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Abstract
Naturally-occurring biomaterial scaffolds derived from extracellular matrix (ECM) have been
previously investigated for soft tissue repair. We propose to enrich fascia ECM with high
molecular weight tyramine substituted-hyaluronan (TS-HA) to modulate inflammation associated
with implantation and enhance fibroblast infiltration. As critical determinants of constructive
remodeling, the host inflammatory response and macrophage polarization to TS-HA enriched
fascia were characterized in a rat abdominal wall model. TS-HA treated fascia with cross-linking
had a similar lymphocyte (P = 0.11) and plasma cell (P = 0.13) densities, greater macrophage (P =
0.001) and giant cell (P < 0.0001) densities, and a lower density of fibroblast-like cells (P <
0.0001) than water treated controls. Treated fascia, with or without cross-linking, exhibited a
predominantly M2 pro-remodeling macrophage profile similar to water controls (P = 0.82), which
is suggestive of constructive tissue remodeling. Our findings demonstrated that HA augmentation
can alter the host response to an ECM, but the appropriate concentration and molecular weight
needed to minimize chronic inflammation within the scaffold remains to be determined.

1 Introduction
Acellularized scaffolds derived from extracellular matrix (ECM) have been investigated for
soft tissue repair and reconstruction in both animal and human clinical studies for a variety
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of applications in the cardiovascular [1–3], gastrointestinal [4, 5], urological [6, 7],
dermatological [8, 9], and orthopaedic fields [9–11]. These naturally-occurring biomaterials
are particularly attractive due to their native three-dimensional architecture that is a
composite of structural and functional proteins [12, 13]. Macromolecules native to the ECM
are believed to modulate host processes such as cell migration and proliferation,
angiogenesis, and the inflammatory response, potentially in a manner that will enhance and
accelerate the biology of tissue repair [12, 13]. The use of acellular ECM scaffolds that are
subsequently populated by host cells eliminates the challenges of cell harvesting, viability,
and immunocompatibility associated with cell-delivery tissue engineering approaches [14,
15]. The ideal scaffold material would serve as an inductive template with the appropriate
mechanical properties to prevent or limit tissue re-tear during the course of remodeling and
would facilitate downstream integration/reconstruction of functional tissue [12, 16]. Our
laboratory has focused on scaffolds derived from human fascia lata ECM because fascia has
robust material properties with an average elastic modulus of ~530 MPa [17, 18].

The host inflammatory response, including the macrophage component, appears to be a
critical determinant, and perhaps predictor, of successful and constructive remodeling of an
implanted biomaterial [19, 20]. Based on microenvironmental cues from cytokines or
microbial products, macrophages demonstrate their plasticity by exhibiting certain
phenotypic markers, expression profiles, and cellular functions [19, 21–23]. Consequently,
macrophage phenotypes span a continuous spectrum, the two extremes of which are
represented by the M1 pro-inflammatory and M2 pro-remodeling activated forms [24]. M1
macrophages produce large amounts of reactive oxygen species and inflammatory cytokines,
express CCR7 as a cell surface marker, and are associated with tissue destruction and
inflammation [19, 24]. Macrophages of the M2 phenotype are characterized by CD163 as a
cell surface marker and are associated with angiogenesis as well as tissue repair and
remodeling [19, 24].

We propose to enrich fascia ECM with exogenous high molecular weight hyaluronan (HA)
to improve fascia’s ability to facilitate soft tissue repair by modulating inflammation and
enhancing fibroblast infiltration. Well-known for its roles in morphogenesis, wound repair,
and inflammation, HA has a myriad of properties that are highly dependent on molecular
weight [25–27]. High molecular weight HA is most often recognized for its anti-
inflammatory properties, and numerous studies have demonstrated that exogenous HA can
inhibit the infiltration, proliferation, and cytokine production of various inflammatory cells
[28–31]. In addition, HA has been shown to promote the migration of fibroblasts [32, 33]. In
contrast, low molecular weight HA elicits pro-inflammatory responses, such as increased
production of nitric oxide as well as other pro-inflammatory mediators [34–36].

The current study investigates the use of high molecular weight tyramine substituted-
hyaluronan (TS-HA), which has tyramine adducts coupled to the carboxyl groups of the
glucuronic acid residues along 5% of the HA chain [37]. In the presence of hydrogen
peroxide and peroxidase, neighboring tyramine adducts cross-link to form a dityramine
bridge. The resulting hydrogel is not susceptible to hydrolysis and has a concentration-
dependent resistance to hyaluronidase degradation [37]. By means of tyramine cross-linking,
high molecular weight HA can be immobilized within fascia ECM, thus providing a
sustained presence of HA to the repair site. However, the extent to which high molecular
weight HA can modulate the host response to fascia ECM, particularly in a manner which
would promote a constructive remodeling outcome, has not been previously investigated.

Thus, the objective of this work was to characterize the host inflammatory response and
macrophage polarization to HA enriched fascia ECM. We first characterized the content,
distribution, and retention of TS-HA, with and without cross-linking, within fascia following
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a diffusion-based treatment method. We then investigated the host response to fascia
enriched with 5–10 micrograms of HA per milligram of dry weight tissue (μg/mg) in a rat
abdominal wall defect model. The presence of various inflammatory cells, non-
inflammatory cells, total cellularity, vascularity, and macrophage polarization into the M1
and M2 phenotypes were scored. We hypothesized that TS-HA treated fascia with cross-
linking would exhibit lower lymphocyte, plasma cell, macrophage, and giant cell densities,
higher fibroblast-like cell density, and a greater proportion of M2 macrophages than M1
macrophages when compared to water treated controls and treated fascia without cross-
linking.

2 Materials and methods
2.1 Experimental design

Decellularized, lyophilized, sterile human fascia lata derived from the iliotibial tract of
donors aged 18–55 years was obtained from the Musculoskeletal Transplant Foundation
(Edison, NJ). Fascia patches (5 × 5 cm) were distributed into three treatment groups: water
treated controls, TS-HA with cross-linking, and TS-HA without cross-linking (n = 8–20
patches per group). After treatment, HA content was quantified. TS-HA treated fascia
patches with a mean concentration of 5–10 μg/mg were selected for subsequent experiments
(n = 8 per group). Each fascia patch was then divided into samples that were used for an in
vitro retention experiment, HA staining, and rat abdominal wall implantation at two time
points. Forty-eight rats were used for the host response study (n = 16 per treatment group).
Rats were sacrificed at 1 and 3 months (n = 8 per group per time point), and the implants
were harvested for histologic analysis of cell types and vascularity. Detailed methods are
described below.

2.2 TS-HA treatment of fascia
For the two TS-HA treatment groups, each fascia patch (5 × 5 cm) was rehydrated in 30 ml
of 0.75% TS-HA solution (0.9–1 M Da MW, Lifecore Biomedical, Chaska, MN) in
ultrapure water for 24 h at 37°C on a shaker. The solutions used to treat cross-linked patches
also contained 10 U/ml of horseradish peroxidase (Sigma, St. Louis, MO). After treatment,
the patches were rinsed once in 30 ml of ultrapure water for 30 s and blotted two times per
side on a sterile towel to remove excess surface TS-HA. Treated patches in the uncross-
linked group were then rinsed in 125 ml of ultrapure water for 5–20 min at 37°C on a
shaker. Patches in the cross-linked group were submerged in 30 ml of a 0.3% hydrogen
peroxide solution (Fisher, Pittsburgh, PA) in ultrapure water for 30 s at room temperature
with slight agitation and then allowed to sit covered on a glass dish at 4°C for the reaction to
continue overnight. Cross-linked patches were subsequently rinsed with 125 ml of ultrapure
water for 24 h at 37°C on a shaker to remove excess horseradish peroxidase, hydrogen
peroxide, and any uncross-linked TS-HA. Fascia patches rehydrated in 30 ml of ultrapure
water for 24 h at 37°C served as controls. All fascia patches were subsequently lyophilized.

2.3 HA content of treated fascia
From each 5 × 5 cm patch, triplicate pieces that together represented ~10% of total patch
volume were used to estimate the mean HA content of the entire patch. HA content was
quantified using fluorophore-assisted carbohydrate electrophoresis (FACE) according to
previously described methods [17, 38]. Briefly, tissue samples were rehydrated, digested
with proteinase K (PK, Fisher Biotech, Fair Lawn, NJ), centrifuged to remove undigested
tissue residue, and the glycosaminoglycans (GAG) released into the supernatant fraction
were isolated by ethanol precipitation. After extensive digestion of the resuspended ethanol
pellet with hyaluronidase Streptococcus dysgalactiae (SD) and chondroitinase ABC (both
from Seikagaku America, Falmouth, MA), the resulting GAG disaccharides were tagged
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with the fluorophore 2-aminoacridone (AMAC, Molecular Probes, Eugene, OR), separated
by electrophoresis, and the HA disaccharides were quantified using ultraviolet imaging and
analysis.

All of the HA in water treated and uncross-linked TS-HA treated samples was recovered in
the ethanol precipitate fraction of the PK supernatant. However, the cross-linked TS-HA
treated samples required additional processing for FACE analysis, since the TS-HA
hydrogel generated within the fascia by the cross-linking reaction was not solubilized by
digestion with PK alone. Thus, both the PK pellet and supernatant fractions were processed
for FACE analysis. The PK supernatant fraction was incubated with 18 U/ml of testicular
hyaluronidase (Sigma) overnight at 37°C to solubilize cross-linked TS-HA hydrogel. A 400
μl aliquot was dried in a speed-vac and precipitated in 77% ethanol as previously described.
Both the ethanol precipitate and the aspirate were dried, resuspended in 200 μl of 0.1 M
ammonium acetate, pH 7.0, digested with hyaluronidase SD and chondroitinase ABC,
fluorotagged with AMAC, and electrophoresed according to the standard protocol. The PK
pellet fraction was resuspended in 200 μl of 1 M ammonium acetate, pH 7.0, and then
precipitated in 77% ethanol, and the precipitate was subsequently digested with 5 U/ml
testicular hyaluronidase for 48 h at 37°C. The hyaluronidase digest was centrifuged, and the
resulting supernatant and pellet fractions were further digested with hyaluronidase SD and
chondroitinase ABC, fluorotagged with AMAC, and electrophoresed according to the
standard protocol. Treated fascia patches, with or without cross-linking, that had a mean TS-
HA content of 5–10 μg/mg were selected for all subsequent experiments (n = 8 patches per
group).

2.4 In vitro retention of HA
From each 5 × 5 cm TS-HA treated patch, with or without cross-linking, triplicate 0.8 × 1
cm pieces that together represented ~10% of the total patch volume were obtained. Each
piece was rehydrated in 1.2 ml of phosphate buffered saline (PBS) and incubated for 72 h at
37°C on a shaker, after which the TS-HA content in the fascia was measured with FACE
according to methods described above.

2.5 Distribution of HA in treated fascia
Representative ~0.4 × 1 cm pieces from the TS-HA with cross-linking and water control
groups (n = 6 per group) were rehydrated in 100 μl of ultrapure water for 6 h at room
temperature and embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA).
Five-micron longitudinal frozen sections were cut and fixed in a 4% paraformaldehyde/6%
glacial acetic acid/82% ethanol aqueous solution [39] for 10 min, followed by three 1 min
PBS rinses. Sections were blocked in 3% normal goat serum (Jackson ImmunoResearch
Labs, Inc., West Grove, PA) for 30 min and incubated with biotinylated HA binding protein
(bHABP, Calbiochem, San Diego, CA) diluted 1:100 in PBS in a humidified chamber at
4°C overnight. Sections were then rinsed in PBS three times for 5 min each, incubated with
Alexa Fluor 488-conjugated streptavidin (Molecular Probes, Carlsbad, CA) diluted 1:500 in
PBS for 45 min, and rinsed again in PBS. All steps were performed at room temperature,
unless otherwise specified. Porcine cartilage served as a positive control and sections
incubated with PBS in place of bHABP served as negative controls. All slides were mounted
with Vectashield mounting media (Vector Labs, Burlingame, CA).

2.6 Rat abdominal wall defect model
All procedures were performed in accordance with the National Institutes of Health
guidelines for care and use of laboratory animals and were approved by the Institutional
Animal Care and Use Committee at the Cleveland Clinic.
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Forty-eight adult, male Lewis rats were used for this study (450–600 g, Harlan, Indianapolis,
IN). Each rat was anesthetized with an intramuscular injection of ketamine, xylazine, and
acepromazine (30/6/1 mg/kg). The abdomen was prepared for aseptic surgery. Via a ventral
midline incision, a partial-thickness 0.8 × 1 cm defect was created in the anterior sheath
adjacent to the linea alba. The anterior sheath was removed and the underlying rectus
muscle, transversalis fascia, and peritoneum were left intact. One 0.8 × 1 cm fascia piece
from each patch was wetted in saline for 10 min, and secured into the defect using four
corner sutures of 5-0 Prolene. On the contralateral side of the linea alba, a second defect (0.4
× 4.5 cm) was created and replaced with a 0.4 × 4.5 cm fascia piece, wetted as above, from
the same patch for mechanical property analysis (mechanical properties data are not
presented herein). The skin incision was closed using 4-0 chromic gut suture, and the rat was
allowed to recover from anesthesia under a heating lamp. For analgesia, each rat received
0.15 mg/kg buprenorphine post-operatively, 12 h later, and thereafter as needed. Rats were
housed individually for the duration of the study.

2.7 Euthanasia and tissue harvest
At 1 and 3 months, rats were sacrificed via carbon dioxide asphyxiation (n = 8 per group per
time point). The fascia graft and underlying muscle were harvested. Half of the graft was
fixed in 10% neutral buffered formalin for 24 h and routinely processed for paraffin
embedding. The second half was embedded in OCT compound.

2.8 Histology and immunohistochemistry
The formalin-fixed, paraffin-embedded samples were cut into 5-μm-thick longitudinal
sections and stained with hematoxylin and eosin (H&E). A subset of the OCT embedded
samples (n = 4 per group per time point) were immunostained for CCR7 (a pro-
inflammatory M1 macrophage maker), CD163 (a pro-remodeling M2 macrophage marker),
and CD31 (an endothelial cell marker for neovascularization). Five-micron-thick, serial
frozen sections were cut and fixed in acetone for 2 min. Following three 5 min PBS rinses,
sections were then incubated with 1% aqueous phosphomolybdic acid to reduce fascia auto-
fluorescence. Sections were rinsed again in PBS, and non-specific binding of the primary
antibody was blocked using 3% normal goat serum in PBS for 2 h. After blocking, sections
were incubated in primary antibody diluted with PBS in a humidified chamber at 4°C for 18
h. Sections were then incubated in biotinylated secondary antibody diluted with PBS for 1 h,
then in Alexa Fluor 488-conjugated streptavidin (Molecular Probes, Carlsbad, CA) for 45
min, and finally mounted with Vectashield mounting media containing 4′,6-diamidino-2-
phenylindole (DAPI) to visualize cell nuclei. After each application of antibody or
streptavidin, sections were rinsed in PBS three times for 15 min. Rat spleen served as a
positive control, and sections incubated with PBS in place of the primary antibody served as
negative controls. The primary antibodies used in this study were: mouse anti-rat CD163
(1:600, MCA342R, AbD Serotec), rabbit anti-rat CCR7 (1:250, NB110-55678, Novus
Biologicals, Littleton, CO), and mouse anti-rat CD31 (1:500, MCA1334GA, AbD Serotec).
The biotinylated secondary antibodies used were: horse anti-mouse (1:100, BA-2001,
Vector Labs) and goat anti-rabbit (1:200, 111-065-003, Jackson ImmunoResearch Labs).

2.9 Semi-quantitative histologic analysis
One representative H&E and immunostained section from each rat was semi-quantitatively
scored by two blinded, board-certified pathologists (ERR and CDT) according to a scoring
system adapted from the International Organization for Standardization (ISO) Standard
10993-6 (Table 1). H&E sections were scored for the presence of inflammatory cells—
lymphocytes, plasma cells, macrophages, and giant cells. The M1 and M2 macrophage
phenotypes were scored from sections immunostained for CCR7 and CD163, respectively.
Non-inflammatory outcomes such as the presence of fibroblast-like cells and the amount of
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cellular infiltrate into the graft from the periphery (cellularity) were scored from the H&E
sections, and neovascularization was scored from CD31 immunostained sections.

2.10 Pre and post-implantation cross-sectional area
At the time of implantation, the thickness of each 0.8 × 1 cm fascia piece was aseptically
measured with calipers prior to rehydration. The pre-implantation cross-sectional area of
each piece was estimated as the product of the dehydrated thickness times the 1 cm height.
Post-implantation cross-sectional area measurements were made by manually tracing the
perimeter of the grafts from H&E stained sections using ImageScope software (Aperio
Technologies, Vista, CA).

2.11 Statistical analysis
Two-way analysis of variance (ANOVA) was performed to examine the effects of treatment
and time on in vitro HA content, post-implantation cross-sectional area, and all histologic
outcomes. One-way ANOVA was performed to examine the effect of treatment on pre-
implantation cross-sectional area. When appropriate, multiple comparisons were performed
with a Tukey Honestly Significant Difference post-hoc test. In addition, to compare CD163+
M2 macrophage and CCR7+ M1 macrophage scores, a Wilcoxon signed rank test was
performed. Inter-rater reliability between the two pathologists who performed the histologic
scoring was evaluated by calculating kappa scores and percent agreement. For all statistical
analysis, a P value of ≤0.05 was considered significant, and a P value of ≤0.10 was
indicative of a trend. Results are expressed as mean ± standard deviation or mean (range).

3 Results
3.1 HA content of treated fascia

The HA content of 5 × 5 cm fascia patches used for these experiments averaged 7.6 ± 2.3
μg/mg for TS-HA treated fascia with cross-linking and 7.8 ± 1.8 μg/mg for treated fascia
without cross-linking (Table 2). Thus TS-HA constituted ~1% of the tissue weight in the
treated groups, which is an order of magnitude higher than the HA content in water treated
controls (0.2 ± 0.1 μg/mg).

3.2 In vitro retention of TS-HA
The mean HA content of treated fascia without cross-linking decreased by ~65% following
the 72 h retention experiment (P < 0.001), but there was no decrease from time-zero
concentration for treated fascia with cross-linking (Table 2).

3.3 Distribution of HA in treated fascia
Staining of treated fascia with bHABP demonstrated that the exogenously added HA was
distributed throughout the fascia matrix, primarily around large fascicle bundles (Fig. 1).

3.4 Descriptive histology
Fascia grafts of all experimental groups were still visible and discernable from the
underlying muscle at 1 (Fig. 2a–c) and 3 months (Fig. 3a–c). Remnant fascia architecture
was identified as acellular bundles of dense collagen, particularly within the central region
of the grafts (Figs. 2d–i, 3d–i). Treated fascia with cross-linking was uniquely characterized
by regions of TS-HA hydrogel which stained light blue on H&E sections and were located
between collagen bundles throughout the graft (Figs. 2e, h, 3e, h). At both time points, fascia
in all groups elicited a chronic inflammatory host response predominantly seen at the
periphery of the grafts (Figs. 2a–c, 3a–c). The infiltrates were composed of lymphocytes,
macrophages, and a variable number of plasma cells and giant cells (Figs. 2g–i, 3g–i). Of
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note, there was a persistent, moderate infiltrate of giant cells at 3 months in treated fascia
with cross-linking (Fig. 3h). Grafts of all groups had variable regions of dense cellularity
and disorganized connective tissue, suggestive of matrix remodeling and deposition (Figs.
2d–f, 3d–f). The central region of the grafts showed variable cellularity ranging from
completely acellular regions, to regions with a low density of spindle-shaped fibroblast-like
cells, to tracks or pockets of dense cellular infiltrate (Figs. 2g–i, 3g–i). Treated fascia
without cross-linking tended to show the highest cellularity of the three groups, in part due
to infiltration of fibroblast-like cells between collagen bundles (Figs. 2i, 3i). Vascularization
was observed within grafts of all groups.

3.5 Kappa scores and percent agreement
Histologic scores were assessed for agreement between the two reviewers. Kappa scores for
all outcomes ranged from 0.58 to 0.89 and percent agreement was at least 71%, indicating
moderate to high agreement. Since inter-rater reliability was acceptable, scores from only
one reviewer (ERR) are presented in this paper.

3.6 Inflammatory cells
The mean scores for the inflammatory cell outcomes from each group at both time points are
presented in Table 3. For each histologic outcome, the interaction between experimental
group and time was not significant and was, therefore, dropped from the ANOVA model.
There were no differences in lymphocyte or plasma cell density between groups at 1 or 3
months. Compared to water treated controls, TS-HA treated fascia with cross-linking
exhibited significantly more macrophages (P = 0.001) and giant cells (P < 0.0001) at 1 and 3
months. Similarly, TS-HA treated fascia without cross-linking had significantly more
macrophages than water controls (P = 0.001) at 1 and 3 months, but no difference in giant
cells. Hence, the only difference in host response between TS-HA treatments was the
significantly higher giant cell density in the cross-linked group compared to the uncross-
linked group at 1 and 3 months (P < 0.0001). Across all groups, the density of plasma cells
(P = 0.02) and macrophages (P = 0.03) in fascia grafts significantly decreased with time.

In all groups at both time points, the density of CD163+ M2 macrophages was greater than
CCR7+ M1 macrophages (P < 0.0001), indicating that macrophage polarization was
dominated by the pro-remodeling phenotype (Table 3). Neither CCR7 nor CD163 density
was significantly different among experimental groups at either time point. Across all
groups, the density of CD163+ M2 macrophages significantly decreased with time (P =
0.02). CCR7+ M1 macrophages were focally concentrated in small clusters, while CD163+
M2 macrophages were localized at the periphery of the grafts (Fig. 4).

3.7 Total cellularity
TS-HA treated fascia without cross-linking demonstrated a trend towards increased
cellularity compared to water controls at 1 and 3 months (Table 4, P = 0.09).

3.8 Fibroblast-like cells
TS-HA treated fascia with cross-linking exhibited a significantly lower density of fibroblast-
like cells than water controls (P < 0.0001) and treated fascia without cross-linking (P <
0.0001) at 1 and 3 months (Table 4). TS-HA treated fascia without cross-linking had a
similar density of fibroblast-like cells as water controls at both time points.
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3.9 Vascularity
CD31 scores were not significantly different among experimental groups, but there was a
trend towards a decrease with time across all groups (Table 4, P = 0.10). CD31 staining for
neovascularization was predominantly localized at the graft periphery (Fig. 5).

3.10 Pre- and post-implantation cross-sectional area
TS-HA treated fascia pieces, with (P = 0.06) or without cross-linking (P = 0.08), trended
towards greater pre-implantation cross-sectional area than water controls (Fig. 6). Post-
implantation cross-sectional area significantly decreased from 1 to 3 months for all groups
(P = 0.02). There was no significant difference in cross-sectional area among groups at
either post-implantation time point.

4 Discussion
In this study, we demonstrated a method of TS-HA treatment that increased the amount of
HA in fascia by an order of magnitude to approximately 1% tissue weight. Furthermore, the
incorporated HA was distributed throughout the tissue and, upon cross-linking, the TS-HA
was retained as a hydrogel network. The effectiveness of tyramine cross-linking in
immobilizing HA within fascia was validated through an in vitro retention experiment.
Moreover, this study characterized the host response to TS-HA treated fascia in a rat
abdominal wall defect model with the hypothesis that treated fascia with cross-linking
would exhibit lower lymphocyte, plasma cell, macrophage and giant cell densities, a higher
fibroblast density, and a greater proportion of M2 macrophages than M1 macrophages
compared to water treated controls and treated fascia without cross-linking. In contrast, our
results showed that TS-HA treated fascia with cross-linking had a similar lymphocyte and
plasma cell densities, greater macrophage and giant cell densities, and a lower density of
fibroblast-like cells than water treated controls. However, treated fascia with cross-linking
did exhibit a predominantly M2 pro-remodeling macrophage profile, similar to water
controls and treated fascia without cross-linking.

The water treated controls in this study demonstrate the host response to unmodified,
decellularized fascia ECM in a xenogenic implantation model. At 3 months, water treated
fascia supported a heavy population of fibroblast-like cells and a moderate degree of
vascularity. A moderate macrophage infiltrate was largely of the pro-remodeling M2
phenotype. Since macrophages are key mediators of both inflammatory and anti-
inflammatory pathways, classification into M1 pro-inflammatory or M2 pro-remodeling
phenotypes may serve as a predictive tool for downstream outcomes following graft
implantation [19, 20]. The presence of pro-remodeling macrophages and fibroblast-like cells
is suggestive of host repair and tissue remodeling.

All fascia grafts were also characterized by a heavy, chronic lymphocyte population. This
lymphocytic response may represent an immune reaction to the xenograft and may be due
specifically to remnant cellular elements [17, 40] or antibiotic [41, 42] that likely remain in
the fascia even after processing [17, 40]. Host recognition of the slight molecular differences
in the proteoglycans and glycoproteins in xenogenic tissue [43, 44] or changes to protein
structure after processing [45] may have also triggered the adaptive immune system. Thus,
fascia ECM would likely elicit less chronic inflammation than seen here, if used as an
allograft in human patients.

TS-HA treated fascia, with or without cross-linking, exhibited a heightened macrophage
response compared to water controls. The extent to which the mechanism leading to this
outcome is the same for both groups is unknown, but may involve at least some common
elements. Because TS-HA treatment tended to increase the cross-sectional area of fascia
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grafts in both groups and the added TS-HA was distributed around the fascicle bundles, we
conclude that the inter-fascicular space likely expanded to accommodate the added TS-HA.
In the case of treated fascia without cross-linking, TS-HA is presumably leached from these
spaces within hours to days after implantation (as supported by our in vitro results), allowing
for increased cellular infiltration. Further, given that the in vivo half-life of HA is on the
order of hours [46], the macrophage response in the uncross-linked group may be in part a
downstream consequence of a bolus release of HA during the early phases of healing. In the
case of treated fascia with cross-linking, the heightened macrophage response may be a
consequence of continued phagocytic activity against the persistent TS-HA hydrogel.
Furthermore, CD44-mediated binding of monocytes/macrophages to HA is enhanced upon a
covalent association with heavy chains derived from inter-α-inhibitor, a protease inhibitor
found in serum [47, 48]. Binding of monocytes/macrophages to HA has been demonstrated
in both in vitro and in vivo models of inflammation and could explain the heightened
macrophage response observed in this study. Regardless of the mechanism, it is important to
note that the heightened macrophage response was not associated with a change in
macrophage polarization. TS-HA treated fascia with or without cross-linking was
predominantly infiltrated by M2 pro-remodeling macrophages, suggestive of constructive
remodeling by tissue repair and regeneration [19, 20].

The observation of giant cells was unique to cross-linked treated fascia, suggesting that
regions of the TS-HA hydrogel could not be phagocytosed by macrophages, thereby
prompting giant cell formation to breakdown the aggregates by degradative agents.
Although graft degradation is expected in the course of host incorporation and tissue
remodeling, premature or extensive breakdown of the matrix before host replacement with
functional tissue can result in a detrimental loss of mechanical properties [49]. The extent to
which the giant cell response affects the mechanical properties of TS-HA treated fascia is
the subject of our ongoing work. Although TS-HA treated fascia with cross-linking was
characterized by multinucleated giant cells—the hallmark of the foreign body response—no
fibrous capsule was observed at 3 months. We would not expect fibrous encapsulation of
TS-HA treated fascia with cross-linking to occur at later time points, since encapsulation of
other ECM grafts such as Permacol (isocyanate-cross-linked porcine dermis) was apparent
as early as seven days after implantation [50].

TS-HA treated fascia without cross-linking trended towards an increase in cellularity
compared to water treated fascia. As previously mentioned, the expanded inter-fascicular
space that becomes devoid of TS-HA after implantation may allow for greater cellular
infiltration. This hypothesis is consistent with our finding that treated fascia with cross-
linking did not exhibit the same increased cellularity. In fact, cross-linked TS-HA treated
fascia had fewer fibroblast-like cells than water or uncross-linked treated fascia, suggesting
that TS-HA hydrogel negatively impacts fibroblast infiltration, adhesion, and/or
proliferation. Inhibition of these cell functions may be the result of the impenetrable, smooth
nature of a HA hydrogel which is not conducive to fibroblast attachment [51]. Further
elucidating these mechanisms will aid in the development of TS-HA treated fascia as a
scaffold supportive of matrix-producing fibroblasts.

While numerous studies have demonstrated that exogenous, high molecular weight HA can
inhibit the infiltration, proliferation, and cytokine production of macrophages [28–31, 52,
53], there is an equally large body of evidence showing that HA can be associated with
macrophage activation and adhesion as well as foreign body giant cell response [54–58]. It
is important to note that previous studies investigated HA in endogenous, soluble, injectable,
or pure hydrogel form, in either cell culture or in vivo injury models; all of which differ
from the form of HA and in vivo model system employed in this study. To the best of our
knowledge, there is no precedent for the investigation of in vivo host response to an ECM

Chin et al. Page 9

J Mater Sci Mater Med. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



impregnated with a HA hydrogel, limiting comparison of our results to previous work.
However, in one recent study, Brown et al. showed that bladder ECM treated with disulfide
cross-linked, thiol-modified HA facilitated and expedited the infiltration of bladder smooth
muscle cells into bladder ECM in cell culture [59]. Since disulfide cross-linking is reversible
and the incorporated HA could be leached or degraded over time (unlike dityramine cross-
linking), this result is consistent with our observation of heightened cellularity in TS-HA
treated fascia without cross-linking.

Since fascia grafts were not radioactively labeled in our study, the processes of resorption
and host tissue deposition could not be distinguished from each other. As a means to
estimate the net effect of resorption and deposition over time, post-implantation cross-
sectional area at 1 and 3 months was measured. The significant decrease in cross-sectional
area from 1 to 3 months may be a consequence of greater matrix resorption than deposition
and/or simply the resolution of an initial edema/swelling. Future work should investigate the
effect of TS-HA treatment specifically on the remodeling of the fascia matrix over time.

This study is not without limitations. Although treated fascia patches were selected for
implantation based on the criterion that their mean TS-HA content fell within the range of
5–10 μg/mg, the variable nature of the histologic scores within a single experimental group
could be attributed to the variability in TS-HA content from one graft to another. Our
ongoing development of treatment methodologies aims to obtain a more uniform TS-HA
concentration within and between treated fascia grafts. Second, the latest implantation time
point investigated in this study was 3 months. Certainly, longer implantation times are
necessary to ascertain the extent to which the lymphocyte aggregation clears, the giant cell
population diminishes, the TS-HA hydrogel is degraded, and to observe end-stage tissue
remodeling. However, 3 months is sufficient for predicting either a constructive tissue
remodeling outcome or a pro-inflammatory (destructive) tissue remodeling outcome [19].
Lastly, only treated fascia grafts with a mean TS-HA content of 5–10 μg/mg and only one
molecular weight (0.9–1 M Da) were investigated. A dose- or molecular-weight-dependent
histologic response to TS-HA amount is likely and should be further investigated.

5 Conclusions
This study is novel in that it characterizes the host response to decellularized fascia ECM
and TS-HA treated fascia ECM with or without cross-linking. TS-HA treated fascia with
cross-linking had similar lymphocyte and plasma cell densities, greater macrophage and
giant cell densities, and a lower density of fibroblast-like cells than water treated controls.
Treated fascia with or without cross-linking exhibited a predominantly M2, pro-remodeling
macrophage profile similar to water controls, which is suggestive of constructive tissue
remodeling. Our findings suggest that augmentation of an ECM, in particular human fascia
lata, with HA can alter the host response to the ECM. This work provides guidance for the
ongoing development of HA treated extracellular matrices as scaffolds for augmenting the
repair of soft tissues. Future work will investigate alternative treatment methods and the
dose- and molecular-weight-dependent host response to HA treated fascia ECM.
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Fig. 1.
Representative images of bHABP stained fascia grafts: a water treated control and b TS-HA
treated with cross-linking (×100). The incorporated TS-HA was distributed throughout the
fascia matrix, primarily around large fascicle bundles
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Fig. 2.
Representative H&E images at 1 month of: a, d, g water treated control; b, e, h TS-HA with
cross-linking; and c, f, i TS-HA without cross-linking. a–c (×10) Fascia grafts (brackets)
were still visible and discernable from the underlying abdominal skeletal muscle. d–f (×100)
Remnant fascia architecture was identifiable as longitudinal, collagenous bands. Grafts
exhibited a variable distribution of cellular infiltrates and acellular, collagenous regions
(asterisk), as demonstrated in treated fascia with cross-linking (e). g–i (×400) Grafts were
heavily infiltrated by chronic inflammatory cells, which were predominantly lymphocytes,
as demonstrated in water controls (g). In cross-linked treated fascia, TS-HA hydrogel was
discernable (arrows) and surrounded by multinucleated giant cells (h, arrowheads). Spindle-
shaped, fibroblast-like cells heavily infiltrated the grafts, often between the collagenous
bands, as demonstrated in uncross-linked treated fascia (i)
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Fig. 3.
Representative H&E images at 3 months of: a, d, g water treated control; b, e, h TS-HA
with cross-linking; and c, f, i TS-HA without cross-linking. a–c (×10) Fascia grafts
(brackets) were still visible and discernable from the underlying abdominal skeletal muscle.
d–f (×100) A chronic inflammatory response was observed in all grafts at 3 months, but to a
lesser extent than at 1 month for water control and uncross-linked treated fascia. Cross-
linked treated grafts exhibited a variable distribution of cellular infiltrates, acellular regions
(asterisk), and TS-HA hydrogel (e, arrows). g–i (×400) Fibroblast-like cells and
disorganized connective tissue were observed in all groups, as demonstrated in water control
grafts (g). In TS-HA with cross-linking grafts, hydrogel (arrows) and giant cells
(arrowheads) were observed (h). Spindle-shaped, fibroblast-like cells heavily infiltrated the
grafts, often between collagenous bands, as demonstrated in uncross-linked treated fascia (i)
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Fig. 4.
Representative immunostaining of: a CCR7 and b CD163 immunostaining at 3 months of
water treated control (×200). CCR7+ M1 macrophages were often focally concentrated in
small clusters, and CD163+ M2 macrophages were localized at the periphery of the grafts.
CCR7 and CD163 staining was similar for TS-HA treated fascia, with or without cross-
linking. Nuclei were stained with DAPI
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Fig. 5.
Representative CD31 immunostaining for vascularization at 3 months of water treated
control (×100). Capillary vessels are lined with CD31+ endothelial cells. A few
longitudinally oriented capillaries are shown in the central area of the graft. Capillary
density was higher at the periphery of the graft. CD31 staining was similar for TS-HA
treated fascia, with or without cross-linking. Nuclei were stained with DAPI
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Fig. 6.
a Pre-implantation and b post-implantation cross-sectional area of water treated control, TS-
HA with cross-linking, and TS-HA without cross-linking treated fascia. †, ‡TS-HA treated
fascia pieces, with (P = 0.06) or without cross-linking (P = 0.08), trended towards greater
pre-implantation cross-sectional area than water controls. *Post-implantation cross-sectional
area significantly decreased from 1 to 3 months for all groups (P = 0.02). There was no
significant difference in cross-sectional area among groups at either post-implantation time
point
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Table 2

HA content (mean ± SD) of treated 5 × 5 cm fascia grafts at time zero and after the in vitro retention (IVR)
experiment

Treatment group Time zero (μg/mgDW) IVR (μg/mgDW)

Water treated control 0.2 ± 0.1 –

TS-HA with cross-linking 7.6 ± 2.3 8.7 ± 2.0‡

TS-HA without cross-linking 7.8 ± 1.8† 2.7 ± 1.5†,‡

n = 8 grafts per group (triplicate data not shown)

†,‡
Like symbols indicate significant difference (P < 0.001)

J Mater Sci Mater Med. Author manuscript; available in PMC 2012 June 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chin et al. Page 22

Ta
bl

e 
3

M
ea

n 
(r

an
ge

) h
is

to
lo

gi
c 

sc
or

es
 fo

r i
nf

la
m

m
at

or
y 

ce
ll 

ou
tc

om
es

T
im

e 
po

in
t

E
xp

er
im

en
ta

l g
ro

up
In

fla
m

m
at

or
y 

ce
ll 

ou
tc

om
es

L
ym

ph
oc

yt
es

Pl
as

m
a 

ce
lls

M
ac

ro
ph

ag
es

G
ia

nt
 c

el
ls

C
C

R
7+  

pr
o-

in
fla

m
m

at
or

y 
M

1
m

ac
ro

ph
ag

es
C

D
16

3+  
pr

o-
re

m
od

el
in

g 
M

2
m

ac
ro

ph
ag

es

1 
m

on
th

W
at

er
 tr

ea
te

d 
co

nt
ro

l
3 

(3
–3

)
2 

(1
–3

)
2.

3a,
b  (

1–
3)

0.
8a  (

0–
1)

1 
(1

–1
)

2.
5 

(2
–3

)

TS
-H

A
 w

ith
 c

ro
ss

-li
nk

in
g

2.
5 

(1
–3

)
2.

1 
(1

–4
)

3.
1a  (

2–
4)

2.
8a,

b  (
1–

4)
1 

(1
–1

)
2.

8 
(2

–3
)

TS
-H

A
 w

ith
ou

t c
ro

ss
-li

nk
in

g
3 

(2
–4

)
1.

5 
(1

–3
)

2.
8b  (

1–
4)

1.
4b  (

0–
3)

1 
(1

–1
)

2.
8 

(2
–3

)

3 
m

on
th

W
at

er
 tr

ea
te

d 
co

nt
ro

l
2.

9 
(2

–3
)

0.
9 

(0
–2

)
1.

5c,
d  (

1–
3)

0.
8c  (

0–
3)

1 
(1

–1
)

2.
3 

(2
–3

)

TS
-H

A
 w

ith
 c

ro
ss

-li
nk

in
g

2.
6 

(2
–3

)
1.

8 
(0

–4
)

2.
8c  (

1–
4)

2.
8c,

d  (
0–

4)
1 

(1
–1

)
2.

3 
(2

–3
)

TS
-H

A
 w

ith
ou

t c
ro

ss
-li

nk
in

g
2.

6 
(2

–3
)

1.
1 

(0
–2

)
2.

4d  (
2–

3)
0.

6d  (
0–

1)
0.

8 
(0

–1
)

2.
0 

(2
–2

)

Li
ke

 le
tte

rs
 in

di
ca

te
 si

gn
ifi

ca
nt

 d
iff

er
en

ce
s f

or
 a

n 
ou

tc
om

e 
ac

ro
ss

 e
xp

er
im

en
ta

l g
ro

up
s w

ith
in

 e
ac

h 
tim

e 
po

in
t (

P 
≤ 

0.
00

1)

A
cr

os
s a

ll 
gr

ou
ps

, p
la

sm
a 

ce
ll 

(P
 =

 0
.0

2)
, m

ac
ro

ph
ag

e 
(P

 =
 0

.0
3)

, a
nd

 C
D

16
3+

 m
ac

ro
ph

ag
e 

(P
 =

 0
.0

2)
 sc

or
es

 d
ec

re
as

ed
 w

ith
 ti

m
e

In
 a

ll 
gr

ou
ps

 a
t b

ot
h 

tim
e 

po
in

ts
, t

he
 d

en
si

ty
 o

f C
D

16
3+

 M
2 

m
ac

ro
ph

ag
es

 w
as

 g
re

at
er

 th
an

 C
C

R
7+

 M
1 

m
ac

ro
ph

ag
es

 (P
 <

 0
.0

00
1)

n 
= 

8 
pe

r g
ro

up
 p

er
 ti

m
e 

po
in

t

J Mater Sci Mater Med. Author manuscript; available in PMC 2012 June 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chin et al. Page 23

Table 4

Mean (range) histologic scores for non-inflammatory outcomes

Time point Experimental group Non-inflammatory outcomes

Total cellularity Fibroblasts CD31+ epithelial cells (neovascularization)

1 month Water treated control 2.1† (1–3) 2.9a (1–4) 2.3 (2–3)

TS-HA with cross-linking 2.1 (1–3) 1.4a,b (0–3) 1.8 (1–2)

TS-HA without cross-linking 2.5† (1–4) 2.9b (1–4) 2.5 (2–3)

3 month Water treated control 2† (1–3) 2.5c (2–4) 2.0 (2–2)

TS-HA with cross-linking 2.5 (1–4) 1.4c,d (0–3) 1.8 (1–2)

TS-HA without cross-linking 3.1† (2–4) 3.3d (2–4) 1.8 (1–2)

Like letters indicate significant differences for an outcome across experimental groups within each time point (P ≤ 0.0001)

CD31+ epithelial cells (neovascularization) scores trended toward a decrease with time (P = 0.10)

n = 8 per group per time point

†
Indicates a trend (P = 0.09)
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