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Abstract

Tendon and ligament (T/L) pathologies account for a significant portion of musculoskeletal 

injuries and disorders. Tissue engineering has emerged as a promising solution in the regeneration 

of both tissues. Specifically, the use of multipotent human mesenchymal stromal cells (hMSC) has 

shown great promise to serve as both a suitable cell source for tenogenic regeneration and a source 

of trophic factors to induce tenogenesis. Using four donor sets, we investigated the bidirectional 

paracrine tenogenic response between human hamstring tenocytes (hHT) and bone marrow-

derived hMSC. Cell metabolic assays showed that only one hHT donor experienced sustained 

notable increases in cell metabolic activity during co-culture. Histological staining confirmed that 

co-culture induced elevated collagen protein levels in both cell types at varying time-points in two 

of four donor sets assessed. Gene expression analysis using qPCR showed the varied up-regulation 

of anabolic and catabolic markers involved in extracellular matrix maintenance for hMSC and 

hHT. Furthermore, analysis of hMSC/hHT co-culture secretome using a reporter cell line for TGF-

β, a potent inducer of tenogenesis, revealed a trend of higher TGF-β bioactivity in hMSC 

secretome compared to hHT. Finally, hHT cytoskeletal immunostaining confirmed that both cell 

types released soluble factors capable of inducing favorable tenogenic morphology, comparable to 

control levels of soluble TGF-β1. These results suggest a potential for TGF-β-mediated signaling 

mechanism that is involved during the paracrine interplay between the two cell types that is 

reminiscent of T/L matrix remodeling/ turnover. These findings have significant implications in 

the clinical use of hMSC for common T/L pathologies.
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Musculoskeletal injuries are a significant problem for the healthcare system. In the United 

States, there are approximately 32 million musculoskeletal injuries per year costing $950 

billion in direct costs and lost wages with tendon and ligament (T/L) injuries accounting for 

about 45% of these injuries [Vunjak-Novakovic et al., 2004; Butler et al., 2008, Hast et al., 

2014; Rothrauff and Tuan, 2014]. T/L are dense collagenous tissues involved in joint 

stability and locomotion. Ligaments are responsible for the structural support necessary to 

connect bones and stabilize joints, while tendons transfer the force generated from muscles 

into limb movement. Both tissues are composed of fibroblast cells embedded within an 

extracellular matrix (ECM) of collagens, elastin, and proteoglycans. They are hierarchical in 

architecture given that they operate primarily in tension. Injury due to trauma or genetic 

disorder often leads to varying degrees of change in the expression patterns of key structural 

proteins, tissue cellularity, disorganization of the collagen matrix, and inflammation [Sun et 

al., 2008; Fung et al., 2010]. Conventional methods of repair for the sub-failure (grades I, II) 

class of injuries include rest, ice, compression, and elevation or RICE [Lynch and Renstrom, 

1999], which is contingent on the innate healing ability of the tissue. In severe cases such as 

ruptures and avulsions (grade III), surgical reconstruction may be required [Lynch and 

Renstrom, 1999; Vunjak-Novakovic et al., 2004; Sharma and Maffulli, 2005; James et al., 

2008]. However due to the lack of sufficient vascularization and poor ECM remodeling, 

tissue healing is often lengthy and incomplete. As a result of the associated drawbacks with 

current treatment options, there is a need for functional tendon healing modalities.

Tissue engineering (TE) has emerged as a promising option for tendon repair. Biomaterials 

and cells, used individually or in combination, have shown the potential to repair numerous 

T/L dysfunctions in vitro and in vivo [Watanabe et al., 2002; Ge et al., 2005; Liu et al., 

2008; Schneider et al., 2011; Canseco et al., 2012; Smith et al., 2013]. More specifically, the 

use of multipotent mesenchymal stem or stromal cells (MSC) as a cell source has proven to 

be a feasible modality for scaffold incorporation or direct injection. Recent in vitro and in 

vivo work has shown that localized MSC delivery may be beneficial for T/L repair by 

increasing cell number, enhancing ECM deposition and maturation, and increasing tissue 

biomechanical properties after injury [Awad et al., 1999; Watanabe et al., 2002; Luo et al., 

2009; Lee et al., 2011; Lui et al., 2011]. This has led to work identifying MSC as both a 

suitable cell source for TE-inspired tenogenic regeneration and a potential source for the 

secretion of a plethora of soluble factors that mediate the healing response [Van Eijk et al., 

2004; Caplan and Dennis, 2006; Shimode et al., 2007; Baraniak and McDevitt, 2010]. To 

this end, studies have identified several soluble factors as potential mediators in the 

enhancement of tenogenesis in both MSC and T/L fibroblasts [Schnabel et al., 2007; 

Schneider et al., 2011]. Amongst these factors, transforming growth factor-beta or TGF-β 

has been widely reported to be a potent inducer of tenogenic regeneration [Gafni et al., 

2004; Lui et al., 2011].
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Proteins of the TGF-β superfamily are considered pleiotropic cytokines that play a 

prominent role during wound healing and musculoskeletal tissue development [Leask and 

Abraham, 2004; Schiller et al., 2004]. More specifically, during T/L development, TGF-β 

has been reported to be a key mediator of a panel of genes that are responsible for the 

anabolic and catabolic maintenance of ECM in vitro and in vivo [Massague, 1998; Li et al., 

2011]. Molecular changes evidenced in the altered expression of anabolic markers such as 

collagens and proteoglycans are known to accompany the healing of T/L [Kuo and Tuan, 

2008]. Additionally, changes in the expression patterns of catabolic markers such as the 

collagen-degrading MMP family (matrix metalloproteinases) and proteoglycan-cleaving 

ADAMTS family (a disintegrin and metalloproteinase with thrombospondin motifs) have 

also been reported [Jones et al., 2006; Corps et al., 2008; Kuo and Tuan, 2008; Wylie et al., 

2012; Maeda et al., 2013]. The balance between the regulation and production of these 

markers has significant implications in the extent of matrix remodeling during regeneration 

[Jones et al., 2006; Smith et al., 2008].

The objective of this study was to determine the effect of the paracrine signaling, or cross-

talk, between primary human hamstring tenocytes (hHT) and hMSC on cell response and the 

expression of T/L markers in both cell types in vitro and screen the co-culture for TGF-β 

bioactivity. We hypothesize that the co-culture of hMSC with hHT will lead to enhanced 

tenogenic cell function when compared to populations cultured separately. We postulate that 

this exchange of soluble factors will facilitate the maintenance of ECM produced by both 

cell types, ultimately leading to enhanced tenogenic regeneration in vivo. To test this 

hypothesis, we employed an indirect cell co-culture model to investigate the effects of co-

culture on cell metabolic activity, ECM production, and gene expression of anabolic and 

catabolic tenogenic markers. Additionally, we indirectly investigated TGF-β bioactivity in 

the secretome of each cell type and during co-culture via a TGF-β reporter bioassay. Lastly, 

we directly assayed for the effect of hMSC and hHT secretome on tenocyte morphology via 

immunostaining.

 MATERIALS AND METHODS

 TISSUE HARVEST, CELL ISOLATION, AND hMSC CHARACTERIZATION

The experimental overview summarizing the experimental design and all cell and secretome 

analyses conducted is presented in Figure 1. All experiments were conducted in accordance 

with recommendations and approval from the Medical Ethical Research Committee at the 

Utrecht Medical Center and MST Twente. Following standard written informed consent, 

hamstring tendon (hHT) samples were harvested from four adult patients undergoing 

anterior cruciate ligament reconstruction. The tendons were isolated, rinsed with phosphate 

buffered saline (PBS), and excess muscle tissue was carefully removed prior to dissection 

and mincing into smaller pieces. Next, tendon pieces were cultured in growth medium of 

Dulbecco’s modified Eagle’s medium (PAA Laboratories, Australia) supplemented with 

10% fetal bovine serum (FBS) (Lonza, Basel, Switzerland), 100 U/mL penicillin and 100 

mg/mL streptomycin, and 0.2 mM ascorbic acid (Sigma– Aldrich, St. Louis, MO, USA) to 

allow the cells to migrate out from the tissue pieces.
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Bone marrow aspirates were obtained from four additional adult patients following written 

informed consent. Donor information for each cell type is presented in Table I. hMSC were 

isolated and cultured in hMSC basic medium consisting of alpha minimal essential medium 

(aMEM; Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine 

serum (FBS) (Lonza), 100 U/mL penicillin and 100 mg/mL streptomycin (Life 

Technologies), 2 mM L-Glutamine (Life Technologies), and 0.2 mM ascorbic acid (Sigma–

Aldrich), as previously described [Fernandes et al., 2010; Doorn et al., 2013]. Phenotypical 

characterization of hMSC was performed as previously described [Gothard et al., 2013]. 

Preliminary work with the hMSC used showed confirmation for self-renewal potential using 

a CFU assay and osteogenic differentiation potential using ALP mineralization staining 

(data not shown).

 CO-CULTURE CONDITION

Cells between passage 2 and 5 were used for co-culture experiments and maintained for up 

to 14 days in a reduced factor medium containing 1% FBS and 1% P/S, without the addition 

of L-Glutamine or ascorbic acid. Indirect co-culture of hHT/hMSC was achieved using 1 μm 

pore sized permeable well plate inserts (Greiner Bio One, Kaysville, UT). In this system, 2.5 

× 104 hHT (n ¼ 3) were seeded on the bottom of well-plates, hMSC were seeded on the 

permeable membrane at a 1:1 ratio and allowed to adhere overnight before placing the 

inserts in the well-plates. The reverse configuration was also studied to determine the effect 

of co-culture on hMSC. Assays were conducted on the cells seeded on the bottom well and 

control groups consisted of each cell type seeded separately with no co-culture inserts. After 

3 days of co-culture, conditioned medium was collected for further analysis. For the first 

three donor sets, only half the cell culture medium was replaced 2–3 times per week to allow 

continuous cross-talk between cells and preserve the co-culture microenvironment. For the 

fourth donor set, culture medium was replaced with complete fresh medium after the first 

two time-points to further delineate the effects of preserving co-culture micro-environment 

on cell response. For the first two donor sets, assays were conducted at 1, 3, and 7-day time-

points to assess the earlier cell response between the two cell types. For the last two donor 

sets, assays were conducted at 1, 3, 7, and 14-day time-points to also assess later cell 

responses.

 CELLULAR METABOLIC ACTIVITY

Cell metabolic activity (n ¼ 3) was evaluated as previously described by Zilony et al. [2013] 

using the flurometric PrestoBlue assay according to manufacturer’s specifications. Briefly, at 

each time-point, the inserts were removed; medium aspirated and 10% (v/v) PrestoBlue 

solution in basic medium was added. After a 1 h incubation the fluorescence was measured 

in technical duplicate using a Victor3 1420 multilabel counter (Perkin Elmer, Waltham, MA, 

USA) at 560 nm excitation and 590 nm emission wavelengths. Fluorescent values were 

normalized for no-cell blank control wells as well as the first time-point non-co-culture 

control group to represent proliferation over time.

 ECM DEPOSITION

To assess ECM deposition (n ¼ 3) at each time-point, we employed the semi-quantitative 

collagen/non-collagen staining assay as previously described [Tomikawa et al., 2012; Kwan 
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et al., 2013]. In brief, medium was discarded, cells were washed with PBS and stained using 

Sirius Red/Fast Green Collagen Staining Kit (Chondrex Inc., Redmond, WA). After 

performing the assay according to manufacturer’s protocol, absorbance was read at 480 nm 

for Sirius Red and 605 nm for Fast Green with a spectrophotometer. Absorbance values for 

co-culture groups were normalized to control values.

 REAL-TIME QUANTITATIVE REVERSE-TRANSCRIPTION POLYMERASE CHAIN 
REACTION (qPCR)

Expression of tenogenic markers in both cell types (n ¼ 3) was evaluated using qPCR as 

previously described [Kim et al., 2009; Canseco et al., 2012]. Total RNA was isolated and 

purified by spin protocol using Bioke RNA II Nucleospin RNA isolation kit (Machery 

Nagel, Düren, Germany) according to manufacturer’s protocol. Afterward, RNA 

concentrations were measured using a ND100 spectrophotometer (Thermo Fisher Scientific, 

Cambridge, MA, USA). Total RNA was normalized for all groups then reverse transcribed 

to obtain cDNA using iScript (BioRad, Hercules, CA, USA) according to the manufacturer’s 

directions. The cDNA was subjected to qPCR using iQ SYBR Green Supermix (Biorad) on 

a Real-time PCR Detection System (BioRad). Specific primer sequences are listed in Table 

II. Relative gene expression was calculated using the ΔΔCT method, normalized to beta-2-

microglobulin (B2M) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an 

endogenous control.

 SECRETED PROTEIN QUANTIFICATION

Conditioned medium collected from hHT and hMSC were analyzed for total secreted 

protein and total secreted TGF-β1. Total protein secreted was assayed using the Pierce BCA 

Total Protein Assay (Sigma). Total TGF-β1 was analyzed using ELISA (Biolegend, San 

Diego, CA, USA). Assays were performed in technical triplicate according to 

manufacturer’s protocol and absorbance was quantified using a microplate reader (Tecan, 

Medford, MA, USA).

 TGF-β BIOASSAY

Quantification of soluble-TGF-β bioactivity was determined for co-culture conditions using 

transformed mink lung cells (TMLC) that have been genetically modified to produce 

luciferase under control of the TGF-β -responsive plasminogen activator inhibitor-1 (PAI-1) 

promoter [Abe et al., 1994; Wipff et al., 2007]. TMLC were a kind gift from Dr. Daniel 

Rifkin in the Department of Cell Biology at the New York University School of Medicine. 

TMLC (8 × 103/cm2;n ¼ 3) were grown overnight before being exposed to the conditioned 

medium from co-culture experiments for one day. TMLC cultured in 1% serum medium 

were utilized as basal controls. Afterwards, cells were assayed for metabolic activity using 

PrestoBlue then lysed and luciferase activity was assessed by light production from a 

luciferin substrate (Promega, Madison, WI, USA) using a luminometer (Perkin Elmer).

 IMMUNOSTAINING

For cell morphology studies, all components utilized were from donor set 1. Here, hHT from 

the first donor set were seeded at 2.5 × 104 cells/cm2 (n ¼ 9) on tissue culture plates and 
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allowed to attach overnight. The next day, conditioned medium samples collected from 

hMSC and hHT were analyzed for effect on hHT for 24 h. Control groups included basal 

conditions (1% FBS αMEM) and +10 ng/mL TGF-β1. Afterwards, cells were washed with 

PBS and fixed with 4% paraformaldehyde solution. After permeabilization with 0.1% Triton 

X-100/PBS and blocking with 2% BSA/PBS-Tween (0.1%), the cells were stained with 

Phalloidin fluorophore (1:40). Afterward, the cells were washed with PBS and 

counterstained for DAPI. Images were obtained using an EVOS FL Microscope (Life 

Technologies). Image analysis was performed using ImageJ Software (NIH).

 STATISTICAL ANALYSIS

All numerical data reported as mean ± standard deviation. A oneway ANOVA with a 

Bonferroni’s multiple comparison post-hoc analysis was utilized for comparing groups in 

the secretome analysis studies. A two-way ANOVA with a Bonferroni’s multiple 

comparison post-hoc analysis was employed for comparing the various groups of cell 

populations for cell proliferation studies. A Student’s t-test was employed for comparing 

groups in the mRNA expression studies (GraphPad Prism Software 5.0, La Jolla, CA). 

Differences were considered statistically significant for P-values less than 0.05, unless 

otherwise stated (Table II).

 RESULTS

 EFFECT OF CROSS-TALK ON hMSC AND hHT METABOLIC ACTIVITY AND ECM 
DEPOSITION

The goal of this study was to examine the effect of the paracrine interaction between hMSC 

and hHT on the tenogenic cell function of both cell types. Cell metabolic activity data 

obtained via the fluorometric PrestoBlue assay showed that for each hMSC donor, cell 

activity was never significantly increased, more so decreased, during co-culture with hHT 

(Fig. 2A). hMSC from donor set 3 were the only group to experience elevated proliferation 

during co-culture after 7 days, although not significant. Furthermore, Sirius Red/Fast Green 

staining showed a significant increase in collagen to non-collagen protein ratio after 7 and 

14 days in donor set 3 (Fig. 2B).

For hHT donors, cell activity data obtained via PrestoBlue assay only showed notable 

increases in metabolic activity in donor set 1. Cell populations from donor sets 2–4 had cell 

activity that ranged from staying close to control levels or falling slightly below during co-

culture (Fig. 2C). Lastly, Sirius Red/Fast Green staining showed that hHT from donor sets 3 

and 4 had elevated collagen to non-collagen protein levels during co-culture after 7 days. 

hHT from donor set 4 maintained higher collagen/non-collagen levels after 14 days of co-

culture with hMSC (Fig. 2D).

 mRNA EXPRESSION OF TENDON RELATED MARKERS

To further understand T/L matrix development during co-culture, we assessed a panel of 

anabolic markers that play critical roles in ECM development. Results of qPCR experiments 

are presented in Table III. Analysis of mRNA expression of anabolic genes shows that in the 

first donor set hMSC exhibited only a significant decrease in Tenascin C mRNA expression 
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after 3 days. In this donor set, there was also a notable decrease in collagen I mRNA of hHT 

after 3 days. In the second donor set, hMSC experienced significantly higher levels of 

Tenomodulin expression during co-culture at 3 and7 days while hHT exhibited up-regulation 

of Tenascin C during co-culture after 7 days. In the third donor set, hHT experienced up-

regulation of tissue inhibitor of metalloproteinase-3 (TIMP-3) during co-culture with hMSC 

at 7 and 14 days. There was also an up-regulation of collagen type I at 14 days. In the fourth 

donor set, hMSC experienced higher mRNA levels of Tenomodulin and Aggrecan during co-

culture with hHT at 7 and 14 days. hHT exhibited a trend of up-regulation of Tenascin C and 

Tenomodulin after 7 and 14 days of co-culture with hMSC (Table III).

Next, we screened a panel of catabolic markers characteristic of T/L ECM development. 

Expression analysis of catabolic markers in the first donor set revealed that hHT experienced 

a marked increase in the mRNA expression of MMP-1, MMP-3, MMP-13, and ADAMTS-4 

during the 7 days of co-culture with hMSC. Results from the second donor set showed that 

hMSC exhibited up-regulation of ADAMTS-5 at 7 days during co-culture with hHT. In the 

third donor set, hMSC showed up-regulation of MMP-1, MMP- 13, and ADAMTS-5 after 7 

days of co-culture while the hHT showed elevated mRNA levels of ADAMTS-4 and MMP-3 

at 7 days and ADAMTS-4, MMP-1, and MMP-13 at 14 days after co-culture with hMSC. 

The fourth donor set showed that hMSC had higher mRNA expression of ADAMTS-5 at 7 

days of co-culture while hHT experienced up-regulation of MMP-1 and MMP-13 after 7 

days of co-culture (Table III). Overall, our data indicates that in addition to affecting the 

expression patterns of anabolic markers, cross-talk between hHT and hMSC may also 

activate variable changes in the expression patterns of catabolic markers.

 CONDITIONED MEDIUM TGF-β BIOASSAY

Assuming that the cross-talk between the two cell types was predominantly responsible for 

the differences in cell response, we conducted a preliminary screen of the culture medium 

for soluble TGF-β bioactivity. After three days of co-culture, the conditioned medium (CM) 

was collected and analyzed for cell secretome effect on TGF-β bioactivity using TMLC, a 

luciferase-producing reporter cell line. After 1 day of culture with the CM, the first donor set 

showed that TGF-β bioactivity was lower in hHT-CM (n ¼ 3) when compared to the other 

groups. The second donor set showed that hMSC-CM had higher TGF-β bioactivity than 

hHT-CM (n ¼ 3). The third donor set showed higher TGF-β bioactivity in the co-culture 

media for both cell types when compared to hMSC-conditioned medium (n ¼ 3). Lastly, the 

fourth donor set showed no significant difference in TGF-β bioactivity between treatment 

groups (Fig. 3). Next, we used the conditioned medium from the first donor set to culture 

hHT and analyzed the effects on cell morphology. Results showed that hHT cultured in both 

hHT and hMSC-CM appeared to be more elongated and have a larger and fiatter 

cytoskeleton similar to cells cultured in 10 ng/mL TGF-β1 according to the fluorescent 

staining (Fig. 4A). Image analysis results also confirmed this, showing that the treatment 

groups (n ¼ 540) had significantly higher cell aspect ratios and cell areas (Fig. 4B, C). 

Lastly, further secretome analysis of CM using ELISA showed that the hMSC secreted 

approximately 5 times as much TGF-β1 per total protein as hHT (Fig. 4D).
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 DISCUSSION

We investigated the effects of cross-talk between hHT and hMSC on the cell response of 

both cell types. While the majority of the data sets between donors appeared consistent, 

these studies revealed some unexpected inter-donor variability. Previous work investigating 

this response between T/L cells and MSC has reported a noticeable enhancement of cell 

response evidenced in increased cellular proliferation, ECM deposition, and up-regulation of 

several tenogenic markers [Shimode et al., 2007; Luo et al., 2009; Schneider et al., 2011]. 

Thus, we hypothesized that the indirect co-culture of the two cell types would lead to an 

enhancement of tenogenic function in both cell types. To the best of our knowledge, this is 

the first study on the paracrine interaction between these two cell types across four unique 

sets of adult human donors. Initially, we observed differences amongst the donor sets in 

proliferation, ECM production, and mRNA expression. With this in mind, we aimed to 

consider trends common amongst donor sets.

Our results showed that there was no notable response in metabolic activity amongst all 

donor sets except for the cells in the first donor set (Fig. 2A, and C). In this donor set, the 

hMSC appeared to exhibit decreases in metabolic activity during co-culture with hHT, while 

hHT experienced strong increases in metabolic activity during co-culture with hMSC. In 

some aspects, this observation both disagreed with and supported some of the responses seen 

in similar studies conducted with rat tissue. Conversely, Luo et al. [2009] showed that after 3 

days of co-culturing with tenocytes, rat MSC experienced elevated metabolic activity. 

Similarly, Shimode et al. [2007] observed significant increases in cell number of Achilles 

tendon tenocytes after co-culture with bone marrow-derived MSC. To our knowledge, our 

present study with a human-derived cell model, is the first to report on the cell response of 

these co-cultured cell types. One explanation for the differences in response observed could 

be the species difference, or more specific, could be that there was a higher total number of 

cells/mL of culture medium in the co-culture groups compared to the control groups (as 

performed by Luo et al. [2009]). This difference in cell number could lead to a faster 

consumption of serum components, hindering cell proliferation.

We then analyzed the matrix produced by the cells during co-culture (Fig. 2B and D). 

According to our data, in two donor sets (n ¼ 6), there was an increase in the collagen/non-

collagen ratio of the ECM deposited by each cell type. The increase in collagen is a notable 

result because it is the most abundant protein in T/L [Ekwueme et al., 2011; Voleti et al., 

2012]. Increases in the amount of collagen deposited may accelerate the functional recovery 

upon cell transplantation. Although we saw no enhancement in cell metabolic activity, the 

cross-talk between hHT and hMSC may have instead induced more matrix production in 

both cell types. It is also likely that there are factors, such as TGF-β, being released that may 

be inhibiting cell proliferation while concurrently inducing higher ECM production [Leask 

and Abraham, 2004].

The mRNA expression analysis showed, for both cell types, an up-regulation of several 

anabolic and catabolic markers prevalent in T/L cells (Table III). For the anabolic markers 

assessed, Tenomodulin was up-regulated in hMSC in the presence of hHT for two donors 

that mRNA for Tenomodulin was detected for. Tenomodulin has been described as a late 
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stage tenogenic marker during tendon development and is often used as a marker to indicate 

tenogenesis [Docheva et al., 2005, 2010; Shukunami et al., 2006]. This portion of the data 

supports the notion that factors released from hHT have the potential to induce tenogenesis 

in undifferentiated hMSC [Lee et al., 2007; Luo et al., 2009]. For hHT, there was an 

observed up-regulation of markers including collagen type I and TIMP-3 in one donor set 

and Tenomodulin in another set. Also, Tenascin-C for one donor after 7 days. All of these 

markers have been well documented as tenogenic markers involved with matrix development 

and assembly. Markers including collagen type I, Tenomodulin, and Tenascin C are known 

to be directly involved in the anabolic maintenance of T/L ECM. TIMP-3 belongs to a 

family of proteinases that have specificity for members of the MMP family and inhibit MMP 

activity [Lee et al., 2007; Liu et al., 2008].

Analysis of catabolic markers showed that hMSC co-cultured with hHT experienced 

significant up-regulation of ADAMTS-5, MMP-1, and MMP-13. Also, hHT co-cultured 

with hMSC experienced significant up-regulation of MMP-1, MMP-3, MMP-13, and 

ADAMTS-4. Previous in vitro and in vivo work on the ADAMTS and MMP family showed 

that tenocyte mechanotransduction [Kuo and Tuan, 2008; Maeda et al., 2013] and growth 

factors such as TGF-β, TNF-α, IL-1a, and IL-1b had significant effects on catabolic activity 

[Corps et al., 2008; Sun et al., 2008; Wylie et al., 2012]. In addition to the up-regulation of 

anabolic markers, the co-culture induced up-regulation of several catabolic markers thus 

signifying increased matrix turnover and remodeling. The balance or imbalance between 

MMPs and TIMPs strongly infiuences matrix remodeling [Attia et al., 2013]. Therefore, this 

data indicates that co-culture may activate changes in the mRNA expression patterns of 

markers involved with the anabolic maintenance of T/L ECM. It is possible that the matrix 

remodeling induced during co-culture could lead to a more mature collagen matrix and 

ultimately the enhancement of overall tissue biomechanics in vivo.

The mRNA expression data showed significant differences between control and treatment 

groups for several markers described above that are often referred to as TGF-β-target genes. 

Due to these findings, we performed a preliminary screen for TGF-β bioactivity in the 

secretome of the co-culture conditions using a TGF-β reporter cell line (Fig. 3). Results 

showed that in direct comparison, TGF-β bioactivity was higher in the hMSC groups in three 

out of four of the donor sets examined (n ¼ 9). Two donor sets showed TGF-β bioactivity to 

be higher in the co-culture groups of both cell types. These results suggest that hMSC may 

be able to secrete higher amounts of TGF-β or lower amounts of inhibitors of TGF-β activity. 

Next, we aimed to explore the effect of hMSC secretome directly on hHT cell morphology. 

Since the crosstalk in the first donor set appeared to have the most pronounced effect on the 

cells analyzed, we performed further studies with the CM and hHT from this donor set. 

After 24 h of culture with the CM, hHT appeared to have a more elongated morphology 

when compared to controls medium and very similar to groups cultured with soluble TGF-

β1 (Fig. 4A–C), a known potentiator of tenogenic differentiation. Fibroblast elongation and 

alignment are hallmarks of tenogenic differentiation. Parameters such as morphology and 

actin cytoskeletal organization are all implicated during this process [Erisken et al., 2013].

Finally, using ELISA and a BCA protein assay we see that hMSC secreted up to five times 

as much total TGF-β as hHT (Fig. 4D). This is notable because hMSC have recently been 
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shown to have secretomes that are rich in both immunomodulatory and trophic factors 

[Caplan and Dennis, 2006; Baraniak and McDevitt, 2010; Barminko et al., 2011; Faulknor et 

al., 2015]. The soluble factors released from the hMSC may be responsible for the favorable 

response in cell morphology evidenced by the hHT. These data suggest that cross-talk 

between the two cell types may synergistically potentiate an increase in TGF-β signaling for 

both cell types and that hMSC secretome may have favorable effects on tenocyte cellular 

morphology. On-going studies are further examining this trend and identifying other active 

components involved during cross-talk between the two cell types.

The “training” or pre-differentiation of MSC before trans-plantation has been discussed as a 

method of increasing their therapeutic efficacy and perhaps further control their in vivo 

response [Barminko et al., 2011; Doorn et al., 2013]. The results obtained in our studies 

suggest that the secretome of hMSC in their undifferentiated state can also be harnessed to 

potentiate ECM turnover in the target tissue. Also, given that a cell’s micro-environment can 

modulate its secretome, further investigation into the effect of pre-differentiated MSC 

secretome on the tissue healing response is warranted. On-going studies are exploring these 

effects in vitro. Furthermore, the in vivo response of the paracrine interaction between these 

two cell types will be investigated using a small animal model. The effect of the therapy will 

be evaluated using biomechanical tissue testing and imaging techniques such as 

immunohistochemistry and magnetic reso-nance imaging.

In conclusion, the results from these studies suggest that the paracrine interaction between 

adult human tenocytes and hMSC induces changes in the cellular response of both cell 

types. Clearly, there may be major differences between rat and human systems, considering 

human variation and age of injury/surgical repair. Here we show most notably that soluble 

factors were exchanged and were shown to stimulate higher collagen/non-collagen 

production by both cell types in two of four donor sets. Additionally, mRNA expression 

analysis showed variable changes in the expression patterns of prominent anabolic and 

catabolic markers of T/L ECM for all donor sets. Lastly, a preliminary screen of the 

individual and co-culture secretomes of both cell types showed that the hMSC secretome 

possessed higher TGF-β bioactivity. This work provides insight into the paracrine effect of 

the relationship between tenocytes and MSC on T/L ECM maintenance and explores TGF-β 

as a potential mediator of this response. We aim to use this cell model to begin to explore 

possible therapeutic interventions as a method to enhance tenogenic regeneration in vivo.
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Fig. 1. 
Experimental design showing co-culture configuration and non co-culture control groups. 

Experiments were performed in biological triplicate.
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Fig. 2. 
Effect of co-culture on cell function. (A) Metabolic activity of hMSC during co-culture with 

hHT. Values have been normalized to non co-cultured control hMSC populations (dashed 

line at 1). (B) Sirius Red/Fast Green staining of hMSC during co-culture with hHT 

normalized non co-cultured control hMSC populations (dashed line at 1). (C) Metabolic 

activity of hHT during co-culture with hMSC normalized to non co-cultured control hHT 

populations (dashed line at 1). (D) Sirius Red/Fast Green staining of hHT during co-culture 

with hMSC normalized to non co-cultured control hHT populations (dashed line at 1) (* P < 

0.05, %P < 0.01, #P < 0.001).
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Fig. 3. 
Relative TGF-β bioactivity of TMLC after culture with co-culture derived conditioned 

medium (CM) normalized to TMLC cultured in basal conditions (dashed line) (* P < 

0.05, %P < 0.01, #P < 0.001).
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Fig. 4. 
Immunofluorescent imaging of hHT from donor set 1 fixed and stained for actin (green) and 

nuclei (blue). (A) Cells were cultured for 24 h under basal conditions, with hMSC-

conditioned medium, hHT-conditioned medium, and 10 ng/mL TGF-β1 (scale bar ¼ 400 

mm). (B) Cell aspect ratios and (C) cell area measurements obtained from image analysis (n 

¼ 540). (D) Total TGF-β1 secreted by hMSC and hHT after 3 days of culture (* P < 0.05, #P 
< 0.001).
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TABLE I

Donor Set Patient Information

Donor set 1 2 3 4

Cell type hMSC hHT hMSC hHT hMSC hHT hMSC hHT

Gender Female Male Female Male Male Female Male Female

Age 74 23 67 25 72 24 52 21
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TABLE II

Primer Sequences and Product Sizes for Quantitative Reverse Transcription-Polymerase Chain Reaction

Gene 5′ DNA sequence 3′ Product size (bp)

Collagen I Forward 5′ GTCACCCACCGACCAAGAAACC 3′ 121

Reverse 5′ AAGTCCAGGCTGTCCAGGGATG 3′

Collagen III Forward 5′ GCCAACGTCCACACCAAATT 3′ 88

Reverse 5′ AACACGCAAGGCTGTGAGACT 3′

Tenomodulin Forward 5′ TGTATTGGATCAATCCCACTCTAAT 3′ 92

Reverse 5′ TTTTTCGTTGGCAGGAAAGT 3′

Tenascin C Forward 5′ TGGGCAGATTTCACGGCTG 3′ 207

Reverse 5′ TGCTCTGAGCCCGAATGTC 3′

Aggrecan Forward 5′ AGGCAGCGTGATCCTTACC 3′ 136

Reverse 5′ GGCCTCTCCAGTCTCATTCTC 3′

TIMP-3 Forward 5′ CCAGGACGCCTTCTGCAAC 3′ 71

Reverse 5′ CCTCCTTTACCAGCTTCTTCCC 3′

MMP-1 Forward 5′ GGGAGATCATCGGGACAACTC 3′ 72

Reverse 5′ GGGCCTGGTTGAAAAGCAT 3′

MMP-3 Forward 5′ TGGCATTCAGTCCCTCTATGG 3′ 116

Reverse 5′ AGGACAAAGCAGGATCACAGTT 3′

MMP-13 Forward 5′ AAGGAGCATGGCGACTTCT 3′ 72

Reverse 5′ TGGCCCAGGAGGAAAAGC 3′

ADAMTS-4 Forward 5′ CAAGGTCCCATGTGCAACGT 3′ 115

Reverse 5′ CATCTGCCACCACCAGTGTCT 3′

ADAMTS-5 Forward 5′ TGGCTCACGAAATCGGACA 3′ 74

Reverse 5′ GGAACCAAAGGTCTCTTCACAGA 3′

B2M Forward 5′ GACTTGTCTTTCAGCAAGGA 3′ 106

Reverse 5′ ACAAAGTCACATGGTTCACA 3′

GAPDH Forward 5′ ACAACTTTGGTATCGTGGAA 3′ 458

Reverse 5′ AAATTCGTTGTCATACCAGG 3′
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TABLE III

Relative mRNA Expression of hMSC and hHT During Co-Culture

A. hMSC

Donor set 1 Donor set 2 Donor set 3 Donor set 4

Gene Day 3 Day 7 Day 3 Day 7 Day 7 Day 14 Day 7 Day 14

Collagen I 1.01 ± 0.15 1.11 ± 0.13 1.1 ± 0.24 1.6 ± 0.27 1.1 ± 0.21 0.9 ± 0.48 1.0 ± 0.19 0.7 ± 0.16

Collagen III 1.05 ± 0.06 1.2 ± 0.30 1.7 ± 0.66 1.4 ± 0.49 1.0 ± 0.17 15 ± 032 0.9 ±0.12 1.0 ± 0.32

Tenascin C
0.49 ± 0.07

% 1.03 ± 0.30 10 ± 0.4 1.2 ± 0.21 0.90 ± 0.19 1.4 ± 039 0.5 ± 0.22 0.7 ± 0.40

Tenomodulin ND ND 5.2 ± 1.96* 4.9 ± 20* 1.0 ± 0.26 0.6 ± 020 4.2 ± 1.75* 2.2 ± 0.20*

Aggrecan 0.95 ± 1.13 0.80 ± 0.09 1.4 ± 0.25 2.5 ± 0.72* 1.0 ± 0.39 0.7 ± 037 1.5 ± 0.15* 3.8 ± 1.13*

TIMP-3 1.29 ± 0.87 0.77 ± 0.2I 0.9 ± 0.21 1.5 ± 0.38 1.4 ± 0.22 0.8 ± 032 0.8 ± 0.05 0.9 ± 0.16

MMP-1 ND ND 1.4 ± 0.16 1.0 ± 0.45 2.6 ± 0.11* 1.7 ± 0.47 1.7 ± 1.12 0.9 ± 0.15

MMP-3 ND ND 1.8 ± 0.70 0.8 ± 0.20 1.7 ± 0.42 12 ± 032 1.5 ± 0.55 0.8 ± 0.11

MMP-13 ND 0.85 ± 0.28 1.0 ± 0.62 1.1 ± 0.47 2.0 ± 0.39* 05 ± 034 0.8 ± 0.14 0.8 ± 0.14

ADAMTS-4 1.20 ± 0.24 1.02 ± 0.03 1.0 ± 0.39 1.7 ± 0.58 1.7 ± 0.23 1.0 ± 039 1.0 ± 0.14 0.8 ± 0.25

ADAMTS-5 1.07 ± 0.08 1.19 ± 0.52 1.7 ± 0.85 3.0 ± 1.21* 1.8 ± 0.35* 1.1 ± 039 1.6 ± 0.29* 1.5 ± 0.30

B. hHT

Collagen I 0.75 ± 0.11* l.03 ± 0.28 1.19 ± 0.25 1.39 ± 0.52 1.33 ± 0.44 3.95 ± 1.49* 1.50 ± 0.54 0.91 ± 0.27

Collagen III 0.67 ± 0.09 1.11 ± 0.30 1.75 ± 0.46 1.23 ± 0.32 1.41 ± 0.54 1.63 ± 0.64* 1.51 ± 0.08 1.07 ± 0.64

Tenascin C l.32 ± 0.48 1.14 ± 0.33 2.19 ± 0.96 1.87 ± 0.35* 0.95 ± 0.41 1.89 ± 1.18 2.09 ± 0.84 2.05 ± 0.35

Tenomodulin ND ND ND ND ND ND 1.39 ± 0.90 2.80 ± 1.52

Aggrecan 2.33 ± 1.90 0.84 ± 0.08 1.24 ± 0.40 1.04 ± 0.42 0.77 ± 039 0.62 ± 0.23 1.47 ± 0.43 0.74 ± 0.46

TIMP-3 2.12 ± 1.93 0.94 ± 0.33 1.85 ± 1.12 0.95 ± 0.20 2.06 ± 0.43* 2.66 ± 0.64* 2.27 ± 0.82 0.74 ± 0.30

MMP-1
4.32 ± 0.39

# 10.01 ± 4.73* 0.65 ± 0.62 1.11 ± 0.08 1.16 ± 020
3.72 ± 0.77

% 4.14 ± 0.94* 0.61 ± 0.30

MMP-3 ND 3.51 ± 1.34* 1.37 ± 0.92 1.14 ± 0.14 1.90 ± 022* 0.90 ± 0.23 2.06 ± 0.67 0.94 ± 0.45

MMP-13
8.07 ± 0.71

#
16.43 ± 5.15

% 1.0 ± 0.62 1.33 ± 0.26 1.05 ± 0.14
2.12 ± 0.29

% 3.16 ± 0.98* 1.61 ± 0.11

ADAMTS-4 1.29 ± 0.45 3.08 ± 1.04* 2.53 ± 0.94 1.43 ± 0.21 1.61 ± 0.19* 2.03 ± 0.41* 2.47 ± 1.01 0.98 ± 0.42

ADAMTS-5 0.44 ± 0.15 0.53 ± 0.25 0.54 ± 0.44 0.90 ± 0.24 0.64 ± 0.17 120 ± 0.37 1.18 ± 0.46 0.73 ± 0.29

Transcript levels expressed as relative compared to non co-cultured control cell populations. Normalized to B2M or GAPDH.

*
P < 0.05,

%
P < 0.01,

#
P < 0.001.
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