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Abstract

Biologic scaffolds composed of mammalian extracellular matrix (ECM) are routinely used for the
repair and reconstruction of injured or missing tissues in a variety of pre-clinical and clinical
applications. However, the structural and functional outcomes have varied considerably. An
important variable of xenogeneic biologic scaffolds is the age of the animal from which the ECM
is derived. The present study compared the /n vivo host response and remodeling outcomes of
biologic scaffolds composed of small intestinal submucosa (SIS)-ECM harvested from pigs that
differed only in age. Results showed that there are distinct differences in the remodeling
characteristics as a consequence of source animal age. Scaffolds derived from younger animals
were associated with a more constructive, site appropriate, tissue remodeling response than
scaffolds derived from older animals. Furthermore, the constructive remodeling response was
associated with a dominant M2 macrophage response.
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1. Introduction

Biologic scaffolds composed of xenogeneic extracellular matrix (ECM) are derived by the
decellularization of mammalian tissues and have been used in both pre-clinical and clinical
settings for the reconstruction of damaged or missing tissues [1-3]. ECM scaffolds can alter
the default wound healing response from the well described pro-inflammatory and scarring
events toward a more constructive remodeling response, i.e., the site appropriate formation
of functional tissue, in a variety of anatomic locations including dermis [4], esophagus [5,6],
skeletal muscle [3,7,8], and heart [10-12], among others. Results of such clinical
applications have varied considerably [1,13-18], and the variables, which affect outcome,
are only partially understood. Two intuitively important determinants of the remodeling
outcome are the physical and biologic properties of the ECM scaffold material itself, and the
innate immune response of the recipient. Modulation of macrophage phenotype, a critical
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component of the innate immune response, has been shown to play a prominent role in the
scaffold remodeling outcome [19,20], but the effect of the age of tissue from which the
ECM scaffold is prepared has been largely ignored.

Mammalian fetal wound healing is characterized by site- and tissue-specific regeneration
and minimal scar tissue formation; a distinct contrast to wound healing in adults [21]. This
tissue regeneration response is associated with selected pro-inflammatory events [22,23],
increased capacity for wound closure [24,25], and a distinct ECM composition [26-29]. The
ECM present in fetal tissues is enriched in glycosaminoglycans, which facilitate the
proliferation and migration of a number of cell types [26,30,31]. The collagen content of
fetal ECM is less mature and contains fewer cross-links when compared to adult ECM [32].
Minimal collagen cross-linking facilitates rapid ECM turnover and remodeling. Because of
these characteristics, it is plausible that biologic materials derived from neonatal or newborn
tissues may be better suited as inductive scaffolds than biologic scaffold materials derived
from older animals.

The diverse remodeling outcomes associated with ECM scaffold use can also be attributed
to variables such as processing methods [8], source species and tissue origin of the ECM
[33], post implantation mechanical load [34], and decellularization efficiency [35]. Because
the response to tissue injury is known to be more favorable and robust in young vs. aged
mammals, some biologic scaffolds use source materials that include ECM derived from fetal
cells or mammals [36,37]. It has been previously reported that distinct differences exist in
the mechanical, structural, and /n vitro biologic properties of ECM harvested from different
aged animals (summarized in Table 1) [38]. However, the effect of donor animal age upon
the /in vivoremodeling characteristics of xenogeneic ECM scaffolds has not been
systematically examined.

The objective of the present study was to compare the /77 vivo remodeling outcome of ECM
scaffolds that differ only in source animal age. An established rodent model of abdominal
wall muscle reconstruction was used [39] to evaluate the host remodeling response,
including the phenotype of responding macrophages, scaffold induced vascularity,
innervation, and myogenesis over time, and the mechanical properties of the remodeled
injury site after 26-weeks.

2. Materials and methods

2.1. Overview of experimental design

Small intestinal submucosa (S1S)-ECM was prepared from the small intestine of 4 distinctly
different aged pigs of identical gene pool and husbandry: 3-weeks, 12-weeks, 26-weeks, and
greater than 52-weeks of age. The different aged tissues were collected, decellularized, and
processed at the same time using identical methods and the resulting SIS-ECM was used to
repair a 1.0 cm by 1.0 cm partial thickness abdominal wall musculature defect in a Sprague—
Dawley rat model. Treatment groups were equally and randomly subdivided and sacrificed
at 14, 28, 120, or 180 days post-surgery. Following euthanasia and explantation of the
remodeled scaffold materials, mechanical testing and histologic and immunolabeling
methods were used to determine the mechanical and morphologic characteristics of the
remodeled tissue (Table 2).

2.2. Source and preparation of ECM material

The jejunum from Whiteshire Hamroc pigs of 4 distinctly different ages (3,12, 26 and >52-
weeks) were harvested immediately following euthanasia (Tissue Source, Lafayette, IN).
The animals were of identical genetic heritage, and were raised and kept in identical
husbandry conditions including diet and vaccination history. All tissues were harvested on
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the same day and stored on ice prior to processing to create SIS-ECM as previously
described [40,41]. Briefly, the intestines were rinsed with water and the mesenteric tissues
were removed. The intestines were cut longitudinally and mechanically delaminated to
remove the tunica serosa, tunica muscularis externa, and the luminal portion of the tunica
mucosa including most of the lamina propria. After delamination, the tunica submucosa and
the basilar layer of the tunica mucosa including the muscularis mucosa and the stratum
compactum of the lamina propria remained. The material was further decellularized using
0.1% (v/v) peracetic acid (Rochester Midland Corporation, Rochester, NY) followed by
multiple rinses with saline and deionized water. The SIS-ECM material was then vacuum
pressed to form 4-layer constructs and cut to 1 cm? in size before being terminally sterilized
with ethylene oxide.

2.3. Surgical procedure

All procedures were performed in accordance with the National Institute of Health (NIH)
guidelines for care and use of laboratory animals, and with approval of the Institutional
Animal Care and Use Committee (IACUC) at the University of Pittsburgh. Adult female
Sprague—-Dawley rats weighing approximately 300 g (Charles River Laboratory,
Wilmington MA) were subjected to partial thickness abdominal wall defect surgery [19,42].
Animals were separated into groups based on treatment type: (1) uninjured control, (2)
untreated defect, (3) autologous tissue graft, (4) scaffold from >52-week-old source, (5)
scaffold from 26-week-old source, (6) scaffold from 12-week-old source, (7) scaffold from
3-week-old source; and harvest time point: 14, 28, 120 and 180 days (7= 3 body walls per
treatment group at 14, 28, and 120 days; /7= 8 body walls per treatment group at 180 days;
119 total surgeries were performed). Five implant sites per treatment group were used for
mechanical testing at 180 days only, and three implant sites per treatment group were used
for histologic analysis at each time point.

Each animal was anesthetized with 2% isoflurane in oxygen and the ventral abdomen was
prepared by hair clipping and scrubbing with Betadine (povidone-iodine) before the
placement of sterile drapes around the surgical site. A ventral midline abdominal skin
incision was created. The subcutaneous tissues were bluntly dissected from the underlying
muscle tissues on one side of the midline for a distance of approximately 4 cm to the
anterior axillary line exposing the oblique musculature. A 1.0 cm? partial thickness defect
consisting of the internal and external oblique layers of the abdominal wall musculature was
excised while leaving the underlying transversalis fascia and peritoneum intact. The defect
was left untreated or repaired with a 1.0 cm? piece of the chosen test article. A single 4-0
prolene suture was placed at each of the four corners of the test article to secure it to the
adjacent abdominal wall musculature, allowing it to be exposed to a physiologic mechanical
load and identifying the boundary of the implant at the time of necropsy. Interrupted
subcuticular 4-0 Vicryl suture was used for skin closure. Each animal was allowed to
recover from anesthesia on a heating pad and was returned to the housing unit.

Each animal received 0.06 mg Buprenex (buprenorphine hydrochloride) by subcutaneous
injection the day of surgery and for two additional days. Baytril (5 mg) was given orally the
day of surgery and for two additional days. The dietary habits, general health status, and the
surgical site were monitored daily and recorded.

2.4. Euthanasia and specimen harvest

Animals were sacrificed at 14, 28, 120, or 180 days. Each rat was euthanized with 5%
isoflurane in oxygen followed by an intracardiac injection of 5 mL of potassium chloride to
induce cardiac arrest. Implants for histologic evaluation (7= 3), including ~2 mm of
surrounding native abdominal wall musculature, was excised, mounted on corkboard to
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maintain /n situ size and shape, and placed in 10% neutral buffered formalin. Implants for
mechanical testing (r7=5) were placed in Ringer’s solution immediately after excision for
uniaxial tensile testing.

2.5. Histologic and immunolabeling analysis

The tissue was embedded in paraffin, cut into 5-um thick sections, and mounted onto glass
slides before being stained with Masson’s Trichome or Movat’s Pentachrome. The primary
antibodies used for the immunolabeling studies were: (1) monoclonal anti-myosin (skeletal,
slow, clone NOQ7.5.4D; Sigma Aldrich, St. Louis, MO) at 1:4000 dilution for identification
of slow (type 1) skeletal muscle fibers; (2) monoclonal anti-myosin (skeletal, fast, alkaline
phosphatase conjugate, clone MY-32, Sigma Aldrich) at 1:200 dilution for identification of
fast (type 1) skeletal muscle fibers; (3) rabbit polyclonal CD31 (Abcam, Cambridge, MA) at
1:100 dilution for identification of endothelial cells; (4) anti-Beta-111 Tubulin (Dako USA,
Carpinteria, CA) at 1:200 dilution for identification of neurons; (5) goat polyclonal CD206
(Santa Cruz Biotech, Santa Cruz, CA) at 1:100 for identification of M2 macrophages; (6)
rabbit monoclonal CCR7 (Epitomics, Burlingame, CA) at 1:100 for identification of M1
macrophages; and (7) mouse-anti rat CD68 (Serotec, Raleigh, NC) at 1:50, as a pan
macrophage marker. Table 2 shows the details of the specific staining performed at each
time point.

To identify fast and slow muscle fibers, unstained sections were de-paraffinized and heat-
mediated epitope retrieval was performed with 0.1 mM EDTA buffer at 95-100 °C for 25
min followed by enzyme-mediated antigen retrieval with 0.1% (v/v) trypsin/0.1% (w/v)
calcium chloride digestion at 37 °C for 10 min. Slides were washed in Tris buffered saline
(TBS), pH 7.6, then incubated for 10 min in a blocking solution containing 0.1% (v/v)
Tween 20, 0.1% (v/v) Triton X, 2% (v/v) normal horse serum and 2% (v/v) normal goat
serum at room temperature to prevent non-specific antibody binding. To inhibit endogenous
peroxidase activity, the slides were incubated with 3% (v/v) hydrogen peroxide (Spectrum,
New Brunswick, NJ) in methanol for 10 min at room temperature. The slow anti-myosin
antibody was applied and incubated for 30 min at room temperature. The slides were then
incubated with the secondary antibody (biotinylated anti-rabbit; Vector) at 1:200 for 30 min
at room temperature, followed by horseradish peroxidase solution (Vector) for 30 min at
37°C. Diaminobenzidine (DAB) (Vector) was applied to detect positive staining cells. The
blocking solution was then applied again for 10 min at room temperature, followed by the
fast anti-myosin antibody for 60 min at room temperature. Red alkaline phosphatase
substrate was applied to detect positive staining (\VVector).

For Beta-111 Tubulin immunolabeling, slides were de-paraffinized, and heat-mediated
epitope retrieval was performed as described above. The slides were washed in phosphate
buffered saline (PBS) then incubated for 30 min with 2% (v/v) normal horse serum (Vector)
at 37 °C to prevent non-specific antibody binding. Endogenous peroxidase activity was
inhibited by incubating with 3% (v/v) hydrogen peroxide (Spectrum) in methanol for 30 min
at room temperature. The tissue sections were then incubated in the Beta-111 Tubulin
primary antibody for 1 h at room temperature, followed by the secondary antibody
(biotinylated anti-mouse; Vector) at 1:200 for 30 min at room temperature. Horseradish
peroxidase solution (Vector) was applied for 30 min at 37 °C, and diaminobenzidine (DAB)
(Vector) was used to detect positive staining cells. The slides were counterstained with
hematoxylin.

Similarly, for CD31 immunolabeling the slides were de-paraffinized and heat-mediated
epitope retrieval was performed with 0.01 M citrate buffer (Spectrum), pH 6.0, at 95-100 °C
for 20 min. Enzyme-mediated antigen retrieval was then performed using proteinase K in a
buffer of 50 mM Tris base and 1 mM EDTA, pH 8.0, at 60 °C for 10 min. Following washes
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in PBS, the slides were incubated for 60 min with 2% normal horse serum (Vector) at 37 °C
to prevent non-specific antibody binding, followed by a 30 min incubation in 3% (v/v)
hydrogen peroxide. The tissue sections were then incubated in the CD31 primary antibody
for 1 h at room temperature, followed by the secondary antibody for 30 min at 37 °C.
Horseradish peroxidase solution (Vector) was applied for 30 min at 37 °C.
Diaminobenzidine (DAB) (Vector) was used to detect positive staining cells and the slides
were counterstained with hematoxylin.

M1 vs. M2 polarized macrophages were identified by immunolabeling. After de-
paraffinization, heat-mediated antigen retrieval was performed with 0.01 M citrate buffer
(Spectrum), pH 6.0, at 95-100 °C for 20 min. Tissue sections were incubated in blocking
buffer (1% (w/v) bovine serum albumin/0.05% (v/v) Tween-20/0.05% Triton X-100 (v/v))
for 1 h. The primary antibodies (CD206, CCR7, and CD68), diluted in blocking buffer, were
then added to the slides for 16 h at 4 °C in a humidified chamber. The secondary antibodies
(also diluted in blocking buffer) were incubated on the slides for 1 h in a humidified
chamber at room temperature. The secondary antibodies used were Alexa Fluor® goat anti-
rabbit 568 (Invitrogen), Alexa Fluor® donkey anti-goat 488 (Invitrogen) and Alexa Fluor®
donkey anti-mouse 350 (Invitrogen). Drag5 (Cell Signaling Technologies, Danvers MA)
was used as a nuclear counterstain.

2.6. Image analysis

All tissue sections were imaged using a Zeiss Axio Observer Z1 or Nikon E600 microscope
with Nuance multispectral imaging system (CRI Inc, Cambridge MA) with appropriate
brightfield and fluorescent filter sets. Three random Masson stained images of the device
implant site at the interface with native tissue were taken at 100x magnification. A
quantitative analysis of the trichrome staining was conducted by determining the percent of
blue stained tissue within the surgical site using the Nuance software. Collagen or
connective tissue (blue) and nuclei or muscle fibers (red) were isolated by spectral filtration
and subsequent thresholding. High percent blue staining indicates the predominant presence
of collagenous connective tissue.

Quantification of M1/M2 polarization was achieved using a custom image analysis pipeline
developed using the cell profiler image analysis package [43,44]. This custom pipeline
identified and quantified the number of CD68 + CCR7+ (M1 macrophage phenotype) and
CD68 + CD206 + (M2 macrophage phenotype) cells present within scaffold implantation
sites. Any cells that co-expressed the CCR7 and CD206 markers were excluded. These
values were then expressed as a ratio of M1:M2.

Quantification of CD31 positive blood vessels was done by immunolabeling and counting
the number of blood vessels per 400x field of view (FOV). Six images of each surgical site
where quantified by two blinded independent investigators. Only positively labeled cells that
were associated with a visible lumen were counted.

Quantification of fast vs. slow myofibers was done by immunolabeling and counting the
number of fast (red) and slow (brown) muscle fibers per 200x FOV. Three images of each
surgical site where quantified.

2.7. Mechanical testing

Tissue explants were trimmed to dog-bone geometry (midsubstance width 5.7 + 1.6 mm,
length 20.4 = 6.6 mm) with exact specimen dimensions dependent on animal and explant
size. All specimens were subjected to 10 pre-load cycles (25.4 mm/min, 0.1-0.5 N)
immediately prior to testing to failure (25.4 mm/min). Ultimate tensile stress was calculated
from the peak load, width, and thickness (2.3 £ 0.5 mm): o= A(w*J). Strain at failure was
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calculated by dividing the change in length by the original length: e = AL/L,,. Elastic
modulus was taken as the slope of the stress-strain curve in the range of 20-60% of the
ultimate tensile stress: £= 0.4*ol(eg090~20%0)- Five specimens were tested from each
control and experimental group with the following exceptions: native tissue = 9; SIS-ECM
implant from >52-week aged source = 4.

2.8. Statistical analysis

3. Results

A one-way analysis of variance (ANOVA) was used in conjunction with a Turkey’s post-
hoc test to compare results between groups. Differences were considered significant at p <
0.05. Statistical analysis was completed using SPSS Statistical Analysis Software (IBM,
Chicago, IL, USA). All error bars represent standard deviations.

3.1. Histomorphologic and immunolabeling findings

All treatment groups elicited a robust cellular infiltrate consisting mostly of mononuclear
cells after 14 days (Fig. 1LA). Angiogenesis was also observed in all groups at day 14 and
remained a feature of the remodeling process throughout the entire study (Fig. S1). All of
the ECM scaffold materials degraded completely based upon morphologic analysis and were
replaced with host tissue by 180 days. No GAG’s or elastins were observable within the
remodeling surgical sites for the duration of the study (Fig. S2). However, there were
notable differences in the remodeling responses to the different aged ECM materials, which
are detailed below.

3.1.1. Untreated defect—Untreated defect sites were characterized by a loose
collagenous connective tissue after 14 days. A mononuclear cell infiltrate was localized to
the defect margins (Fig. 1A). Immunolabeling studies showed an M1:M2 macrophage ratio
of 1.24 £ 0.21 indicating a predominant M1 macrophage response (Fig. 1B, C). After 180
days untreated defects formed dense collagenous tissue consistent with scar tissue (Fig. 2).
Quantitative analysis of the trichrome staining over time showed an increase in the amount
of collagenous connective tissue within the defect site after 180 days when compared to the
14 day time point (p < 0.005) (Fig. 3). After 180 days the defect site showed no evidence of
new skeletal muscle or nerve (Figs. 4 and 5).

3.1.2. Autologous tissue graft—Treatment of the defect site with autologous tissue
elicited a mononuclear infiltrate that was localized around the remnants of necrotic skeletal
muscle within the autograft after 14 days. Similar to untreated defects, immunolabeling
studies showed an M1:M2 macrophage ratio of 1.27 + 0.24 indicating a predominant M1
macrophage response (Fig. 1B, C). Between 28 and 120 days there was a decreased cellular
infiltrate and loss of skeletal muscle within the autograft although small islands of necrotic
skeletal muscle could still be identified (Fig. S3). After 180 days the autologous tissue graft
had remodeled into dense and relatively acellular collagenous tissue (Fig. 2). The surgical
site showed no evidence of new skeletal muscle tissue (Fig. 4) or signs of innervation (Fig.
5). Quantitative analysis of the Masson’s trichrome staining over time revealed an increase
in the amount of collagenous connective tissue at 180 days when compared to the 14 (p <
0.01) and 28 (p < 0.09) day time points (Fig. 3).

3.1.3. SIS-ECM graft from 3-week-old animals—The SIS-ECM graft from 3-week-
old source showed a mono-nuclear cell infiltrate throughout the entire scaffold at 14 days
(Fig. 1A). Small remnants of the original ECM implant and a large amount of host derived
neomatrix were present within the defect site. Immunolabeling studies showed an M1:M2
macrophage ratio of 0.67 + 0.13 indicating a predominant M2 macrophage response after 14
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days. At 28 days SIS-ECM scaffolds from 3-week-old source showed a decreased cellularity
and were replaced with host derived matrix (Fig. S3). Small islands of skeletal muscle could
be seen scattered throughout the defect site after 120 days. At 180 days the implant site
contained new host tissue that contained organized bundles of new skeletal muscle
myofibers surrounded by partially organized collagenous connective tissue (Fig. 2). In
addition, like native tissue and SIS-ECM from 12-week-old source treated defects described
below, the majority of the muscle fibers within the defect site stained positive for fast type Il
myosin with slow type | myosin fibers dispersed throughout the remodeled scaffold
placement site (Fig. 4A). Furthermore, the 12-week-old scaffold showed an increase in the
presence of slow myosin muscle fibers when compared to all other interventions. Nerve
fibers were present adjacent to the myofibers throughout the defect site (Fig. 5). Quantitative
analysis of the Masson’s trichrome stained 3-week-old source SIS-ECM treated defects
showed an increase in collagenous connective tissue between 14 and 120 days (p < 0.018)
(Fig. 3). The surgical site further remodeled and became partially replaced with skeletal
muscle tissue, resulting in a decreased collagen percentage at 180 days when compared to
the 120 day time point (v < 0.03). This collagen percentage at 180 days was not significantly
different from that at 14 days (Fig. 3).

3.1.4. SIS-ECM graft from 12-week-old animals—The SIS-ECM graft from 12-week-
old source treated defect sites showed a mononuclear cell infiltrate throughout the scaffold
at 14 days (Fig. 1A). In addition at 14 days, small remnants of the original ECM implant
were present within the defect site. Immunolabeling studies showed an M1:M2 macrophage
ratio of 0.69 £ 0.11 indicating a predominant M2 macrophage response. After 28 days the
SIS-ECM grafts showed decreased cellularity and at 120 days small islands of skeletal
muscle were present (Fig. S3). SIS-ECM scaffolds from 12-week-old source remodeled in a
similar fashion to that of the 3-week-old source. At 180 days the implant site contained new
host tissue that consisted of organized bundles of skeletal muscle myofibers surrounded by
partially organized collagenous connective tissue (Fig. 2). Similar to native tissue, the
majority of the muscle fibers within the defect site stained positive for fast type 11 myosin
with a smaller number of widely dispersed slow type | myosin fibers (Fig. 4A and B). Nerve
fibers were present adjacent to the myofibers throughout the defect site (Fig. 5). Quantitative
analysis of the Masson’s trichrome stained treated defect site tissues showed a slight
increase in collagenous connective tissue between 14 and 120 days (p < 0.001) (Fig. 3). The
surgical site further remodeled and became partially replaced with skeletal muscle tissue,
resulting in a decreased collagen percentage at 180 days when compared to the 120 day time
point (p < 0.004). This collagen percentage at 180 days was not significantly different from
that at 14 days (Fig. 3).

3.1.5. SIS-ECM graft from 26-week-old animals—The SIS-ECM graft from 26-week-
old source treated defect sites showed a mononuclear cell infiltrate throughout the scaffold
at 14 days (Fig. 1A). Original ECM scaffold material could be identified along with host
derived neomatrix. Immunolabeling studies showed an M1:M2 macrophage ratio of 0.95 £
0.24 indicating a balanced macrophage phenotype response (Fig. 1B, C). At 28 days the
surgical site showed a decreased cellularity and increased amount of neomatrix. At 120 days
no evidence of the original implanted scaffold was observed and small islands of skeletal
muscle could be identified within the defect site (Fig. S3). At 180 days isolated skeletal
muscle myofibers were dispersed between collagenous connective tissue throughout the
defect site (Fig. 2). These individual myofibers stained positive for fast type Il myosin (Fig.
4A and B) and were adjacent to nerve fibers (Fig. 5). Quantitative analysis of the Masson’s
trichrome staining over time revealed an increase in the amount of collagenous connective
tissue at 180 days when compared to the 14 (p < 0.001) and 28 (p < 0.046) day time points

(Fig. 3).
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3.1.6. SIS-ECM graft from >52-week-old animals—The SIS-ECM graft from >52-
week-old source treated defect sites elicited a cellular infiltrate which was localized around
the suture lines and did not completely penetrate the full thickness of the scaffold at 14 days
(Fig. 1A). In addition at 14 days, much of the original ECM scaffold could be identified
along with a small amount of host derived neomatix. Immunolabeling studies showed an
M1:M2 macrophage ratio of 0.93 + 0.18 indicating a balanced macrophage phenotype
response (Fig. 1B, C). After 28 and 120 days the >52-week-old source SIS-ECM treated
defects showed decreased cellularity with remnants of the ECM implant (Fig. S3). At 180
days the >52-week-old source SIS-ECM treated defect sites contained pockets of cellularity
surrounded by collagenous connective tissue (Fig. 2). No evidence of the originally
implanted scaffold was observed and there were no signs of new skeletal muscle or
innervation (Figs. 4 and 5). Quantitative analysis of the Masson’s trichrome staining over
time revealed an increase in the amount of collagenous connective tissue at 180 days when
compared to the 14 (p< 0.001) and 28 (p < 0.001) day time points (Fig. 3).

3.2. Mechanical testing

Rat abdominal body wall containing remodeled SIS-ECM grafts from 3-week-old source
withstood greater uniaxial tensile stress compared to all other control and experimental
groups as determined by ANOVA and Tukey—Kramer post-hoc evaluation (Fig. 6A). No
other differences were found to be significant. Strain at failure and modulus did not differ
significantly for control and experimental groups, including native body wall, body wall
with a defect site that remained untreated, body wall treated with autologous tissue, or body
wall treated with SIS-ECM from 3, 12, 26, and >52-week-old animals (Fig. 6B-C).

4. Discussion

The present study represents a systematic comparison of the /n vivo host response to
xenogeneic biologic scaffold materials that differ by a single variable; specifically, age of
the animal from which the source tissue was harvested. There are two outcomes of note.
First, source animal age is an important variable and ECM harvested from 3-week-old and
12-week-old pigs promotes the formation of greater amounts of site appropriate skeletal
muscle tissue than ECM harvested from older pigs. Secondly, the constructive site
appropriate remodeling response is associated with a predominant M2 macrophage response.

It is well known that fetal and neonatal mammals have greater wound healing and
regenerative potential than adult mammals. The composition of fetal and neonatal ECM is
distinctly different from that of adults and plays an important role in tissue development
[45,46]. Fetal wounds have increased amounts of glycosaminoglycans (GAGS) such as
hyaluronic acid and chondroitin sulfate [26,29], which facilitate cell migration, mitosis, and
differentiation [30]. Compared to ECM in mature mammals, the ECM of fetal tissue is
composed of more immature collagen containing fewer molecular cross-links; a feature
which promotes rapid degradation and remodeling [32]. Therefore it is logical and plausible
that bioscaffolds composed of ECM derived from fetal or neonatal tissues would induce a
more robust and constructive tissue remodeling response than ECM derived from adult
tissues. The results of the present study are consistent with this hypothesis.

The mechanisms by which scaffolds composed of ECM mediate a favorable remodeling
process are not fully understood but include ECM scaffold degradation with the generation
of bioactive cryptic peptides [47] release of bound growth factors [48], recruitment of
endogenous stem and progenitor cells [49,50], and modulation of the innate immune
response [19,20], among others. Of these potential mechanisms, only a component of the
innate immune response was investigated in the present study; specifically, macrophage
phenotype. A previous study compared the /n vitro structural, mechanical, compositional,
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and bioactive properties of the same differently aged SIS-ECM materials [38]. Scaffolds
composed of 3-week-old and 12-week-old source ECM elicited increased progenitor cell
chemotaxis and showed greater glycosaminoglycan (GAG) content than ECM scaffolds
derived from older tissues (Table 1). Given the differences we have identified in the
composition of differently aged ECMs it is plausible or logical that the decellularization
protocol affected the ECMs in different ways. Such phenomena may in part explain the
differences in remodeling outcome. The purpose of the present study was not to determine
cause-effect relationships between the variables from the previous study (Table 1), but rather
to determine the association of source tissue age within downstream remodeling events in an
animal model of body wall reconstruction.

The response of skeletal muscle, which is a prominent natural component of the abdominal
body wall, to injury is dependent on the temporal participation of different macrophage
phenotypes [51]. These macrophage phenotypes are characterized by distinct functional
properties, effector molecule production, and surface marker expression [52,53].
Macrophage phenotypes range from classically activated (M1) macrophages which are pro-
inflammatory at one end of a spectrum to alternatively activated (M2) macrophages which
facilitate constructive tissue remodeling and repair at the opposite end of the spectrum
[53,54]. Following an initial M1 macrophage response, which stimulates muscle progenitor
cell recruitment and mitosis, a subsequent predominant M2 macrophage response promotes
the differentiation of skeletal muscle precursor cells [51]. Inhibition of the M2 phenotype
results in a severe lack of muscle regeneration and an accentuation of inflammation and
necrosis [55]. Dominant M1 or M2 macrophage populations at the /n situ interface of host
tissue with ECM scaffolds are associated with either chronic inflammation with fibrotic
tissue deposition or site appropriate tissue restoration, respectively [56] In the present study,
scaffolds derived from younger animals were associated with a predominant M2
macrophage response after 14 days and showed the greatest amount of skeletal muscle at
180 days; a finding consistent with the predictive association of the M2 phenotype with
favorable remodeling of surgical mesh products composed of biologic materials. It has
previously been shown that surgically implanted ECM scaffolds enhance a host M2
macrophage response [19]. The specific cause of the robust M2 response found within ECM
scaffolds manufactured from 3-week-old or 12-week-old pig tissues are unknown.

Repair of rat abdominal body wall with SIS-ECM from distinctly different aged animals
resulted in remodeled tissue with similar mechanical properties to those of native body wall
(Fig. 6). However, SIS-ECM from 3-week-old animals remodeled into stronger tissue
compared to native body wall (Fig. 6A). Based on a previous study [38], it is likely that
biologic cues from degradation products of 3-week-old source SIS-ECM vary from those of
degrading SIS-ECM from older animals and lead to different downstream remodeling
outcomes. It is possible that because the 3-week-old source scaffolds degraded more rapidly
and promoted greater cell migration [38], the skeletal muscle tissue that formed within the 3-
week-old source SIS-ECM treated surgical sites had more time to mature, and this in
combination with the increased amount of connective tissue, compared to native tissue,
resulted in stronger tissue. In addition, passive mechanical testing may not have been
sensitive enough to detect discernible differences in such a small defect site. Furthermore,
biologic variability between animals may also have masked subtle differences between
experimental groups. However, mechanical data in this study clearly showed that donor age
could impact functional outcomes.

The present study compared xenogeneic biologic scaffold materials differing only in source
animal age. However, there are limitations that must be noted in the interpretation of the
data. First, the results represent the findings from a single source tissue of ECM material;
specifically porcine SIS-ECM. These results cannot necessarily be generalized to ECM
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prepared from other tissue sources such as dermis, urinary bladder, and others. Secondly,
ECM materials are prepared by decellularization of various tissues, and the decellularization
procedures utilized can vary significantly. Results of the present study may not apply to
materials prepared by other methods that affect surface epitopes, biochemical composition,
and rate of degradation of various scaffold materials. Finally, the association of the M1/M2
macrophage phenotype ratio with constructive remodeling does not prove cause-effect.

5. Conclusions

The present study examines an important variable that should be considered in the design
and manufacturing of biologic devices composed of mammalian ECM; specifically, the age
of the source animal. Biologic scaffold materials derived from younger (3 and 12-week-old)
aged animals are associated with a host innate immune response consisting predominantly of
M2 macrophages and a more robust constructive remodeling response when compared to
scaffolds prepared from 26-week-old or >52-week-old pigs. The specific physical and/or
biologic factors responsible for the different remodeling outcomes are worthy of future
investigations.

Supplementary Material

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

Host cellular response at the surgical site at 14 days post-surgery. The /n vivo host response
to untreated injury, autologous tissue graft, or scaffolds derived from differently aged source
ECMs was assessed by histologic methods with Masson’s Trichrome staining (A) and by the
immunolabeling of macrophages (B & C). Necrotic islands of skeletal muscle could be
identified within the implantation site of the autologous tissue graft (arrows). A
mononuclear cell infiltrate (morphology depicted in high power inset) was identified
throughout the 3,12, and 26-week-old scaffolds, while the >52-week-old scaffold was only
partially infiltrated (bracket) (A). All treatment groups showed the presence of macrophages
(CD68; Red). The untreated and autologous implant surgical sites displayed a predominant
M1 macrophage (CCR7; Orange) phenotype (+, £<0.001 for both when compared to all
other treatment groups). The >52 and 26-week-old implant sites were populated by a
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balanced M1 to M2 macrophage (CD206; Green) ratio (#, p < 0.004 for both when
compared to all other treatment groups). The 3 and 12-week-old scaffolds displayed a
predominant M2 macrophage response (B & C; *, p < 0.004 for both when compared to all
other treatment groups). Scale bars = 50 um (inset scale bars = 20 um), * = scaffold. Error
bars = standard deviation. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 2.

Remodeling outcomes at 180 days post-surgery. The remodeled tissue was assessed
histologically with Masson’s trichrome staining (A) and collagen content quantified (blue
staining) using spectral unmixing (B). 3-week-old and 12-week-old scaffolds showed a
constructive remodeling response after 180 days when compared to the untreated,
autologous, or >52-week-old treated surgical sites as indicated by the formation of site
appropriate skeletal muscle myofibers within the implant site (A & B). Collagen content
showed 3 (p < 0.007) and 12-week-old (p < 0.003) scaffolds had significantly less
collagenous tissue than the untreated, autologous, or >52-week-old treatment groups (B).
Means with different symbols are significantly different. Scale bars = 50 wm. Error bars =
standard deviation.

Biomaterials. Author manuscript; available in PMC 2013 August 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Sicari et al.

Page 17

Native Untreated Autologous
10 # 100 7
*'/?/-——-i
s 80 80 - 80 1 .
g’ 60 60 601 *
8 40 40 40 1
N
20 \/\i 20 | 20 -
0 T T T 0 T T T 0 T T T
14 28 120 180 14 28 120 180 14 28 120 180
3-week-old 12-week-old 26-week-old >52-week-old
100 100 100 100 #
* *
s 80 1 # 80 - 80 1 80 .
2 60 60 - 60 * 601 ,
8 401 40 404 % 40
R
20 20 A 20 20
0 T T T 0 T T T 0 T T T 0 T T T
14 28 120 180 14 28 120 180 14 28 120 180 14 28 120 180
Fig. 3.

Connective tissue deposition within each surgical site over time. Quantification of Masson’s
trichrome, in terms of % collagen (blue staining), using spectral unmixing. Untreated defects
as well as the autograft and sow aged scaffolds induced a steady increase in connective
tissue deposition from 14 to 180 days post-surgery. Whereas, the feeder and neonate aged
scaffolds were associated with a lower collagen presence more similar to that seen in native
tissue. Means with different symbols are significantly different within each age group. Error
bars = standard deviation.
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Fig. 4.

Distribution of slow and fast skeletal muscle fibers within the remodeled tissue at 180 days
post-surgery. Tissue sections were double-labeled for anti-myosin slow (type I) skeletal
muscle (brown stain) and anti-myosin fast (type 1) skeletal muscle (red stain) to assess
myofiber phenotype in the native and remodeled tissue (A). The native tissue showed that
the slow muscle fibers were uniformly distributed between the fast muscle fibers. The
remodeled 3 and 12-week-old scaffolds showed a similar distribution. 26-Week-old
scaffolds showed predominantly fast muscle fibers, whereas the untreated defects, autograft,
and >52-week-old scaffolds showed no signs of myofiber expression. Quantification of fast
vs. slow muscle fibers per field of view (FOV) showed 3-week-old scaffolds displayed an
increased number of slow muscle fibers when compared to all other surgical sites (B). Scale
bars = 50 wm. Error bars = standard deviation.
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Innervation of remodeled tissue at 180 days post-surgery. Tissue sections were
immunolabeled for anti-beta-111 Tubulin (arrows; brown stain) to identify neurons in the
native and remodeled tissue sections. Neurons were located adjacent to the myofiber bundles
within the native tissue. Similar nerve structures were found around myofibers within the
remodeled 26, 12, and 3-week-old scaffolds. The remodeled untreated defect site along with
the >52-week-old scaffold and autograft treated sites showed no signs of innervation. Scale

bars =50 pm.
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Fig. 6.

Mechanical properties of explanted surgical sites at 180 days post-surgery. Uniaxial tensile
testing of explants (full thickness of the body wall including underlying and remodeled
tissue) was used to characterize tissue mechanical properties for comparison to native tissue
with respect to strength, distensibility, and stiffness. Body wall with remodeled 3-week-old
aged SIS-ECM grafts withstood greater stress compared to native body wall and all other
treatment groups (A). No differences were detected in strain at failure (B) or modulus (C)
between native body wall and any other treatment group (#, p < 0.05). Error bars = standard
deviation. Error bars = standard deviation.
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Table 2

Tissue assessment. All samples received Massons’s trichrome and vasculature (CD31) staining with
associated histologic assessment (x). Staining for macrophages was done at a time point consistent with a
robust host macrophage response (14 days). Mechanical testing, along with staining for muscle fiber
phenotype (myosin) and innervation (S-tubulin 111), was included where trichrome staining confirmed the
presence of skeletal muscle within the defect site (180 days).

Analysis Harvest time point

l4days 28days 120days 180days

Trichrome staining (7= 3) x x x x
CD31 staining (7= 3) x X x X
Macrophage staining (/7= 3) x - - -

|
|
|
X

Fast/slow myosin staining (/7= 3)

Btubulin 111 staining (7= 3) - - - x

|
|
|
X

Mechanical testing (7= 5)
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