes at room temperature using lyophilization. Int. J.
Pharmaceut. 553, 1-7. doi: 10.1016/j.ijjpharm.2018.10.032

Chen, C., Han, D., Cai, C, and Tang, X. (2010). An overview of liposome
lyophilization and its future potential. J. Controlled Release 142, 299-311.
doi: 10.1016/j.jconrel.2009.10.024

derivatives:
12, 548-557.

somite

ACKNOWLEDGMENTS

We thank DVM Umberto Tosi and DVM Fabiana Verni for
their valuable technical support in collecting biological samples
of defined pregnancy stage.

Chen, H.-F., and Wu, K.-J. (2016). Epigenetics, TET proteins, and hypoxia
in epithelial-mesenchymal transition and tumorigenesis. BioMed 6, 1.
doi: 10.7603/540681-016-0001-9

Chen, L., Cheng, L., Wang, Z., Zhang, J., Mao, X., Liu, Z., et al. (2021). Conditioned
medium-electrospun fiber biomaterials for skin regeneration. Bioactive Mater.
6, 361-374. doi: 10.1016/j.bioactmat.2020.08.022

Chen, T., You, Y., Jiang, H., and Wang, Z. Z. (2017). Epithelial-mesenchymal
transition (EMT): a biological process in the development, stem cell
differentiation, and tumorigenesis. J. Cell Physiol. 232, 3261-3272.
doi: 10.1002/jcp.25797

Chen, W, Fu, X,, Ge, S., Sun, T., Zhou, G,, Jiang, D, et al. (2005). Ontogeny of
expression of transforming growth factor-p and its receptors and their possible
relationship with scarless healing in human fetal skin. Wound Repair Regenerat.
13, 68-75. doi: 10.1111/j.1067-1927.2005.130109.x

Chu, A. J, Zhao, E. J., Chiao, M., and Lim, C. J. (2020). Co-culture
of induced pluripotent stem cells with cardiomyocytes is sufficient to
promote their differentiation into cardiomyocytes. PLoS ONE 15:¢0230966.
doi: 10.1371/journal.pone.0230966

Ciaglia, E., Montella, F., Trucillo, P., Ciardulli, M. C., Di Pietro, P., Amodio,
G., et al. (2019). A bioavailability study on microbeads and nanoliposomes
fabricated by dense carbon dioxide technologies using human-primary
monocytes and flow cytometry assay. Int. J. Pharmaceut. 570:118686.
doi: 10.1016/j.ijpharm.2019.118686

Ciardulli, M. C., Marino, L., Lamparelli, E. P., Guida, M., Forsyth, N.
R., Selleri, C., et al. (2020a). Dose-response tendon-specific markers
induction by growth differentiation factor-5 in human bone marrow and
umbilical cord mesenchymal stem cells. IJMS 21:5905. doi: 10.3390/ijms211
65905

Ciardulli, M. C., Marino, L., Lovecchio, J., Giordano, E., Forsyth, N. R,
Selleri, C., et al. (2020b). Tendon and cytokine marker expression by
human bone marrow mesenchymal stem cells in a hyaluronate/poly-lactic-
co-glycolic acid (PLGA)/Fibrin three-dimensional (3D) scaffold. Cells 9:1268.
doi: 10.3390/cells9051268

Citeroni, M. R., Ciardulli, M. C., Russo, V., Della Porta, G., Mauro, A., El Khatib,
M., et al. (2020). In vitro innovation of tendon tissue engineering strategies.
IJMS 21:6726. doi: 10.3390/ijms21186726

Dai, L., Hu, X., Zhang, X., Zhu, J., Zhang, J., Fu, X,, et al. (2015). Different tenogenic
differentiation capacities of different mesenchymal stem cells in the presence of
BMP-12. J. Transl. Med. 13:200. doi: 10.1186/s12967-015-0560-7

Dale, T. P., Mazher, S., Webb, W. R., Zhou, J., Maffulli, N., Chen, G.-Q., et al.
(2018). Tenogenic differentiation of human embryonic stem cells. Tissue Eng.
Part A 24, 361-368. doi: 10.1089/ten.tea.2017.0017

Daneshmandi, L., Shah, S., Jafari, T., Bhattacharjee, M., Momah, D.,
Saveh-Shemshaki, N., et al. (2020). Emergence of the stem cell
secretome in regenerative engineering. Trends Biotechnol. 38, 1373-1384.
doi: 10.1016/j.tibtech.2020.04.013

De Francesco, E. M., Maggiolini, M., and Musti, A. M. (2018). Crosstalk between
Notch, HIF-1a and GPER in Breast Cancer EMT. Int. J. Mol. Sci. 19:2011.
doi: 10.3390/ijms19072011

Dex, S., Alberton, P., Willkomm, L., Sollradl, T., Bago, S., Milz, S., et al.
(2017). Tenomodulin is required for tendon endurance running and
collagen i fibril adaptation to mechanical load. EBioMedicine 20, 240-254.
doi: 10.1016/j.ebiom.2017.05.003

Docheva, D., Hunziker, E. B., Fissler, R., and Brandau, O. (2005). Tenomodulin is
necessary for tenocyte proliferation and tendon maturation. Mol. Cell Biol. 25,
699-705. doi: 10.1128/MCB.25.2.699-705.2005

El Khatib, M., Mauro, A., Wyrwa, R., Di Mattia, M., Turriani, M., Di Giacinto, O.,
et al. (2020). Fabrication and plasma surface activation of aligned electrospun
PLGA fiber fleeces with improved adhesion and infiltration of amniotic

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

17

March 2021 | Volume 9 | Article 649288


https://doi.org/10.1089/scd.2014.0314
https://doi.org/10.1002/term.1812
https://doi.org/10.1007/s40279-016-0620-z
https://doi.org/10.1016/j.surge.2018.08.004
https://doi.org/10.1155/2018/9502451
https://doi.org/10.1371/journal.pone.0030974
https://doi.org/10.3727/096368912X638892
https://doi.org/10.1002/term.2584
https://doi.org/10.1016/S0959-437X(02)00339-8
https://doi.org/10.1242/dev.01605
https://doi.org/10.1080/09638280701788258
https://doi.org/10.1097/SCS.0000000000004103
https://doi.org/10.1007/978-1-4939-8600-2_7
https://doi.org/10.1038/s41598-017-03908-1
https://doi.org/10.1016/j.ijpharm.2018.10.032
https://doi.org/10.1016/j.jconrel.2009.10.024
https://doi.org/10.7603/s40681-016-0001-9
https://doi.org/10.1016/j.bioactmat.2020.08.022
https://doi.org/10.1002/jcp.25797
https://doi.org/10.1111/j.1067-1927.2005.130109.x
https://doi.org/10.1371/journal.pone.0230966
https://doi.org/10.1016/j.ijpharm.2019.118686
https://doi.org/10.3390/ijms21165905
https://doi.org/10.3390/cells9051268
https://doi.org/10.3390/ijms21186726
https://doi.org/10.1186/s12967-015-0560-7
https://doi.org/10.1089/ten.tea.2017.0017
https://doi.org/10.1016/j.tibtech.2020.04.013
https://doi.org/10.3390/ijms19072011
https://doi.org/10.1016/j.ebiom.2017.05.003
https://doi.org/10.1128/MCB.25.2.699-705.2005
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Citeroni et al.

Amnion Derived Secretomes to Foster Tenogenesis

epithelial stem cells maintaining their teno-inductive potential. Molecules 25.
doi: 10.3390/molecules25143176

Felice, F., Piras, A. M., Rocchiccioli, S., Barsotti, M. C., Santoni, T., Pucci,
A, et al. (2018). Endothelial progenitor cell secretome delivered by novel
polymeric nanoparticles in ischemic hindlimb. Int. J. Pharmaceut. 542, 82-89.
doi: 10.1016/j.ijpharm.2018.03.015

Fenwick, S. A., Hazleman, B. L., and Riley, G. P. (2002). The vasculature
and its role in the damaged and healing tendon. Arthritis Res. 4, 252-260.
doi: 10.1186/ar416

Fernandes-Cunha, G. M., Na, K.-S., Putra, I, Lee, H. J., Hull, S., Cheng, Y.-C., et al.
(2019). Corneal wound healing effects of mesenchymal stem cell secretome
delivered within a viscoelastic gel carrier. Stem Cells Transl. Med. 8, 478-489.
doi: 10.1002/sctm.18-0178

Frolova, E. G., Drazba, J., Krukovets, I., Kostenko, V., Blech, L., Harry, C,,
et al. (2014). Control of organization and function of muscle and tendon by
thrombospondin-4. Matrix Biol. 37, 35-48. doi: 10.1016/j.matbio.2014.02.003

Giai Via, A., McCarthy, M. B, de Girolamo, L., Ragni, E., Oliva, F., and
Maffulli, N. (2018). Making them commit: strategies to influence phenotypic
differentiation in mesenchymal stem cells. Sports Med. Arthrosc. Rev. 26, 64-69.
doi: 10.1097/JSA.0000000000000187

Giordano, L., Porta, G. D., Peretti, G. M., and Maffulli, N. (2020). Therapeutic
potential of microRNA in tendon injuries. Br. Med. Bull. 133:79-94.
doi: 10.1093/bmb/Idaa002

Goers, L., Freemont, P., and Polizzi, K. M. (2014). Co-culture systems and
technologies: taking synthetic biology to the next level. J. R. Soc. Interf.
11:20140065. doi: 10.1098/rsif.2014.0065

Govoni, M., Berardi, A. C., Muscari, C., Campardelli, R., Bonafe, F.,
Guarnieri, C., et al. (2017). An engineered multiphase three-dimensional
microenvironment to ensure the controlled delivery of cyclic strain and
human growth differentiation factor 5 for the tenogenic commitment of
human bone marrow mesenchymal stem cells. Tissue Eng. Part A 23, 811-822.
doi: 10.1089/ten.tea.2016.0407

Holm-Pedersen, P., and Viidik, A. (1972). Tensile properties and morphology of
healing wounds in young and old rats. Scand. J. Plastic Reconstruct. Surg. 6,
24-35. doi: 10.3109/02844317209103455

Jain, D., Mahammad, S. S., Singh, P. P., and Kodipyaka, R. (2019). A review on
parenteral delivery of peptides and proteins. Drug Dev. Industrial Pharmacy 45,
1403-1420. doi: 10.1080/03639045.2019.1628770

Jennings, L, Kitchen, D. P., Woods, T. A. L., Kitchen, S., Preston, F. E., and Walker,
L. D. (2015). Stability of coagulation proteins in lyophilized plasma. Int. Jnl. Lab.
Hem. 37,495-502. doi: 10.1111/ij1h.12318

Jensen, C., and Teng, Y. (2020). Is It Time to Start Transitioning From 2D to 3D
Cell Culture? Front. Mol. Biosci. 7:33. doi: 10.3389/fmolb.2020.00033

Johnell, H. E., Nilsson, B. A., and Tammivaara-Hilty, R. (1971). Oxygen tension,
carbon dioxide tension and pH in amniotic fluid and maternal arterial blood
during induced maternal hyperoxia and hypoxia. Acta Obstet. Gynecol. Scand.
50, 209-214. doi: 10.3109/00016347109157312

Keskintepe, L., and Eroglu, A. (2015). “Freeze-Drying of Mammalian Sperm,” in
Cryopreservation and Freeze-Drying Protocols Methods in Molecular Biology,
eds W. F. Wolkers and H. Oldenhof (New York, NY: Springer New York),
489-497. doi: 10.1007/978-1-4939-2193-5_25

Kohnoh, T., Hashimoto, N., Ando, A., Sakamoto, K. Miyazaki, S,
Aoyama, D. et al. (2016). Hypoxia-induced modulation of PTEN
activity and EMT phenotypes in lung cancers. Cancer Cell Int. 16:33.
doi: 10.1186/s12935-016-0308-3

Lange-Consiglio, A., Rossi, D., Tassan, S., Perego, R., Cremonesi, F., and Parolini,
0. (2013a). Conditioned medium from horse amniotic membrane-derived
multipotent progenitor cells: immunomodulatory activity in vitro and first
clinical application in tendon and ligament injuries in vivo. Stem Cells Dev. 22,
3015-3024. doi: 10.1089/s¢d.2013.0214

Lange-Consiglio, A., Tassan, S., Corradetti, B., Meucci, A., Perego, R., Bizzaro, D.,
etal. (2013b). Investigating the efficacy of amnion-derived compared with bone
marrow-derived mesenchymal stromal cells in equine tendon and ligament
injuries. Cytotherapy 15, 1011-1020. doi: 10.1016/j.jcyt.2013.03.002

Liechty, K. W., Kim, H. B., Adzick, N. S., and Crombleholme, T. M. (2000). Fetal
wound repair results in scar formation in interleukin-10-deficient mice in a
syngeneic murine model of scarless fetal wound repair. J. Pediatr. Surg. 35,
866-872; discussion 872-873. doi: 10.1053/jpsu.2000.6868

Lin, T. W. T. W, Cardenas, L, and Soslowsky, L. J. L. J. (2004).
Biomechanics of tendon injury and repair. J. Biomech. 37, 865-877.
doi: 10.1016/j.jbiomech.2003.11.005

Liu, J., Wang, Z., Li, F., Gao, J., Wang, L., and Huang, G. (2015). Liposomes for
systematic delivery of vancomycin hydrochloride to decrease nephrotoxicity:
characterization and evaluation. Asian J. Pharmaceut. Sci. 10, 212-222.
doi: 10.1016/j.ajps.2014.12.004

Liu, Y., Suen, C.-W,, Zhang, J., and Li, G. (2017). Current concepts on tenogenic
differentiation and clinical applications. J. Orthopaed. Translat. 9, 28-42.
doi: 10.1016/j.jot.2017.02.005

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2—. CT method. Methods 25, 402-408.
doi: 10.1006/meth.2001.1262

Maffulli, N., Ewen, S. W. B., Waterston, S. W., Reaper, J., and Barrass, V. (2000).
Tenocytes from ruptured and tendinopathic achilles tendons produce greater
quantities of type III collagen than tenocytes from normal achilles tendons:
an in vitro model of human tendon healing. Am. J. Sports Med. 28, 499-505.
doi: 10.1177/03635465000280040901

Mauro, A., Russo, V., Di Marcantonio, L., Berardinelli, P., Martelli, A., Muttini, A.,
etal. (2016). M1 and M2 macrophage recruitment during tendon regeneration
induced by amniotic epithelial cell allotransplantation in ovine. Res. Vet. Sci.
105, 92-102. doi: 10.1016/j.rvsc.2016.01.014

Migliorini, F., Tingart, M., and Maffulli, N. (2020). Progress with stem cell
therapies for tendon tissue regeneration. Exp. Opin. Biol. Ther. 20, 1373-1379.
doi: 10.1080/14712598.2020.1786532

Mohyeldin, A., Garzén-Muvdi, T., and Quifiones-Hinojosa, A. (2010). Oxygen in
stem cell biology: a critical component of the stem cell Niche. Cell Stem Cell 7,
150-161. doi: 10.1016/j.stem.2010.07.007

Morishita, Y., Ookawara, S., Hirahara, I, Muto, S., and Nagata, D.
(2016). HIF-la mediates Hypoxia-induced epithelial-mesenchymal
transition in peritoneal mesothelial cells. Renal Failure 38, 282-289.
doi: 10.3109/0886022X.2015.1127741

Muttini, A., Barboni, B., Valbonetti, L., Russo, V., and Maftulli, N. (2018). Amniotic
epithelial stem cells: salient features and possible therapeutic role. Sports Med.
Arthroscopy Rev. 26, 70-74. doi: 10.1097/JSA.0000000000000189

Muttini, A., Russo, V., Rossi, E., Mattioli, M., Barboni, B., Tosi, U., et al.
(2015). Pilot experimental study on amniotic epithelial mesenchymal cell
transplantation in natural occurring tendinopathy in horses. Ultrasonographic
and histological comparison. Muscles Ligaments Tendons J. 5, 5-11.
doi: 10.32098/mltj.01.2015.02

Muttini, A., Valbonetti, L., Abate, M., Colosimo, A., Curini, V., Mauro, A,
et al. (2013). Ovine amniotic epithelial cells: in vitro characterization and
transplantation into equine superficial digital flexor tendon spontaneous
defects. Res. Vet. Sci. 94, 158-169. doi: 10.1016/j.rvsc.2012.07.028

Nourissat, G., Berenbaum, F., and Duprez, D. (2015). Tendon injury:
from biology to tendon repair. Nat. Rev. Rheumatol. 11, 223-233.
doi: 10.1038/nrrheum.2015.26

O’Brien (1997). Structure and metabolism of tendons. Scand. J. Med. Sci. Sports 7,
55-61. doi: 10.1111/j.1600-0838.1997.tb00119.x

Palazzo, 1., Lamparelli E. P., Ciardulli M. C., Scala, P., Reverchon,
E., Forsyth, N., et al. (2021). Supercritical extraction
fabricated PLA/PLGA micro/nano carriers for growth factor delivery:
Release profiles and cytotoxicity. Int. J. Pharmaceut. 592:120108.
doi: 10.1016/j.ijpharm.2020.120108

Paschos, N. K., Brown, W. E., Eswaramoorthy, R., Hu, J. C., and Athanasiou, K.
A. (2015). Advances in tissue engineering through stem cell-based co-culture:
stem cell co-culture strategies in tissue engineering. J. Tissue Eng. Regen. Med.
9, 488-503. doi: 10.1002/term.1870

Rhatomy, S., Prasetyo, T. E., Setyawan, R., Soekarno, N. R., Romaniyanto, F.,
Sedjati, A. P., et al. (2020). Prospect of stem cells conditioned medium
(secretome) in ligament and tendon healing: a systematic review. Stem Cells
Transl. Med. 9, 895-902. doi: 10.1002/sctm.19-0388

Rossi, D., Pianta, S., Magatti, M., Sedlmayr, P., and Parolini, O. (2012).
Characterization of the conditioned medium from amniotic membrane cells:
prostaglandins as key effectors of its immunomodulatory activity. PLoS ONE
7:€46956. doi: 10.1371/journal.pone.0046956

Roy, I, and Gupta, M. N. (2004). Freeze-drying of proteins: some emerging
concerns. Biotechnol. Appl. Biochem. 39:165. doi: 10.1042/BA20030133

emulsion

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

18

March 2021 | Volume 9 | Article 649288


https://doi.org/10.3390/molecules25143176
https://doi.org/10.1016/j.ijpharm.2018.03.015
https://doi.org/10.1186/ar416
https://doi.org/10.1002/sctm.18-0178
https://doi.org/10.1016/j.matbio.2014.02.003
https://doi.org/10.1097/JSA.0000000000000187
https://doi.org/10.1093/bmb/ldaa002
https://doi.org/10.1098/rsif.2014.0065
https://doi.org/10.1089/ten.tea.2016.0407
https://doi.org/10.3109/02844317209103455
https://doi.org/10.1080/03639045.2019.1628770
https://doi.org/10.1111/ijlh.12318
https://doi.org/10.3389/fmolb.2020.00033
https://doi.org/10.3109/00016347109157312
https://doi.org/10.1007/978-1-4939-2193-5_25
https://doi.org/10.1186/s12935-016-0308-3
https://doi.org/10.1089/scd.2013.0214
https://doi.org/10.1016/j.jcyt.2013.03.002
https://doi.org/10.1053/jpsu.2000.6868
https://doi.org/10.1016/j.jbiomech.2003.11.005
https://doi.org/10.1016/j.ajps.2014.12.004
https://doi.org/10.1016/j.jot.2017.02.005
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1177/03635465000280040901
https://doi.org/10.1016/j.rvsc.2016.01.014
https://doi.org/10.1080/14712598.2020.1786532
https://doi.org/10.1016/j.stem.2010.07.007
https://doi.org/10.3109/0886022X.2015.1127741
https://doi.org/10.1097/JSA.0000000000000189
https://doi.org/10.32098/mltj.01.2015.02
https://doi.org/10.1016/j.rvsc.2012.07.028
https://doi.org/10.1038/nrrheum.2015.26
https://doi.org/10.1111/j.1600-0838.1997.tb00119.x
https://doi.org/10.1016/j.ijpharm.2020.120108
https://doi.org/10.1002/term.1870
https://doi.org/10.1002/sctm.19-0388
https://doi.org/10.1371/journal.pone.0046956
https://doi.org/10.1042/BA20030133
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Citeroni et al.

Amnion Derived Secretomes to Foster Tenogenesis

Russo, V., El Khatib, M., di Marcantonio, L., Ancora, M., Wyrwa, R., Mauro, A,
et al. (2020). Tendon biomimetic electrospun PLGA fleeces induce an early
epithelial-mesenchymal transition and tenogenic differentiation on amniotic
epithelial stem cells. Cells 9:303. doi: 10.3390/cells9020303

Russo, V., Mauro, A., Martelli, A, Di Giacinto, O., Di Marcantonio, L.,
Nardinocchi, D., et al. (2015). Cellular and molecular maturation in fetal and
adult ovine calcaneal tendons. J. Anat. 226, 126-142. doi: 10.1111/j0a.12269

Ruzzini, L., Abbruzzese, F., Rainer, A., Longo, U. G., Trombetta, M., Maftulli, N.,
et al. (2014). Characterization of age-related changes of tendon stem cells from
adult human tendons. Knee Surg. Sports Traumatol. Arthrosc. 22, 2856-2866.
doi: 10.1007/s00167-013-2457-4

Schweitzer, R., Chyung, J. H., Murtaugh, L. C., Brent, A. E., Rosen, V., Olson, E. N,
et al. (2001). Analysis of the tendon cell fate using Scleraxis, a specific marker
for tendons and ligaments. Development 128, 3855-3866.

Sensini, A., Gualandi, C., Zucchelli, A., Boyle, L. A., Kao, A. P., Reilly, G.
C., et al. (2018). Tendon fascicle-inspired nanofibrous scaffold of polylactic
acid/collagen with enhanced 3d-structure and biomechanical properties. Sci.
Rep. 8:17167. doi: 10.1038/s41598-018-35536-8

Sharma, P., and Maffulli, N. (2005). Tendon
tendinopathy: healing and repair. J. Bone Joint Surg. 87,
doi: 10.2106/00004623-200501000-00030

Sharma, P., and Maffulli, N. (2006). Biology of tendon injury: healing, modeling
and remodeling. J. Musculoskelet. Neuronal Interact 6, 181-190.

Shoma Suresh, K., Bhat, S., Guru, B. R., Muttigi, M. S., and Seetharam, R. N.
(2020). A nanocomposite hydrogel delivery system for mesenchymal stromal
cell secretome. Stem Cell Res. Ther. 11:205. doi: 10.1186/s13287-020-01712-9

Shukunami, C., Takimoto, A., Miura, S., Nishizaki, Y., and Hiraki, Y. (2008).
Chondromodulin-I and tenomodulin are differentially expressed in the
avascular mesenchyme during mouse and chick development. Cell Tissue Res.
332, 111-122. doi: 10.1007/s00441-007-0570-8

Shukunami, C., Takimoto, A., Oro, M., and Hiraki, Y. (2006). Scleraxis positively
regulates the expression of tenomodulin, a differentiation marker of tenocytes.
Dev. Biol. 298, 234-247. doi: 10.1016/j.ydbio.2006.06.036

Stalling, S. S., and Nicoll, S. B. (2008). Fetal ACL fibroblasts exhibit enhanced
cellular properties compared with adults. Clin. Orthop. Relat. Res. 466,
3130-3137. doi: 10.1007/s11999-008-0391-4

Storch, E. K., Custer, B. S., Jacobs, M. R., Menitove, J. E., and Mintz, P. D. (2019).
Review of current transfusion therapy and blood banking practices. Blood Rev.
38:100593. doi: 10.1016/.blre.2019.100593

Subramanian, A., and Schilling, T. F. (2014). Thrombospondin-4 controls matrix
assembly during development and repair of myotendinous junctions. Elife 3.
doi: 10.7554/eLife.02372.025

Sugg, K. B,, Lubardic, J., Gumucio, J. P., and Mendias, C. L. (2014). Changes in
macrophage phenotype and induction of epithelial-to-mesenchymal transition
genes following acute Achilles tenotomy and repair: Tendon Macrophage
Phenotype and EMT. J. Orthopaed. Res. 32, 944-951. doi: 10.1002/jor.22624

injury  and
187-202.

Tang, C,, Liu, T., Wang, K., Wang, X., Xu, S., He, D., et al. (2019). Transcriptional
regulation of FoxM1 by HIF-la mediates hypoxia-induced EMT in prostate
cancer. Oncol. Rep. 42, 1307-1318. doi: 10.3892/0r.2019.7248

Tang, J., Shen, D., Caranasos, T. G., Wang, Z., Vandergriff, A. C., Allen, T.
A, et al. (2017). Therapeutic microparticles functionalized with biomimetic
cardiac stem cell membranes and secretome. Nat. Commun. 8:13724.
doi: 10.1038/ncomms13724

Tang, Q.-M., Chen, J. L., Shen, W. L., Yin, Z,, Liu, H. H., Fang, Z., et al. (2015). Fetal
and adult fibroblasts display intrinsic differences in tendon tissue engineering
and regeneration. Sci. Rep. 4:5515. doi: 10.1038/srep05515

Wang, J. H.-C. (2006). Mechanobiology of tendon. J. Biomechan. 39, 1563-1582.
doi: 10.1016/j.jbiomech.2005.05.011

Woo, S. L., Debski, R. E., Zeminski, J., Abramowitch, S. D., Saw, S. S., and Fenwick,
J. A. (2000). Injury and repair of ligaments and tendons. Annu. Rev. Biomed.
Eng. 2, 83-118. doi: 10.1146/annurev.bioeng.2.1.83

Xie, X., Zhu, J., Hu, X, Dai, L., Fu, X,, Zhang, J., et al. (2018). A co-
culture system of rat synovial stem cells and meniscus cells promotes cell
proliferation and differentiation as compared to mono-culture. Sci. Rep. 8:7693.
doi: 10.1038/541598-018-25709-w

Yu,Y., Zhou, Y., Cheng, T, Lu, X, Yu, K., Zhou, Y., et al. (2016). Hypoxia enhances
tenocyte differentiation of adipose-derived mesenchymal stem cells by inducing
hypoxia-inducible factor-1a in a co-culture system. Cell Prolif. 49, 173-184.
doi: 10.1111/cpr.12250

Zarychta-Wiéniewska, W., Burdzinska, A., Zielniok, K., Koblowska, M., Gala,
K., Pedzisz, P., et al. (2019). The influence of cell source and donor
age on the tenogenic potential and chemokine secretion of human
mesenchymal stromal cells. Stem Cells Int. 2019, 1-14. doi: 10.1155/2019/16
13701

Zheng, Y., Zhou, Y., Zhang, X., Chen, Y., Zheng, X., Cheng, T. et al
(2017). Effects of hypoxia on differentiation of menstrual blood stromal
stem cells towards tenogenic cells in a co-culture system with Achilles
tendon cells. Exp. Therapeut. Med. 13, 3195-3202. doi: 10.3892/etm.201
7.4383

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Citeroni, Mauro, Ciardulli, Di Mattia, El Khatib, Russo, Turriani,
Santer, Della Porta, Maffulli, Forsyth and Barboni. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

19

March 2021 | Volume 9 | Article 649288


https://doi.org/10.3390/cells9020303
https://doi.org/10.1111/joa.12269
https://doi.org/10.1007/s00167-013-2457-4
https://doi.org/10.1038/s41598-018-35536-8
https://doi.org/10.2106/00004623-200501000-00030
https://doi.org/10.1186/s13287-020-01712-9
https://doi.org/10.1007/s00441-007-0570-8
https://doi.org/10.1016/j.ydbio.2006.06.036
https://doi.org/10.1007/s11999-008-0391-4
https://doi.org/10.1016/j.blre.2019.100593
https://doi.org/10.7554/eLife.02372.025
https://doi.org/10.1002/jor.22624
https://doi.org/10.3892/or.2019.7248
https://doi.org/10.1038/ncomms13724
https://doi.org/10.1038/srep05515
https://doi.org/10.1016/j.jbiomech.2005.05.011
https://doi.org/10.1146/annurev.bioeng.2.1.83
https://doi.org/10.1038/s41598-018-25709-w
https://doi.org/10.1111/cpr.12250
https://doi.org/10.1155/2019/1613701
https://doi.org/10.3892/etm.2017.4383
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Amnion-Derived Teno-Inductive Secretomes: A Novel Approach to Foster Tendon Differentiation and Regeneration in an Ovine Model
	Introduction
	Materials and Methods
	Ethics Statement
	Experimental Design
	AECs and Tendon Explant Collection
	Transwell FT and AECs Co-cultures
	Conditioned Media Collection, Storage and Use
	Morphological Evaluation of Teno-Inductive Effect on AECs
	Total RNA Isolation and RT-qPCR
	Total Protein Extraction and Western Blotting
	Immunohistochemistry
	Cell Orientation Analysis
	Statistical Analysis

	Results
	CMCO Displayed an Enhanced Teno-Inductive Influence on AECs
	Freezing Reduced the Tenogenic Induced Activities of CMCO
	Physoxia Restored the Tenogenic Potential of Frozen Co-culture Conditioned Media
	AECs' Alignment Induced by CMCO and CMCOFZ 2% Confirmed the Greater Specialization of 3D Tendon-Like Derived Structures

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


