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ABSTRACT: The extracellular matrix derived from porcine small intestinal submucosa (SIS-ECM),
an FDA-approved material currently used clinically for rotator cuff repair, has been shown to attract
bone marrow-derived cells during in vivo remodeling of a subcutaneous implant and produce
chemoattractant peptides following chemical degradation in vitro. The purpose of the present study
was to determine if bone marrow-derived cells participate in the long-term remodeling of the Achilles
tendon in a mouse model when repaired with SIS-ECM. A 2-mm gap was produced in the Achilles
tendon of 40 chimeric mice produced to express green fluorescent protein (GFP) in all of their bone
marrow-derived cells. Tendons were repaired by replacing the resected section with autologous
tendon tissue or with a single layer sheet of lyophilized SIS-ECM. Four animals from each treatment
group were sacrificed at 1, 2, 4, 8, and 16 weeks, and sections were harvested for histologic and
fluorescence microscopy. Both groups showed accumulation of GFP-expressing marrow-derived cells
at the site of tendon remodeling at 1 and 2 weeks that were associated with areas of angiogenesis and
inflammation. By 16 weeks, the SIS-ECM-treated group showed GFP expressing cells throughout
the remodeled tendon in the absence of any inflammatory response, while the autologous tendon
repair group showed no GFP expressing cells within the tendon except for occasional cells in the
lumen of blood vessels. An SIS-ECM scaffold used for tendon repair recruits a population of bone
marrow-derived cells that participates in the long-term remodeling process. The ability of SIS-ECM
to recruit a population of marrow-derived cells to the remodeling site may alter the default
mechanism of tendon healing. The involvement of these cells in the remodeling process may explain
in part the process of site specific constructive remodeling as opposed to scar tissue formation when
the ECM is used as a biologic scaffold for tendon reconstruction. © 2006 Orthopaedic Research
Society. Published by Wiley Periodicals, Inc. J Orthop Res 24:1299-1309, 2006
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INTRODUCTION

Biologic scaffolds derived from extracellular
matrix (ECM) have been used for repair of mus-
culotendinous tissues, including the Achilles ten-
don and rotator cuff.!~® Such scaffolds include
Restore™, CuffPatch™, GraftJacket™, Tissue-
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Mend®, and Permacol™. Porcine small intestinal
submucosa (SIS-ECM), the material from which
Restore™ is manufactured, is one ECM scaffold
that has been investigated extensively in pre-
clinical studies for a variety of clinical applica-
tions. In general, the host tissue response to SIS-
ECM has shown constructive remodeling at the
site of the scaffold placement with functional
tissue that is grossly and histologically similar in
appearance to the native tissue.* ! The SIS-ECM
scaffold is rapidly resorbed, with approximately
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40-60% of the ECM scaffold mass replaced by
new host ECM within the first 4 weeks and com-
plete replacement by 3 months after surgery.'?

The mechanisms by which the remodeling
process occurs are not fully understood. SIS-ECM
has been found to contain a number of growth
factors including transforming growth factor-p1,
basic-fibroblast growth factor, and vascular endo-
thelial growth factor,'®'* and these growth factors
retain most of their biological activity through the
processing of the scaffold for clinical use.!®16 It is
likely that the presence of these growth factors
contributes to migration of cells into the scaffold
and behavior of these cells once they arrive. The
scaffold also serves to transmit mechanical signals
to host cells that populate the material, and these
signals are, in part, a function of the rehabilitation
protocol followed by the patient.

It is generally accepted that following tendon
injury, the healing is characterized by an infiltra-
tion of inflammatory cells that shift from primarily
neutrophils during the acute phase (e.g., first 48—
72 h) to a primarily mononuclear macrophage
population thereafter. In the absence of complicat-
ing factors such as infection, the inflammatory
cells become less abundant within 10—14 days as
fibroblasts migrate into the remodeling tendon
from the adjacent tissue.!”~'® However, the cells
that populate the SIS-ECM scaffold after surgical
implantation are almost exclusively mononuclear
in morphology after day 3, and these mononuclear
cells progressively increase in number for at least
14-28 days. This unusual cellular response is
associated with new ECM deposition by the host
and a site-specific constructive remodeling pro-
cess. In a previous study in which SIS-ECM was
implanted subcutaneously,? it was shown that a
portion of the cells that participated in the remo-
deling of SIS-ECM were bone marrow-derived
cells, and they participated in the remodeling
beyond the immediate postsurgical inflammatory
response. The objective of the present study was to
determine if bone marrow-derived cells participate
in the long-term remodeling of a musculotendi-
nous tissue when SIS-ECM is used in a mouse
model of Achilles tendon repair.

MATERIALS AND METHODS

SIS-ECM Preparation

The porcine SIS-ECM was prepared as described pre-
viously.?! Briefly, the small intestine was mechanically
delaminated to remove the tunica muscularis externa
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and the majority of the tunica mucosa. The remaining
tunica submucosa, muscularis mucosa, and basilar
portion of the lamina propria was then disinfected
and decellularized in a 0.1% peracetic acid solution
followed by two rinses each in phosphate-buffered
saline and deionized water. This process yielded an
acellular material, which was then lyophilized and
terminally sterilized with ethylene oxide. A single layer
form of SIS-ECM was used such that the long axis of the
device corresponded with the direction of preferred
fiber alignment of SIS-ECM.22

Chimeric Mouse Model

Six- to 8-week-old C57BL/6J mice were lethally irra-
diated with 11Gy of gamma irradiation (96 c¢Gy/min)
administered in two doses divided by 4 h using a 3"Cs
irradiator (Nordion, Kanata, Canada). The lethally irra-
diated C57BL/6J mice were transplanted via tail
injection with 5 x 10® low-density mononuclear cells
isolated from B6.ACTbEGFP mice that express green
fluorescence protein (GFP) in all of their cells. Recipient
animals were tested at monthly intervals to assay for
the level of donor cell chimerism via sampling of
peripheral blood cells. Stable chimerism posttransplant
was achieved in 4 months. When the blood of the host
animals was 100% donor origin (GFP positive), the mice
were considered ready for use in the scaffold implanta-
tion study.?®

Study Groups and Surgical Technique

All procedures were performed as approved by the
Institutional Animal Care and Use Committee at
the University of Pittsburgh (Protocol #0405959) and
the animal care complied with the NIH Guidelines for
the Care and Use of Laboratory Animals.

Forty chimeric mice that expressed GFP in all of their
bone marrow-derived cells were anesthetized with
inhalant Isofluorane using a nose cone. The right hind
limb of each animal was shaved and prepared for sur-
gery using sterile technique. Under magnification, the
Achilles tendon was exposed through an anterolateral
skin incision and the surrounding paratenon incised.
Two 7-0 Vieryl sutures (Ethicon, Somerville, NJ) were
placed proximal and distal in the Achilles tendon. The
spacing of the two sutures was 3 mm. In group 1 (n = 20),
the proximal and distal suture were stitched through the
intervening tendon tissue creating two loops of suture
(Fig. 1A). The tendon was then transected within each
loop, creating the autologous tendon graft. The two
suture loops were pulled tight and knotted to secure the
graft. In group 2 (n =20), a 2-mm segment of the tendon
was resected and a 3 x2 mm single-layer sheet of
lyophilized SIS-ECM was attached to the free ends of
the tendon via the two placed sutures (Fig. 1B). Prior to
closing the skin, the graft was rehydrated with sterile
saline, and the graft was tubularized around the free
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Figure 1. (A) The control procedure was performed
by first (i) placing 7-0 prolene suture loops 2 cm apart in
the midsubstance of the tendon. The tendon was then (ii)
cut within the suture loops to hold the explanted tendon
in place. The sutures were finally (iii) pulled taught and
knotted to secure the autologous tendon graft. (B) The
SIS repair procedure was performed by first (i) cutting a
2-cm length from the midsubstance of the tendon. (ii) A
single layer of lyophilized SIS-ECM was then secured to
the cut ends of the tendon with 7-0 prolene suture.
Finally, the sutures were (iii) pulled taught and knotted
to secure the SIS-ECM graft and the graft was hydrated
with saline.

ends of the tendon (Fig. 1B). In both groups the wound
was closed in layers using 7-0 Vicryl sutures. Remodel-
ing was evaluated in four animals in each group at time
points of 1, 2, 4, 8, and 16 weeks after surgery.

Specimen Collection and Analysis

After sacrifice, the experimental and contralateral
Achilles tendons were harvested from each animal and
fixed in 4% paraformaldehyde. The tissue was then
embedded in paraffin and 5-pm sections were obtained.
One unstained section was used to visualize the GFP
protein, and adjacent sections were processed for stain-
ing with H&E or Masson’s Trichrome. The unprocessed
section was then examined with fluorescent microscopy
for the presence of green fluorescing cells, and photo-
micrographs were obtained at 20x. A photomicrograph
was also obtained for the same area of the tendon from
adjacent tissue sections that were stained with H&E or
Masson’s Trichrome to assess the histological appear-
ance in the vicinity of the cells expressing GFP.
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RESULTS

All animals tolerated the surgical procedure with-
out adverse events and all animals were ambula-
tory immediately after surgery without apparent
lameness.

Native Achilles Tendon

Histologically, the native Achilles tendon was
composed of a highly organized collagenous mat-
rix. Scattered spindle-shaped fibroblasts could be
seen between highly aligned collagen fibers. In
the paratendinous tissue, vascular structures
were aligned longitudinal to the tendon. No GFP
expressing marrow-derived cells were found in
the intact Achilles tendon.

Autologous Achilles Tendon Graft

At necropsy, all tendon repairs remained intact.
Gross examination showed that the recon-
structed tendon of both groups had a slightly
increased diameter when compared to the intact
contralateral tendon at all time points. One week
after surgery, the autologous tendon implant was
difficult to identify because of the presence of
dense granulation tissue. Histological examina-
tion at 1 and 2 weeks after surgery showed a
dense infiltration of mononuclear cells and
abundant new blood vessels (Fig. 2A). A robust
accumulation of GFP-expressing marrow-derived
cells was observed at the site of remodeling,
generally associated with areas of angiogenesis
and inflammation (Fig. 2B). By 4 weeks after
surgery, the remodeled tendon consisted of
organized collagenous tissue, and the cellularity
had diminished to near normal. At 4, 8, and
16 weeks, no GFP expressing marrow-derived
cells were observed in the tendon body, but
occasional green fluorescent cells could be iden-
tified around or within vascular structures of the
paratendinous tissue. Representative photomi-
crographs of the autologous repair group 4 weeks
after surgery are shown in Figure 3A and B.
Figure 4 shows the histologic appearance
of remodeled tissue 16 weeks after surgery.
Table 1 provides a semiquantitative summary
of the inflammatory cells, bone marrow-derived
cells, mononuclear cells, and collagenous tissue
of the autologous tendon repair and SIS-ECM
repair groups compared to normal tendon at each
time point.
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Figure 2. (A) At 2 weeks after surgery, the autologous tendon repair group showed a
dense mononuclear cell infiltration, abundant blood vessels, and acute inflammation
(Masson’s Trichrome 20 x). (B) A robust accumulation of GFP expressing marrow-derived
cells were found in the vicinity of new blood vessel formation and inflammation

(FITC 20x).

SIS-ECM Scaffolds

As with the autologous tendon repairs, no graft
ruptures were observed at any time point. The
SIS-ECM graft was still distinguishable 1 week
after surgery, but by 2 weeks the SIS-ECM was
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incorporated into the remodeling tendon and
could not be identified as a discrete entity. Similar
to the autologous tendon repair group, the SIS-
ECM repair group showed a dense mononcuclear
cell infiltration and a rich blood supply at 1 and
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Figure 3. (A) At 4 weeks after surgery, the autologous tendon repair group showed
organized collagenous tissue and a diminished cell infiltration compared with 2 weeks
after surgery (Masson’s Trichrome 20x). (B) GFP expressing marrow-derived cells were
found only in the vicinity of new blood vessels or areas of increased cellularity (FITC 20 x).

2 weeks after surgery. An abundant population of
GFP expressing marrow-derived cells was obser-
ved in the remodeling tendon both in the vicinity
of vascular structures and in the tendon body

DOI 10.1002/jor

(Fig. 5A and B). At 4 weeks postsurgery (Fig. 6A
and B), a dense mononuclear cell population
persisted at the site of scaffold placement, and
these cells consisted of both mononuclear round
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Figure 4. At 16 weeks after surgery, the autologous tendon repair group showed
diminished cell infiltration to near normal, and the remodeled tendon was organized
collagenous tissue. No GFP cells were observed in the tendon body (Masson’s Trichrome 20 x).

cells and spindle-shaped cells. There was no
morphologically distinguishable SIS-ECM scaf-
fold material remaining, and the suture lines
between the native tissue and the healing tissue
could not be identified. The SIS-ECM repair group
showed more marrow-derived green fluorescent
cells when compared to the autologous tendon
repair group at 4 weeks. The cellularity of the
SIS-ECM scaffold site had diminished by 8 weeks
after surgery, but was still greater than would be
found in normal tendon tissue. No obvious inflam-
matory response could be seen at the 8-week time
point. At both 8 and 16 weeks, the remodeled
tendon of the SIS-ECM group continued to show
GFP positive marrow-derived cells distributed

uniformly throughout the graft segment. The
green fluorescent marrow-derived cells within
the body of the tendon were typically spindle-
shaped and GFP-positive cells were also noted in
the paratendinous tissue (Fig. 7).

DISCUSSION

This study confirms that SIS-ECM supports
constructive remodeling of the Achilles tendon
in a mouse model, and shows that a bone marrow-
derived cell population are involved in the long-
term remodeling process. Although the role of
these cells in the remodeling process is not yet

Table 1. Qualitative Prevalence of Inflammatory Cells, Bone Marrow-Derived Cells, Mononuclear Cells, and
Collagenous Tissue in the Autologous Tendon Repair Group: (Control) and the SIS-ECM Group Compared to Normal

Tendon
Bone Marrow-Derived Collagenous
Inflammatory Cells Cells Mononuclear Cells Tissue
Weeks Control SIS Control Control SIS Control SIS
1 4+ 4+ 4+ e +++ +++ ! 1
2 +++ e+ e+ o e e ! !
4 - - - ++ ++ - -
8 + — — - - - -
16 - - - + + - -

+++, robust increase; ++, moderate increase; +, slight increase; —, normal level; |, slight decrease; | |, moderate decrease.
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Figure 5. (A) At 2 weeks after surgery, the SIS-ECM repair group showed dense
mononuclear cell infiltration, abundant blood vessels, and acute inflammation (Masson’s
Trichrome 20x). (B) There was also a robust accumulation of GFP expressing marrow-
derived cells in the vicinity of new blood vessel formation and inflammation, as well as in
the tendon body (FITC 20x).

fully understood, it has been observed that they populate the SIS-ECM may represent a popula-

remain beyond the inflammatory stage of healing tion of cells that can become site specific cells that
and are found throughout the midsubstance of the reside in normal tendon tissue, such as fibroblasts
tendon when healing is complete. These findings and/or endothelial cells. In the absence of SIS-
suggest that the bone marrow-derived cells that ECM, no bone marrow-derived cells are found

DOI 10.1002/jor JOURNAL OF ORTHOPAEDIC RESEARCH JUNE 2006
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Figure 6. (A) At 4 weeks after surgery, the SIS-ECM repair group showed diminished
cellular infiltration compared with 2 weeks after injury, but greater cellularity than
normal tendon. The remodeling tendon is organized collagenous tissue (Masson’s
Trichrome 20 x). (B) A robust accumulation of GFP expressing marrow-derived cells were
found in the vicinity of new blood vessel formation and inflammation, as well as in the
tendon body (FITC 20x).

within the body of the remodeled tendon. In the devitalized autologous tendon graft was replaced

current model, it was expected that the auto- immediately after the defect was created. In the
logous tendon control would heal well because the clinical scenario, the control group would more
tissue used in the repair was healthy, and the closely resemble an acute Achiles tendon injury

JOURNAL OF ORTHOPAEDIC RESEARCH JUNE 2006 DOI 10.1002/jor
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Figure 7. At 2 weeks after surgery, the SIS-ECM repair group showed that the
cellularity had decreased to near normal, and the tendon consisted primarily of organized
collagenous tissue with increased vascularity compared to normal tendon. The inlays
show the GFP expressing marrow-derived cells present within organized collagenous
tendon tissue (Masson’s Trichrome 20x; insets FITC 20x).

and repair. A neglected Achilles tear with tendon
retraction would require a method to “fill” the
gap. In these cases of neglected repair and
retraction, the presence of a bone marrow-derived
cell with the potential to differentiate into a
tissue-specific cell may have a beneficial effect
on tissue healing and remodeling.
Marrow-derived mesenchymal progenitor cells
have been identified to have the potential to
differentiate into a variety of types of cells in vitro
and in vivo.2*2?5 Their potential to improve healing
is part of the rationale for autologous transplants
of bone marrow aspirates for bone repair in the
clinical setting.?®*” There is increasing evidence
that marrow-derived mesenchymal progenitor
cells can enter circulation and participate in
remodeling of tissue during development and
homeostasis, or following injury.?®=3! A similar
chimeric mouse model to that used in the present
study showed that marrow-derived cells populated
a number of organs, including the heart, lung,
kidney, small intestine, and skin due to normal
homeostatis.?® When an injury was created in the
skin, it was observed that a population of non-
hematopoietic bone marrow-derived cells were
present in the wound site, were synthesizing
collagen types I and III, and had a histological
resemblence to fibroblasts. In another study,>? a
portion of fetal mouse small intestine was trans-

DOI 10.1002/jor

planted into the rectus abdominus of a chimeric
mouse expressing GFP in all of its bone marrow
cells. Nonhematopoietic marrow-derived cells
were observed in the lamina propria of the
implanted intestinal tissue. This same layer of
the small intestine, that is, the lamina propria, is
included in the SIS-ECM scaffold material. Simi-
lar findings were observed in both mice and
humans in which female recipients received bone
marrow from a male donor.>® Myofibroblasts
positive for the Y chromome were observed in the
lamina propria of the small intestine.

In the present study, no GFP expressing
marrow-derived cells were observed within the
native tendon or within the fully remodeled
autologous tendon tissue graft. Occasional mar-
row-derived cells were observed in the vicinity of
new blood vessels and in the paratendinous tissue
of the Achilles tendon repaired with autologous
tendon tissue. These findings suggest that the
marrow-derived cells are not typically involved in
the homeostasis or long-term remodeling after
injury of the native Achilles tendon.

It has recently been shown in vitro that small
peptides (5—16 kDa) formed during chemical and
physical degradation of ECM bioscaffolds, including
SIS-ECM, are chemoattractant for numerous cell
types, including endothelial cells.>* A similar chemo-
attractant mechanism may also be responsible for

JOURNAL OF ORTHOPAEDIC RESEARCH JUNE 2006
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the recruitment of marrow-derived mesenchymal
progenitor cells to the site of the ECM remodeling.
We speculate that the constructive remodeling
process associated with naturally dervived ECM
scaffolds is due at least in part to the participation of
autogenous circulating marrow-derived progenitor
cells that are recruited by the degradation products
of the SIS-ECM. It is plausible that such cells would
then differentiate in response to local environmen-
tal cues, and thus contribute to tissue organization
and differentiation. It has also been shown that
degradation products of SIS-ECM have an anti-
microbial effect,?* 3 and that without ECM degra-
dation this effect is not observed.?® Factors that
inhibit the ECM degradation process, such as
chemical crosslinking, may interfere with the
biological activities that have been demonstrated
by the products of ECM degradation.

The specific phenotype of the GFP expressing
marrow-derived cells involved in remodeling of the
ECM graft was not determined in the present
study, nor have the specific components of the
ECM that attract the marrow-derived cells to the
site of healing been identified. Despite these
limitations, the results of this study show that a
population of marrow-derived cells participates in
the long-term remodeling of a degradable ECM
scaffold when used as a repair device in this
murine model of Achilles tendon repair. Such cells
do not contribute to tendon healing in the absence
of the ECM biologic scaffold. The translation of
these findings to the tendon healing process in
humans remains to be shown.
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