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Abstract

The outcomes of flexor tendon repair are highly variable. As recent efforts to improve healing
have demonstrated promise for growth factor- and cell-based therapies, the objective of the current
study was to enhance repair via application of autologous adipose derived stromal cells (ASCs)
and the tenogenic growth factor bone morphogenetic protein (BMP) 12. Controlled delivery of
cells and growth factor was achieved in a clinically relevant canine model using a nanofiber/fibrin-
based scaffold. Control groups consisted of repair-only (no scaffold) and acellular scaffold.
Repairs were evaluated after 28 days of healing using biomechanical, biochemical, and proteomics
analyses. Range of motion was reduced in the groups that received scaffolds compared to normal.
There was no effect of ASC+BMP12 treatment for range of motion or tensile properties outcomes
versus repair-only. Biochemical assays demonstrated increased DNA, glycosaminoglycans, and
crosslink concentration in all repair groups compared to normal, but no effect of ASC+BMP12.
Total collagen was significantly decreased in the acellular scaffold group compared to normal and
significantly increased in the ASC+BMP12 group compared to the acellular scaffold group.
Proteomics analysis comparing healing tendons to uninjured tendons revealed significant increases
in proteins associated with inflammation, stress response, and matrix degradation. Treatment with
ASC+BMP12 amplified these unfavorable changes. In summary, the treatment approach used in
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this study induced a negative inflammatory reaction at the repair site leading to poor healing.
Future approaches should consider cell and growth factor delivery methods that do not incite
negative local reactions.

Keywords
growth factor; stem cell; tendon; proteomics

Clinical outcomes following the operative repair and rehabilitation of transected
intrasynovial tendons are highly variable.1=3 Prior reports have indicated that the two
primary factors leading to poor results are adhesion formation within the digital sheath and
repair-site elongation and rupture.24-8 Experimental studies have shown that as many as
48% of flexor tendon repairs result in repair-site elongation or catastrophic failure.2:7:9.10
These complications are attributed to a slow accrual of repair-site strength and stiffness and
to an increase in gliding resistance within the digital sheath during the first few weeks
following tendon suture.4-811-14 The healing of paucicellular, hypovascular intrasynovial
tendon appears to be limited by the relatively low levels of collagen synthesis and
remodeling during the early stages of healing.1516 While attempts to improve repair by
modifying rehabilitation variables have been partially successful in reducing adhesions and
improving strength, these measures have not been fully effective in avoiding the
complications associated with Zone 2 flexor tendon injury.217

A number of recent reports have indicated that biological approaches, such as the application
of growth factors and mesenchymal stem cells (MSCs), have the potential to improve tendon
and ligament repair.11:13.18-20 While the administration of selected exogenous growth
factors has been an important strategy for improving the structural properties of repaired
tendons and other tissues, the use of this approach for the repair of intrasynovial flexor
tendons has been only modestly successful.11:13.15.21 Similarly, while multipotent MSCs
from a variety of adult tissues have been shown to have an excellent capacity to regenerate
and to provide potent immunosuppressive and anti-inflammatory effects in vitro and in
vivo,22:23 MSCs alone have been ineffective in improving the strength and stiffness and in
reducing adhesion formation following the repair of intrasynovial tendons in vivo.2

Recent in vitro experiments have indicated that MSCs, when used in combination with
growth factors specifically expressed in the developing tendon, have considerable promise
for accelerating tendon healing.18:19:24 The growth factors bone morphogenetic protein
(BMP) 12, BMP13, and BMP14, which are expressed in developing tendons and ligaments,
have been shown to have the greatest potential for improving tendon healing.18:25-27 |n a
recent in vitro study, it was demonstrated that interposition of a multilayered collagen patch
seeded with muscle-derived MSCs and BMP-14 (a.k.a. GDF-5) into the repair site enhanced
flexor tendon healing compared with a similar patch using cells alone.® The purpose of the
current in vivo experiment was to explore the application of a tenogenic growth factor,
BMP12, and adipose-derived stromal cells (ASCs), for the repair of intrasynovial flexor
tendons in a clinically relevant large animal model. We hypothesized that ASCs, prompted
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towards tenogenesis with BMP12, would enhance extracellular matrix synthesis at the repair
site, leading to improved biomechanical properties.

METHODS
Study Design

To determine the effects of autologous ASCs and BMP12 on intrasynovial flexor tendon
healing in canines, three experimental groups were created. In the first group, the flexor
digitorum profundus tendon was transected and repaired in Zone 2 (Repair-only group). In
the second group, the flexor tendon was transected and a heparin/fibrin-based delivery
system (HBDS)/nanofiber scaffold?® was implanted between the tendon stumps prior to
repair (Scaffold group). In the third group, the flexor tendon was transected and a scaffold
loaded with 7.5 ug BMP12 and 1 x 10° autologous ASCs was implanted into pockets within
the tendon stumps (ASC+BMP12 group) prior to repair. The scaffolds were alternated
between the second and fifth digits of the right forelimbs in 17 adult mongrel dogs.
Intrasynovial tendons of the opposite forelimbs were used for some comparisons (Normal

group).

Heparin/Fibrin-Based Delivery System/Nanofiber Scaffold

All of the materials in the scaffold are approved by the FDA for medical use. The scaffold
design consists of multiple alternating layers of the HBDS and an oriented, electrospun
nanofiber polylactic co-glycolic acid (PLGA) mat (85:15 L:G ratio).28 The HBDS includes a
bidomain peptide with a factor-XllIla substrate derived from a,-plasmin inhibitor at the N-
terminus, and a C-terminal heparin-binding domain derived from antithrombin 111
(AT111).29:30 The peptide is covalently cross-linked to a fibrin matrix during coagulation by
the transglutaminase activity of factor XIII. The peptide immobilizes heparin
electrostatically to the matrix, which in turn immobilizes heparin-binding growth factors
(e.g., PDGF, BMP12), preventing their diffusion from the matrix. Fibrin matrices (30 pl
matrix volume) were made with the following final component amounts: 7.5 ug BMP12
(Pfizer, New York, NY), 10 pg/ml fibrinogen concentrate [preparation as previously
described: 6.5 mM CaCl,, 13 units/ml thrombin (Sigma—Aldrich), 2.6 mM ATIII peptide
(11) and 627 mM heparin (Sigma-Aldrich), in Trisbuffered saline solution (TBS; 137 mM
NaCl, 2.7 mM KClI, 33 mM Tris-HCI, pH 7.4).11.21.30.31 Oyr prior in vitro studies in which
this delivery system was used demonstrated that growth factors can be delivered in a
controlled manner over a period of approximately 10 days and that BMP12 stimulates
tenogenesis of ASCs.18:28.30.31

Adipose Derived Stromal Cells

Canine ASCs were isolated and cultured as described previously.18:28 In brief, subcutaneous
fat tissues were minced into a fine slurry and digested with 0.2% collagenase A (Roche
Diagnostics, GmbH, Mannheim, Germany) at 37 °C for up to 2 h. After washes and
removing undigested tissues, the isolated cells were cultured in growth medium containing
10% FBS, 100 unit/ml penicillin, 100 pg/ml streptomycin, and 2.5 pg/ml amphotericin B in
a-MEM in a T150 flask. Within the next 24-48 h, ASCs were selected by removing
unattached cells with two PBS washes. The plastic adherent ASCs were then expanded in
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growth medium and passaged when they were 80-90% confluent at a density of 6,000
cells/cm?2. One million cells at passage 2—3 and growth factor were incorporated into the
fibrinogen solution of the nanofiber scaffolds prior to polymerization. The time from fat
isolation to autologous cell implantation was 10-14 days. This timeframe accommodated
surgical schedules, allowed animals to recover after fat isolation, and took into account cell
isolation variations among animals.

Animal Model

All procedures were approved by the institutional Animal Studies Committee. Flexor
digitorum profundus tendons from the right forelimbs of dogs (Covance, Denver,
Pennsylvania) were treated surgically and used as a repair-only group, an acellular scaffold
group, or an ASC+BMP12-laden scaffold group. The tendons from the right second and fifth
toes were transected sharply at the level of the proximal interphalangeal joint and repaired as
described previously.11:21.28 Prior to completing the repair, longitudinally oriented
horizontal slits were created in the center of each tendon stump using a beaver blade (5 mm
depth, 2.5 mm width), as described previously.28 One of the two digits received the scaffold
with cells and growth factor and the other digit received either repair only or the scaffold
alone. The HBDS/nanofiber scaffold was secured within the repair-site by the core suture
and maintained in that location by a 6-0 nylon running epitenon suture. Controlled passive
motion exercise was applied to the digits postoperatively and animals were euthanized 28
days after repair. This animal model was identical to that used in prior experiments.11.21
Paws were frozen immediately after sacrifice and all tendons were mechanically tested
within 24 h of thawing. Samples were then re-frozen prior to being processed and analyzed
for biochemical assays. Detailed methods for the animal model can be found in the
supplemental document.

Biomechanical Tests

Digital range-of-motion of the non-operated and the three experimental groups were
assessed using a motion-analysis system (PC-Reflex; Qualisys, Glastonbury, CT).11:21.32
Using reflective markers, the joint positions were determined in flexed and extended
positions. Proximal interphalangeal joint (PIP) rotation, distal interphalangeal joint (DIP)
rotation, and linear tendon displacement were calculated.

The flexor tendons were then tested to failure in tension using a materials testing system
(Instron 5,866, Canton, MA) as previously described.1121.32 Each distal phalanx was held
rigidly in a custom fixture and the proximal tendon stump was held in a soft tissue clamp.
After application of a 1N preload and five preconditioning cycles in load control (triangle
waveform, 1-5 N, 0.25 Hz), the specimens were pulled in tension to failure at a rate of 0.375
mm/s. From load-deformation plots, peak (ultimate) force, repair-site stiffness (slope of the
linear portion of the force-elongation curve), and repair-site extension at 20N force were
determined. From load-strain plots, repair-site rigidity (slope of the linear portion of the
force-strain curve), resilience (the area under the curve until the yield point), and repair-site
strain at 20N force were determined. Detailed biomechanical methods can be found in the
supplemental document.
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Biochemical Assays

Proteomics

Following biomechanical testing to failure, the proximal one-half centimeter and distal one-
half centimeter of each tendon stump (total one centimeter) was divided longitudinally
(Normal =12, Repair Only N =8, Scaffold V=6, ASC+BMP12 N = 12). Both wet
weight and dry weight were determined for each segment. Samples were manually minced
and dried overnight at 65°C. Dried samples (10 mg/ml) were further digested overnight at
65°C in a digestion buffer (pH 6.0) containing 2% papain (Sigma—Aldrich), 0.1 M sodium
acetate, 0.01 M cysteine HCI, 0.05 M EDTA. Concentrated NaOH was subsequently added
to the digestion solution to adjust pH to 7.0. Sulfated glycosaminoglycan (sGAG)
concentrations were quantified with a Blyscan Assay according to manufacturer’s
instructions (Biocolor, Carrickfergus, United Kingdom). dsDNA concentrations were
determined using the Quant-iT Picogreen dsDNA assay (Invitrogen). Total collagen was
determined using a modified hydroxyproline assay. Briefly, 200 pl of each sample was
hydrolyzed with an equal volume of 4N NaOH at 121°C for 75 min, neutralized with an
equal volume of 4N HCI, and then titrated to an approximate pH of 7.0. The resulting
solution was combined with 1.2 ml chloramine-T (14.1 g/L) in buffer (50 g/L citric acid, 120
g/L sodium acetate trihydrate, 34 g/L sodium hydroxide, and 12.5 g/L acetic acid) and
allowed to stand at room temperature for 30 min. The solution was then combined with 1.2
ml of 1.17 mM p-dimethylaminobenzaldehyde in perchloric acid and placed in a 65°C water
bath for 20 min. An aliquot of 200 pl of each sample was added to a clear 96-well plate, in
duplicate, and Assg values were read. PureCol bovine collagen (3.2 mg/ml) was diluted to
provide a standard curve ranging from 0 to 1,000 pg/ml. Pyridinoline crosslinks were
quantified using a commercially-available ELISA kit (Quidel Serum PYD EIA kit, San
Diego, CA).

Proteomics evaluation was performed for the Normal, Repair-only, and ASC+BMP12
groups (V= 3 per group). Based on similar biochemistry and biomechanics outcomes in the
Acellular scaffold and ASC+BMP12 study groups (see Results), we elected to forego
proteomics evaluation in the Acellular scaffold group. 10 mm tendon fragments from the
repair sites (5 mm distal and 5 mm proximal to the injury) and corresponding regions from
non-operated tendons were isolated. Tendon fragments were diced into fine pieces and
submitted to the Alvin J. Siteman Cancer Center Proteomics Shared Resource at Washington
University School of Medicine for sample extraction (including Lys C and trypsin, high
pressure digestion), time of flight liquid chromatography—tandem mass spectrometry (TOF
LC-MS/MS) peptide analysis, and protein identification. All samples were analyzed using
Mascot (Matrix Science, London, UK; version 2.4.1). Mascot was set up to search the Uni-
Dog-Reference-20131009 database (26,438 entries) with trypsin as the digestion enzyme.
Scaffold 4.1.1 (Proteome Software Inc., Portland, OR) was used to validate peptide and
protein identifications. Peptide identifications were accepted if they could be established at
greater than 90% probability by the Peptide Prophet algorithm33 with Scaffold delta-mass
correction. Protein identifications were accepted if they could be established at greater than
95% probability and contained at least one identified peptide. Protein probabilities were
assigned by the Protein Prophet algorithm.34 Proteins that contained similar peptides and
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could not be differentiated based on tandem mass spectroscopy analysis alone were grouped
to satisfy the principles of parsimony.

For biomechanics and biochemistry, comparisons between groups were made using an
Analysis of Variance (ANOVA) followed by Tukey’s posthoc tests when appropriate. The
significance level was set at p < 0.05. For proteomics, data analyses were performed on total
spectrum count (TSC) of quantifiable proteins. Quantifiable proteins are defined as proteins,
whose TSCs meet either of the two criteria: At least one group mean TSC = 5; or one group
mean TSC = 4 and two individual TSCs within the group = 5. If a protein’s group mean TSC
is less than 1, the protein is deemed as absent from the group. Principle component analysis
(PCA) was performed with TSCs of quantifiable proteins after z-score normalization using a
customized code written in Matlab (The MathWorks, Inc., Natick, MA). Statistical analysis
was performed with ANOVA after normalization using Scaffold_4.1.1 software. The
significance was set to p< 0.05. Fold differences between groups were further validated by
effect size analysis using Cohen’s D method. The effect size was set to large (> 0.8).
Hierarchical clustering and heat map were generated with Genesis 1.7.6.3° Protein
functional analysis was performed using the UniProt Knowledgebase (UniProtKB) at
UniProt (http://www.uniprot.org).

Gross Observations and Repair-Site Gap Formation

At the time of dissection, there were no ruptures or gaps > 2.5 mm in the repair-only group.
In contrast, ruptures or gaps > 2.5 mm were seen in 11% of the acellular scaffold group and
22% of the ASC+BMP12 group. Gap length, as determined at the time of dissection, was
significantly higher in the acellular scaffold group compared to the repair-only group (Table
1). Based on a qualitative visual assessment, levels of adhesions (noted as none, slight,
moderate, or severe) were similar among the three groups (moderate to severe adhesions
were seen in 38% of repaironly samples, 44% of acellular scaffold samples, and 38% of
ASC+BMP12 samples).

Biomechanical Tests

The primary measures of range of motion, PIP+DIP rotation and excursion, were
significantly reduced in the groups containing the scaffold (i.e., Scaffold (acellular) and ASC
+BMP12 groups compared to the Normal (uninjured) group; Fig. 1). In contrast, range of
motion parameters were not different between the Repair-only group and the Normal group
(Fig. 1, Table 1). There were no significant differences in any tensile properties when
comparing Repair-only, Scaffold, and ASC+BMP12 groups (Fig. 1, Table 1).

Biochemical Assays

Total DNA, glycosaminoglycan concentration, and crosslink concentration were increased in
all repair groups compared to normal (Fig. 2). There were no differences among the repair
groups for these three outcome measures. Total collagen concentration was significantly
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reduced in the acellular scaffold group compared to normal and compared to the ASC
+BMP12 group (Fig. 2).

Proteomics analysis was performed to (i) identify the proteins and protein fragments in
tendons and to (ii) compare the relative abundance of each protein between Normal, Repair-
only, and ASC+BMP12 groups. A total of 1,900 proteins/protein fragments were identified
(data will be made available on the PRIDE archive: http://www.ebi.ac.uk/pride/archive/).
Based on principal components analysis, the samples from each of the three groups clustered
in three distinct areas (Fig. 3A), indicating that the group differences were larger than those
caused by individual and technical variations. Based on the criteria described in the methods,
a total of 290 proteins were identified as statistically distinct from background noise
(Supplemental Table S1). Over 50% of these proteins (169/290) were shared by tendons in
all three groups (Fig. 3B). Eighty three proteins shared by the two repair groups were
distinct from the Normal group, indicating a robust response to tendon injury and repair. Of
note, although the two repair groups shared about 90% of their proteins, 19 proteins were
unique to the ASC+BMP12 group and were absent from the Repair-only and Normal
groups, supporting unique effects induced by ASC+BMP12 scaffold (Fig. 3B).

Only 70 of the 290 detected proteins have been characterized. These 70 proteins were the
focus of further analyses and statistical comparison using hierarchical clustering and heat
map approaches (Fig. 4). The vast majority of the proteins were significantly enriched in the
repair groups compared to the normal group, and this difference was most apparent when
comparing ASC+BMP12 to Normal.

To better understand how the changes in tendon protein composition may affect tendon
healing, we performed functional analysis on the 70 characterized proteins using UniProKB.
According to this analysis, the proteins were classified into 13 categories based on their
primary molecular functions, involvement in biological processes, and subcellular locations
(Supplementary Fig. S1). The following protein categories (C) were identified: C1
Inflammation/Immune-/Acute-response, C2 Protein folding/stabilization/Response to stress,
C3 Protein/Vesicle-mediated transport, C4 Lipid transport, C5 Iron homeostasis, C6
Extracellular matrix, C7 Extracellular matrix disassembly, C8 Signaling molecule, C9
Metabolic enzyme, C10 Nucleosome/Ribosome component, C11 Protein modification, C12
Antioxidant, and C13 Cell morphology/adhesion/motility.

As shown in Supplemental Figure S1 and Figure 5A, tendon injury and repair significantly
affected proteins involved in inflammation, immune, and acute responses. Affected proteins
included S100 calcium binding protein A8 (SA100A8), an important pro-inflammatory
mediator, and its interacting protein Annexin 6 (ANXAG6).3¢ The only protein that was
significantly reduced in both repair groups was phosphatidylethanolamine-binding proteinl
(PEBP1, also known as Raf kinase inhibitor protein, RKIP). This protein, an important
inflammatory regulator involved in multiple signaling pathways, may either positively or
negatively regulate inflammatory signaling.3” Many of these inflammation-related proteins
were increased in the ASC+BMP12 group compared to the Repair-only group (Fig. 5A).
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As expected, tendon injury and repair changed the composition of tendon matrix proteins
(Fig. 5F) and their degrading enzymes (Fig. 5G). Specifically, tendon proteoglycan Decorin
(DCN) was significantly down-regulated in both repair groups. The relative abundances of
type | collagen al and a2 subunits (Col1Al and a2 (Col1A2) in BMP12+ASC group were
found to be lower than those in the Repair-only group. Consistently, collagenases were
greatly accumulated in the ASC+BMP12 group, while they were barely detectable in the
Normal group and rare in the Repair-only group (Fig. 5G).

Signaling molecules were altered after tendon repair (Fig. 5H). Meanwhile, the relative
abundances of many metabolic enzymes were also changed in the repaired tendons (Fig. 51).
These proteins are critical for multiple metabolic pathways, including glycolysis (Glucose-6-
phosphate isomerase, GPI; Enolase, ENO1), tricarboxylic acid cycle (Isocitrate
dehydrogenase, IDH2; Glutamate dehydrogenase, GLUD1), pentose-phosphate shunt
(Glucose-6-phosphate 1-dehydrogenase, G6PD; 6-phosphoglucnate dehydrogenase,
decarboxylating, PGD), and ATP synthesis (ATP synthase subunit a, ATP5A1). Of note, the
relative abundances of many of these enzymes were comparable in the Normal and Repair-
only groups but significantly elevated in the ASC+BMP12 group (Fig. 51).

Nucleosome/ribosome components participating in transcriptional and translational
processes (Fig. 5J) as well as those involved in protein posttranslational modification (Fig.
5K) were increased in the repair groups. Of note, Peptidyl-prolyl cis-trans insomerase
(PPIB, also known as Cyclophilin B, CypB) is an enzyme necessary for collagen type |
posttranslational modification and crosslinking8 and interacts with two molecular
chaperones, Calnexin (CANX) and Calreticulin (CALR),3 identified in this study (Fig. 5B).
UDP-glucose 6-dehydrogenase (UGDH) is involved in glycosaminoglycan (GAG)
biosynthesis.

DISCUSSION

Flexor tendon healing depends on cell migration from the tendon’s surface and digital sheath
to the repair site, cell proliferation between the aligned tendon stumps, and extracellular
matrix (ECM) synthesis by tendon fibroblasts.84041 These processes are inherently slow in
the hypocellular environment of intrasynovial flexor tendons. Partially due to the paucity of
tendon fibroblasts in the region of repair, growth factor application in isolation has been
insufficient to stimulate an improvement in tensile mechanical properties following tendon
suture, although some improvements have been achieved in digital range of motion.11:13.21
In an effort to improve the biological response to tendon injury and repair, we used a
clinically relevant suture technique, a controlled method of ASC and BMP12 administration,
and early passive motion in a canine model. The canine model was chosen because of its
clinical relevance*2 and for ease of comparison with prior studies.6:11.13.17.21.4041 The
results of the current study indicate that the application of MSCs and the tenogenic growth
factor BMP12 at the time of intrasynovial tendon suture does not enhance repair and that the
scaffold used for delivery and may be deleterious to the healing process. When examining
the biomechanics data and the protein content of healing tendons, our findings demonstrated
that repaired tendons remain far from normal 28 days after surgical repair. Our biochemical
studies indicate that total DNA (a measure of tendon cellularity), GAG content (a measure of
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ECM formation), and collagen crosslinks (a measure of repair site remodeling and
maturation) are significantly increased compared to normal. Consistent with these findings,
proteomics analysis showed that UGDH and PPIB, involved in GAG biosynthesis and
collagen crosslinking, respectively, are increased in both repair groups. The results are also
consistent with prior reports indicating a significant up-regulation of mRNA levels for
proteoglycans following tendon injury.43

Proteomics assessment of healing tendons compared to uninjured tendons demonstrated
increases in proteins associated with inflammation and immunologic response, stress
response, matrix degradation, metabolism, protein modification, and transcriptional and
translational processes. These results indicate that injury and repair leads to extensive
changes in tendon protein composition, and that treatment with ASC+BMP12 amplifies
those changes. Of the subset of previously characterized and differentially expressed
proteins (i.e., the 70 proteins categorized and explicitly compared), almost all were enriched
in the repair groups. There were two striking exceptions to this trend. MYOC, a secreted
glycoprotein involved in Wnt/integrin signaling** and SOD3, an antioxidant enzyme, had
significantly reduced concentrations in repaired tendons compared to normal. High levels of
MYOC were found in normal tendon, whereas the protein’s levels were nearly undetectable
in the repair groups. MYOC was recently reported to be enriched in male tendon/ligament
compared to female tendon/ligament#° and may be involved in regulating tendon size and
strength. Similarly, SOD3 was abundant in normal tendons but scarce in repaired tendons.
Taken together, these findings indicate that intrasynovial tendon repair is associated with
dramatic upregulation of numerous cell processes, and that the delivery of ASCs and
BMP12 with a PLGA/fibrin-based scaffold amplified these processes. Neither of the repair
responses, however, came close to returning the tendon to its native properties by 28 days of
healing. The healing response, even in the presence of stem cells and a tenogenic growth
factor, appeared to be driven by inflammation rather than by regeneration. Although there
are no definitive markers for tendon, genes such as Scx, Mkx, Dcn, Coll, Col3, Tnc-C, and
others, are characteristic of tenogenesis. Proteomics analysis, however, was limited by the
available databases defining proteins and protein fragments, and these data are incomplete
for the canine. In our analysis, there were a number of proteins and protein fragments that
were identified but could not be assigned to known proteins (Supplemental Table S1).

The treatment used in the current study, autologous ASCs and BMP12 delivered with a
PLGA/fibrin-based scaffold, was ineffective for improving tendon healing. To the contrary,
biomechanical and biochemical results implied a potentially detrimental effect of the
treatment. The growth factor BMP12 was chosen in the current study based on experiments
indicating that this factor is capable of dose- and time-dependent induction of tenogenic
differentiation of ASCs.1® In a side-by-side comparison between BMP12 and BMP14, it was
noted that BMP12 was more effective than BMP14 as a tenogenic factor. We elected to use a
PLGA/fibrin-based scaffold to administer the ASCs and BMP12 based on recent histological
and gene expression findings showing that both cells and growth factors can be delivered
simultaneously in this manner without any apparent adverse reaction.28 In a prior large
animal study, we demonstrated that these scaffolds were well-tolerated, that sustained
delivery of growth factors could be achieved, and that cell viability could be maintained, as
demonstrated by intravital staining for up to 9 days post tendon repair.2 However, the
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proteomics analysis reported here demonstrated that inflammation was amplified in this
treatment group compared to the repair-only group through 28 days, potentially impairing
the healing process. High levels of inflammation-related proteins were seen in the ASC
+BMP12 scaffold group compared to Repair-only and to Normal. These findings indicate a
chronic level of inflammation induced by a component of the treatment or delivery system.
Furthermore, range of motion was reduced in the groups that contained scaffolds, and total
collagen content and gap formation were reduced in the scaffold-only group compared to the
Normal and ASC+BMP12 groups. These results suggest a negative effect of the scaffold,
perhaps due to fragments of degraded scaffold inciting a low-grade inflammatory reaction
and/or negative effects associated with the pocket that was created to secure the scaffold
(Supplemental Table S2). The positive findings noted in prior in vitro and in vivo studies
notwithstanding, our results indicate that the intrasynovial tendon repair process is not
substantially enhanced, either structurally or functionally, by the application of an ASC
+BMP12 scaffold compared to tendon repair alone.

A limitation of this experiment is that the comparison groups did not include all possible
combinations of ASCs and growth factor administration. Specifically, we did not explore the
isolated applications of ASCs and BMP12 with our biodegradable scaffold. Another
shortcoming is the exclusion of the acellular scaffold group from the proteomics assessment.
This choice was made to keep the scope of the proteomics analysis at a manageable level, as
the findings on the biomechanics studies indicated that there were no significant differences
between the two control groups (i.e., repair-only vs. acellular scaffold groups). A third
limitation is that only a single time-point, 28 days, was evaluated. Although this is a
relatively early time-point when considering tendon healing, we note that that the early
period after flexor tendon repair dictates the long-term success of the repair, as most
complications occur in the first month after repair. Nevertheless, future studies at longer
time-points could provide important additional information about the healing process,
particularly for extracellular matrix formation and repair site mechanical properties. A fourth
limitation is the lack of histologic assessment, which prevented the local assessment of
inflammation around the scaffold. Despite the lack of this qualitative outcome measure, the
quantitative protein expression and biomechanical data support the hypothesis that
inflammation, in response to the scaffold, was deleterious to healing. As the cells were
autologous, fibrin was well received in our previous studies, and BMP12 has been used in
numerous animal models without negative effects, it is likely that the negative reaction was
due to the PLGA used in the scaffold. It was beyond the scope of this large animal study to
mechanistically determine the cause of increased inflammation in the scaffold-containing
groups.

The hypothesis of the current study was that ASCs, prompted towards tenogenesis with
BMP12, would enhance extracellular matrix synthesis at the repair site, leading to improved
biomechanical properties. This approach was supported by data from prior studies that
combined administration of cells and growth factors for improving both the biological
response and the structural properties of the repair.11:13.20.46.47 pj|ot studies using the growth
factor PDGF and higher doses of BMP12 did not show promise with the approach presented
in the current study (data not shown). Furthermore, according to the proteomics analysis, the
treatment approach induced a negative long-term inflammatory reaction at the repair site.

J Orthop Res. Author manuscript; available in PMC 2017 April 01.
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Future studies should consider delivery techniques that are minimally invasive (i.e., without
the creation of a slit within the tendon), alternative scaffolding approaches, and/or different
choices of growth factors/stem cells for flexor tendon cell and growth therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Functional (range of motion) and tensile properties for Repair-only, Acellular Scaffold, and
ASC+BMP12 Scaffold groups at 28 d. Line above bars indicates p < 0.05 for that
comparison.
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Figure 2.
Total DNA and extracellular matrix biochemistry for Repair-only, Acellular Scaffold, and

ASC+BMP12 Scaffold groups at 28 d. Line above bars indicates p < 0.05 for that
comparison.
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Repair-only

Normal

Page 16

ASC+BMP12

Proteomic data analysis on tendon samples from Normal, Repair-only, and ASC+BMP12
groups. (A) Top three principals identified by principal component analysis based on total
spectrum counts (TSCs) of quantifiable proteins after z-score normalization. There was clear
separation between the three groups studied. (B) Distributions of differentially expressed

proteins among groups. 169 proteins were found in all three groups. 83 proteins were

distinct to the repair groups. 19 proteins were unique to the ASC+BMP12 group.
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Figure 4.
Hierarchical clustering of the 70 characterized proteins found in tendon samples from the

three groups. Proteins are shown in rows and samples are shown in columns. The relative
abundance of each protein is expressed as a z-score, with the color coding indicating high
levels in red, low levels in green, and mean levels in black.
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Figure 5.

Comparison of relative abundances of proteins differentially present in tendons from
Normal, Repair-only, and ASC+BMP12 groups. All proteins are indicated with their gene
symbols. The full descriptions of these proteins are listed in Supplemental Table S1. a, p<
0.05, ASC+BMP12 vs. Normal; b, p< 0.05, ASC+BMP12 vs. Repair-only; ¢, p < 0.05,

Repair-only vs. Normal.
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