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Abstract

Decellularized biologic scaffolds are gaining popularity over synthetic biomaterials as naturally
derived materials capable of promoting improved healing. Nevertheless, the most widely used
biologic material — acellular dermal matrix (ADM) — exhibits slow repopulation and remodeling,
which prevents integration. Additionally, engineering control of these materials is limited because
they require a natural source for their production. In the current report, we demonstrate the
feasibility of using genetically engineered animals to create decellularized biologic scaffolds with
favorable extracellular matrix (ECM) properties. Specifically, we utilized skin from
thrombospondin (TSP)-2 KO mice to derive various decellularized products. Scanning electron
microscopy and mechanical testing showed that TSP-2 KO ADM exhibited an altered structure
and a reduction in elastic modulus and ultimate tensile strength, respectively. When a powdered
form of KO ADM was implanted subcutaneously, it was able to promote enhanced vascularization
over WT. Additionally, when implanted subcutaneously, intact slabs of KO ADM were populated
by higher number of host cells when compared to WT. /n vitro studies confirmed the promigratory
properties of KO ADM. Specifically, degradation products released by pepsin digestion of KO
ADM induced greater cell migration than WT. Moreover, cell-derived ECM from TSP-2 null
fibroblasts was more permissive to fibroblast migration. Finally, ADMs were implanted in a
diabetic wound model to examine their ability to accelerate wound healing. KO ADM exhibited
enhanced remodeling and vascular maturation, indicative of efficient integration. Overall, we
demonstrate that genetic manipulation enables engineered ECM-based materials with increased
regenerative potential.
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Introduction

Regenerative medicine is the rapidly growing field of interventions to reconstruct damaged
tissues and implement functional repair after injury, generally using one or a combination of
cell therapy, scaffold mediated therapies, or drugs [1]. Regenerative medicine has embraced
decellularized materials as a class of biomaterials that present distinct advantages over
synthetic materials [2,3]. These benefits include native extracellular matrix (ECM) structure,
retention of matrix bound growth factors and other bioactive components, well-tolerated
degradation products, and a favorable host response. Acellular dermal matrices (ADMs) are
the most popular decellularized materials in the clinic with millions of grafts implanted in
patients. Nevertheless, ADMs demonstrate slow repopulation, remodeling, and integration
due to their dense ultrastructure [1]. The limitations of these materials are evident in the fact
that numerous complications have been reported in patients treated with ADM including
wound dehiscence, skin necrosis, and infection, with complication rates as high as 38.7%
[4,5]. Delayed remodeling and integration are major limitations of these materials, because
they contribute to reconstructive failure [6]. Improved cell repopulation and ultimately
integration of the ADM with surrounding tissue will likely reduce complications and
improve clinical outcomes [7-10].

Furthermore, engineering control of decellularized materials remains difficult because they
are derived from natural sources (either animal tissues or cells /n7 vitro) [5,10-13]. Attempts
to impart engineering control to decellularized extracellular matrices largely rely on top-
down approaches. A growing body of work has examined comminuting the materials into a
powder or solubilizing it into a gel [14-29]. These are popular approaches to create tissue
fillers from decellularized matrices. Additionally, various studies have examined perforating
the ECM to create larger pores within the decellularized tissue [30-32]. Selective removal of
ECM components provides another top-down, albeit different, method of customizing
decellularized materials [32—-36]. While selective removal of components imparts some
control of decellularized matrix properties, addition of exogenous factors to these materials
provides another method to tune these materials. A number of components have been added
to decellularized materials typically by incubating the materials in these factors including:
matricellular proteins, hyaluronic acid (HA), heparin, VEGF, EGF, and bFGF [37-40].

Recent interest in producing tunable extracellular matrix-based materials has suggested
genetic manipulation of the source cells as a potential method to impart bottom-up control in
engineering cell-derived matrix (CDM) [41-43]. For example, overexpression of growth
factors by cells producing matrix on a hydroxyapatite scaffold results in a matrix coating
enriched in these factors, demonstrating the feasibility of a bottom-up approach [44].
Nevertheless, whether genetic manipulation can impart tunability to entire materials or to
bulk material properties of the ECM such as its architecture or mechanics remains unknown.
The question we address in this report is two-fold: i) can harvesting tissues from genetically
engineered animals result in decellularized materials with distinct properties, and ii) can we
develop ECM that induces enhanced cell repopulation and overall integration with host
tissues?
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We selected thrombospondin-2 (TSP-2) null mice as a source of genetically modified ECM
because these mice exhibit altered matrix structure, mechanics, enhanced angiogenesis, and
wound healing [45,46]. Thrombospondin-2 is an anti-angiogenic matricellular protein which
regulates ECM assembly and collagen fibrillogenesis and its absence is associated with the
production of irregular collagen fibrils and fibers [47]. It is highly expressed during
development and after injury during the production and remodeling of ECM[48].
Additionally, cells isolated from these mice produce cell-derived matrix (CDM) with altered
structure and thrombogenicity [46,49,50]. Specifically, these studies have shown that
alignment of endothelial cells and platelet aggregation are enhanced and compromised,
respectively, on TSP2 KO CDM. Decellularizing skin from the knockout (KO) animals
produced ADM with altered structure and mechanics that demonstrated enhanced cell
presence, remodeling, and integration in both a subcutaneous (SC) implant and chronic
wound setting, suggesting improved regeneration and enhanced performance over traditional
ADM. This work examines a novel material that may rapidly translate to the clinic due to
enhanced performance over traditional ADM and provides proof-of-concept that genetically
engineered decellularized tissues can provide distinct functional advantages over WT.

Materials and Methods

Isolation and Decellularization of Murine Skin

All procedures were performed in accordance with the regulations adopted by the National
Institutes of Health and approved by the Animal Care and Use Committee of Yale
University. Isolation and decellularization of murine skin was conducted as previously
described [5]. Briefly, 12-14-week-old mice on a C57BL/6J background were shaved and
treated with depilatory cream to remove hair. Skins were subsequently harvested, flash
frozen, and stored at —80°C until use. Skins were incubated for 6 hours in 0.25% Trypsin-
EDTA (Gibco), followed by washes in ddH20 three times for 15 minutes. Skins were
incubated in 70% ethanol for 12 hours and 3% H,0, (Sigma) for 15 minutes, followed by
two 15 minute washes in ddH20. Skins were then incubated in 1% Triton X-100 (American
Bioanalytical) in 0.26% Tris (American Bioanalytical)/0.69% EDTA (Sigma) for 6 hours
and then overnight. Skins were terminally sterilized in 0.1% peracetic acid (Sigma) in 4%
ethanol for two hours. Finally, skins were washed in ddH50 six times for fifteen minutes
each. All above steps were performed at room temperature on an orbital shaker. Skins
received a final wash in serum-free Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco)
with 1% penicillin/streptomycin (Pen Strep; Gibco) on a rotating shaker at 37°C for 24
hours. Afterward, skins were rinsed with ddH,0O, lyophilized, and stored at —80°C until use.
Samples of each skin were fixed, prepared for histological analysis, and then stained with
hematoxylin and eosin using standard protocols.

Tensile Testing

Lyophilized skins were cut into dog bone-shaped specimens using a scalpel and laser cut
stencil. Samples were then permitted to rehydrate in PBS for at least 5 minutes before
testing and were kept hydrated during testing. Tissue thickness of each sample was
determined by measuring the thickness at 3 points within the narrow section using a
Mitutoyo digital micrometer. Samples were glued to sections of sandpaper at the end of their
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length and mounted into grips attached to the 10 N load cell of the Instron 5848. Tissues
were pulled until failure at a rate of 3.3 mm/min, (n=3). Engineering stress and strain were
calculated from force, distance, and tissue dimensions according to the following equations
where o is engineering stress, F is force, Ag is initial cross-sectional area, e is engineering
strain, l¢ is final length, and | is initial length:

Biochemical Analysis

Collagen content was determined using a hydroxyproline assay (QuickZyme) according to
manufacturer’s instructions (n=7). Sulfated glycosaminoglycan (sGAG) content was
determined using the Blyscan sGAG assay (Biocolor). Samples were digested in papain
overnight at 65°C overnight before proceeding with protocol according to manufacturer’s
instructions (n=3). Residual DNA was quantified with a DNeasy Blood & Tissue Kit
(Qiagen) according to manufacturer’s instructions (n=3).

Denaturation Analysis

To analyze denaturation, a recently published protocol was used [51]. The collagen
hybridizing peptide (CHP), GGG-(GPO)g, (O represents hydroxyproline) with an N-terminal
FITC tag was synthesized by United Peptide. Prior to lyophilization, constructs were
embedded in OCT mounting medium (TissueTek). 8 pm thick sections were cut and
mounted on slides. WT and TSP-2 KO construct sections were mounted. Additionally,
native WT and heat-denatured native WT skins were mounted as controls. Heat denaturation
was accomplished by incubating section for 10 minutes at 95°C. Samples were washed 3x
for 5 minutes with PBS before incubation in 30 yM FITC-CHP in PBS for 2 hours at 4° C.
Samples were rinsed 3x for 5 minutes in PBS before mounting in Vectashield Mounting
Medium (Vector Labs) and imaging. Three 10x images of each sample were quantified in
ImageJ to determine the integrated density of the FITC signal. Data were then normalized to
a percent of the heat denatured control sample. Three experiments were performed (n=3).

Enzymatic Degradation Kinetics

Enzymatic degradation was performed as an accelerated measure of in vivo degradation.
First, constructs were massed and cut into 1x1 cm squares. Type IV collagenase (50 U/mL,
Sigma) or pepsin (1 mg/mL, Sigma) in PBS (for collagenase) or 0.01N HCL (for pepsin)
was added for a final concentration of 5 mg dry weight skin/mL. Samples were incubated at
37°C. At specified time points, the mixture was centrifuged at 18,000 g for 1 minute. 20 uL
samples of the digest solution were collected at each time point and stored at —20°C until
analysis. Protein concentration of the releasate was evaluated with the Bradford Assay
(BioRad) against a BSA standard curve (n=3).
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Cells were maintained /in vitro with standard protocols. Briefly, mouse embryonic fibroblast
cell line NIH/3T3 (ATCC), primary dermal fibroblasts, and RAW 264.37 (ATCC) cells were
maintained in growth medium, DMEM (Gibco) with 10% FBS and 1% pen strep. The
mouse preosteoblastic cell line MC3T3-E1 (a generous gift from Dr. Mark Horowitz) was
maintained in growth medium, MEMa, with 10% FBS and 1% pen strep. Human umbilical
cord vein cells (HUVECs, Yale VBT Core Facility) were maintained in M199 medium
(Gibco) supplemented with 20% FBS, 1% pen strep, and 3% endothelial cell growth
supplement (ECGS).

ECM Solubilization

To analyze the chemoattractant properties of degradation products of constructs,
concentrated solubilized ECM was produced by incubating constructs at 10 mg dry weight
per mL fluid in a solution of 1 mg/mL pepsin in 0.01 N HCI (Sigma) for 72 hours in a
manner similar to that described previously [52]. Solubilized ECM was then neutralized and
buffered with 1/10th the digest volume of NaOH and 1/9th the digest volume of 10x PBS.

To create media containing degradation products, solubilized ECM (degradation products)
was added to cold serum-free media (appropriate medium selected based on cells) at a final
matrix concentration of 50 pg/mL and stored at —20°C until use. Cells were serum-starved
overnight before use. NIH/3T3, MC3T3-E1, and RAW 264.37 cells were starved in serum-
free media, and HUVECs were starved in 0.5% FBS. Transwells with 8 um pores (Corning)
were coated with 50 ug/mL collagen | (BD) for 30 minutes at 37°C. Cells were harvested by
addition of 0.25% Trypsin/EDTA. A suspension of 50,000 cells was added to each Transwell
in 100 pL serum-free media. 600 L media containing degradation products or pepsin
control was added to the bottom of the well, and cells were allowed to migrate for 6 hours at
37°C, before being fixed in 100% methanol and stained with a Diff-Quik kit (EMS). Wells
were imaged at 20x and quantified by measuring the number of cells per image (n=3).

Subcutaneous Implantation

All procedures were performed in accordance with the regulations adopted by the National
Institutes of Health and approved by the Animal Care and Use Committee of Yale
University. Decellularized skin was kindly comminuted by the Christman Lab (UCSD).
Constructs were passed through a Wiley mini mill (Thomas Scientific, Swedesboro, NJ) and
stored in a desiccator until use. Silicone trays were used for subcutaneous implantation of
decellularized skin slabs as well as comminuted decellularized skin because of the difficulty
of retrieving powdered matrix after implantation. The trays were fabricated by cutting two 6
mm squares of silicone and punching a 4 mm biopsy punch through one of them. The two
squares were then treated with oxygen plasma and allowed to form a permanent bond. After
tray fabrication, matrix was loaded into the tray to create a layered silicone matrix product
similar to that published previously, [53]. 4 mm intact slabs of decellularized matrix or
equivalent in thickness powder were placed in the trays and implanted upright SC so that the
ECM was in contact with the dermis.
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SC implantations were performed as described previously [5,54,55]. Trays were implanted
SC for 2 weeks in 12-14 week old C57BL/6 mice. Each mouse received two implants in its
dorsal region, each from a different construct. Implants were excised en bloc and prepared
for histological analysis. Sections were stained with hematoxylin and eosin according to
standard protocols. Additionally, samples were analyzed by immunohistochemistry with
antibodies against CD31 (Dianova) and aSMA (Dako). For quantifying cell invasion into
intact slabs, histological sections were imaged in the central region of the implant (10x) and
the number of cells per high power field (HPF) was quantified in ImageJ (n=4). For
quantifying vascularity around powdered skin, three 40x images were taken per implant and
the number and size of CD31+ and SMA+ lumens were quantified in ImageJ (n=6).

In Vitro Migration through Cell-Derived Matrix

To probe mechanisms of enhanced cell presence into intact slabs of TSP-2 null ADM, an /n
vitro assay was used in a similar manner to previous work to compare cell migration through
WT and TSP-2 null cell-derived matrix (CDM) [46]. Briefly, primary dermal fibroblasts
were isolated from WT or TSP-2 KO mouse skin and 50,000 cells were seeded into the top
chamber of a Transwell (Corning). Cells were cultured in the presence of 100 pM ascorbic
acid for 7 days before decellularization with 40 mM NH4OH and 0.5% Triton X-100. Next,
50,000 fibroblasts isolated from either WT or db/db mice (serum starved overnight in 0.5%
FBS) in 100 pL serum free media were added onto the CDM in the Transwells. 600 pL
media with 10% FBS was added below the Transwells, and cells were allowed to migrate at
37°C for 6 hours before being fixed in 100% methanol and stained with a Diff-Quik kit
(EMS). Wells were imaged at 20x and quantified by measuring the number of cells per
image (n=5).

In Vivo Wound Healing in Diabetic Animals

All procedures were performed in accordance with the regulations adopted by the National
Institutes of Health and approved by the Animal Care and Use Committee of Yale
University. Homozygous genetically diabetic 12-week-old, Lep/r—db/db mice (B6.BKS(D)-
Leprdb/J, Jackson) were used for wound experiments as previously described, [56,57]. The
day before surgery, hair was clipped and depilated (Nair). Animals were anesthetized with
isothesia, and two symmetric 6 mm full-thickness circular wounds were created on the dorsa
of animals using a biopsy punch (Acupunch). Wounds were covered with the appropriate
constructs and sutured into place using Polysorb 4-0 suture (Covidien). The entire area was
then covered with Tegaderm (3M). Tegaderm was sutured to the skin to ensure scaffold
hydration.

At 10 days or 21 days, animals were euthanized and the wound area was excised together
with the surrounding tissues for analysis. Wounds were fixed overnight in Z-Fix (Anatech)
and prepared for histological analysis by bisecting the wound. Sections were stained with
hematoxylin and eosin and Masson’s Trichrome according to standard protocols.
Additionally, samples were analyzed by immunohistochemistry, as described above. For
quantifying cellular content of grafts, three 20x images were taken per implant and the
number of vimentin+ cells and the number and size of CD31+ and SMA+ lumens were
quantified in ImageJ. For analysis of collagen remodeling, paraffin-embedded sections were
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analyzed as described previously [51]. Briefly, paraffin was removed by incubation in
xylenes, and tissue was rehydrated in an ethanol series. Subsequently, sections were blocked
in 5% goat serum for 20 minutes. Sections were stained with the collagen-hybridizing
peptide and DAPI overnight at 4°C as described above. Slides were washed three times with
PBS and mounted with Vectashield Mounting Medium. For quantification, four 40x images
were taken along the edge of the construct to examine collagen remodeling. Images were
quantified for integrated intensity using ImageJ.

Scanning Electron Microscopy

To prepare samples for SEM, cross-sections of lyophilized skins were mounted to stubs with
carbon tape, sputter-coated with iridium, and viewed via SEM (Hitachi SU-70).

Statistical Analysis

Results

Data are expressed as the mean + the standard error of the mean (SEM). One-way ANOVA
with Tukey’s Multiple Comparisons test were used for all statistical analysis of data with
more than two samples. For experiments where data was collected from only two samples, a
two-tailed Student’s t-test was used. P-values < 0.05 were considered statistically
significant.

Genetic manipulation alters scaffold structure and mechanical properties

The process previously optimized for WT mouse skin was also able to adequately
decellularize TSP-2 KO skin, [5]. Decellularization resulted in removal of bulk cellular and
nuclear material, which was demonstrated by the lack of nuclear remnants on the
hematoxylin and eosin (H&E) stained tissue (Fig. 1 B). SEM demonstrated the expected
basket-weave morphology of the dermis of the WT construct, contrasting with the less
organized morphology of the TSP-2 KO construct (Fig. 1 A). Consistent with this abnormal
morphology of TSP-2 KO samples, mechanical testing showed a right-shifted stress-strain
curve with lower peaks at failure, corresponding to reduced elastic modulus and ultimate
tensile strength (U.T.S.), respectively (Fig. 1 C-F).

Composition, denaturation, and degradation kinetics of ADM

Collagen content was reduced in the TSP-2 KO construct as compared to WT (Fig. 2 A), but
SGAG and residual DNA content did not change with genotype (Fig. 2 B—C). The similar
residual DNA content was below the commonly accepted threshold for adequate
decellularization of 50 ng dsDNA per mg ECM, indicating that the tissues were equally well
decellularized. No difference was found in the total amount of denatured collagen between
native skin, WT ADM, or KO ADM, but the heat-denatured control demonstrated
significantly more denaturation (Fig. 2 D and Supplemental Fig. 1). Digestion of
decellularized constructs in purified enzyme solution indicated that WT and TSP-2 KO
ADM have equal susceptibility to both collagenase and pepsin (Fig. 2 E-F). It is important
to note that /n vivo degradation is cell-mediated, and thus enzyme susceptibility is not a
perfect predictor of material lifetimes /n vivo.
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TSP-2 KO ADM degradation products promote migration

To test whether degradation products of the TSP-2 KO and WT materials had differential
chemoattractant effects on cells, the materials were digested in pepsin to create degradation
products which were added to media. This preparation was used as the chemoattractant
solution in migration assays.

Transwell culture inserts. Several cell types were selected including NIH/3T3 fibroblasts
because they are an important cell type in skin homeostasis and secrete their own ECM,
MC3T3-E1 preosteoblasts as another cell type that secretes extensive ECM in vitro, and
HUVECs and RAW 264.7 cells because of the essential role of vascularization and
inflammation in wound healing. Enhanced migration toward TSP-2 KO, but not WT
degradation products, was observed for NIH/3T3 fibroblasts and MC3T3-E1 preosteoblastic
cells (Fig. 3 A and B). HUVECs and RAW 264.7 cells displayed no chemotaxis toward
degradation products (Fig. 3 C and D). Differential effects on different cell types indicate
that the chemotactic effects of TSP-2 null ADM degradation products are cell-specific.
Furthermore, in preliminary experiments, ADM were used as wound coverings for healthy
WT mice, and the TSP-2 KO ADM demonstrated accelerated healing by 7 days post-
implantation (Supplemental Fig. 2), suggesting the degradation products translated favorable
chemoattractant properties to an /n vivo setting.

Comminuted ECM

Comminuted (or micronized) ECM is popular for use as a tissue filler (e.g. Cymetra) and has
been examined as an occlusive dressing for fingertip injuries [14-17]. To study the influence
of genetic manipulations on the host response to comminuted ECM, silicone trays were used
to implant decellularized skin that had been comminuted (herein referred to as WT or KO
powder), subcutaneously (Fig. 4 A-B). The trays were necessary because retrieving powder
after in vivo application in the SC space was challenging. After two weeks, trays with the
ECM were retrieved. H&E-stained sections containing the powdered ECM demonstrate that
regardless of genotype, cells invaded throughout (Fig. 4 B). Immunohistochemical staining
for CD31 revealed more blood vessels around the TSP-2 KO powder than there were around
the WT (Fig. 4 C,D). The vessels were also larger around the KO powder than the WT (Fig.
4 C, F). Additionally, there were more aSMA-positive blood vessels around the TSP-2 KO
powder (Fig. 4 D, G). Together, the CD31 and aSMA stains demonstrated enhanced
vascularization and vessel maturation around the TSP-2 KO powder.

Enhanced Cell Migration with TSP-2 null ECM

To examine the host response to ADM, 4 mm slabs of intact decellularized skin were
implanted subcutaneously in mice in silicone trays for 14 days. After excision and staining
with H&E, it was observed that more cells migrated into TSP-2 KO ECM compared to WT
(Fig. 5 A-B). To investigate this mechanism in vitro, primary dermal fibroblasts were
isolated from WT or TSP-2 KO mice and cultured on Transwells to produce a layer of cell-
derived matrix (CDM) (Fig. 5 C). This CDM was decellularized and either primary WT
fibroblasts or fibroblasts isolated from the genetically diabetic db/db mouse were seeded on
top of the matrix in serum-free media. Serum containing media was added to the bottom of
the well, and migration through the matrix quantified. In both cases (WT or db/db
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fibroblasts) the TSP-2 null matrix was more permissive to fibroblast migration (Fig. 5 D-E).
These data are consistent with previous findings demonstrating that TSP-2 KO matrix is
more permissive to endothelial cell migration [46].

Diabetic wound healing with ADM

TSP-2 KO constructs demonstrated characteristics that are functionally distinct from WT
including altered structure, degradation products, mechanics, and host response. Enhanced
cell invasion into TSP-2 KO ECM could make it a useful material in a regenerative medicine
setting where accelerated integration is desirable [7,10,58]. Utility in a compromised wound
healing scenario, such as diabetic wound healing, is necessary to fully evaluate the material
in a regenerative context. To this end, slabs of ADM were rehydrated in PBS and sutured
into full thickness wounds of the genetically diabetic db/db mouse. After 10 days, the TSP-2
KO ADM integrated better with the surrounding tissue, to the point where the border
between graft and normal tissue could not be discerned (Fig. 6 C). Analysis of collagen
demonstrated that the TSP-2 KO constructs underwent more remodeling at 10 days as
compared to the WT (Fig. 6 A-B). At 10 days, more vimentin-positive cells, a marker of
cells of a mesenchymal lineage, were present within the TSP-2 KO construct than the WT,
but by 21 days there was no longer a difference (Fig. 6 E-F). At both time points (10 and 21
d), there were more aSMA-positive vessels within the TSP-2 KO construct, indicating more
vessel maturation (Fig. 6 G-H). There was no difference in CD31 staining at either time
point (Fig. 6 D).

Discussion

This work presents a proof of principle that genetic manipulations can serve as a toolbox to
impart tunability to ECM-based materials that results in increased functional performance.
Although the current report only demonstrates functionally distinct materials from a single
gene knockout animal, this work can serve as a foundation from which a number of genetic
manipulations may permit tunability in ECM-derived materials. Specifically, we show that
genetically engineered materials may demonstrate superior cell repopulation, remodeling,
and integration over native ECM. While previous work has demonstrated that ECM coatings
can be enriched in particular factors by their upregulation via genetic techniques, this work
examines more fundamental aspects of bulk material properties, namely structure and
mechanics. Additionally, this work examines whole tissue-derived materials rather than only
CDM coatings and details improvements in tissue integration of ADM with genetically
engineered source material in the subcutaneous space as well as in a compromised model of
wound healing.

We have demonstrated that tissues from a genetically modified mouse can be decellularized
with techniques already in use for WT tissues, and that the resulting material exhibits altered
structural and thus mechanical properties. Both structure and mechanics are central to the
function of any material, and the ability to manipulate these properties is one advantage that
synthetic materials currently retain over decellularized ECM. Additionally, although the
biomaterial exhibits only subtle biochemical differences, its degradation products have a
pronounced chemoattractant effect on specific cell types.
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In vivo, subcutaneous implantation experiments demonstrated that TSP-2 KO ADM is more
permissive to cell migration. This phenomenon was recapitulated /n7 vitro with cell-derived
matrix, suggesting a functional change in the manner in which fibroblasts interact with
TSP-2 KO ECM as compared to WT. Furthermore, when the ADMs were comminuted into
a powdered form, TSP-2 KO was able to promote a significant increase in vessel formation
and vascular maturity by 14 days, suggesting it may function as an improved tissue filler
over the traditional WT materials.

Moreover, the genetically modified ADM demonstrated accelerated wound healing in a
diabetic model of compromised healing. TSP-2 KO constructs exhibited enhanced
integration at 10 days, evident in the difficulty of discerning the graft-skin border compared
to WT, increased remodeling of the graft, enhanced vimentin+ cell invasion, and increased
number of aSMA+ vessels. The findings of increased cell repopulation, ECM remodeling,
and integration suggest that these materials may be advantageous in the clinic for the
treatment of chronic wounds. Lack of integration with the host tissue is thought to be the
largest contributor to high complication rates of decellularized materials, which strengthens
this suggestion [6,58]. Furthermore, enhanced cell presence and constructive remodeling
within acellular materials lead to improved downstream outcomes in general [7,8,10].

There will be 300 million diabetics worldwide by 2025, and 15-20% of diabetics develop
non-healing wounds [59,60]. Thus, materials that can accelerate healing of chronic wounds
clearly have the potential to influence a large population. Although these materials are time-
consuming and expensive to produce, the expense is likely worth the cost, because as many
as 22% of patients with non-healing wounds will require amputation, a procedure with a
five-year mortality rate of 50% [60,61]. Therefore, there is a tremendous clinical need for
regenerative medicine to speed recovery in diabetic wounds. Current ADMs exhibit slow
repopulation and integration with surrounding tissue limiting their use as successful
interventions in non-healing diabetic wounds. Accelerated integration of acellular materials
could improve their utility in a variety of settings including making them more attractive
candidates for use in non-healing wounds.

Genetic engineering has the potential to impart tunability to decellularized ECM-derived
materials that is simply not attainable with traditional techniques. Although scale-up for the
clinic using murine skin is not feasible, future work could extend the present findings to the
creation of materials from a TSP-2 KO large animal model for human use. Additionally,
other genetic modifications should be investigated to expand the toolbox. For example, other
matricellular proteins such as secreted protein acidic and rich in cysteine (SPARC) that
influence ECM assembly could be explored or modulations between simply WT and KO
such as interventions to partially inhibit particular proteins could be investigated. Ultimately,
this work provides a foundation for using genetically engineered ECM for creation of pro-
regenerative materials for the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TSP-2 KO ADM exhibits altered structure and mechanics
Representative SEM demonstrating contrast between structures (A). Representative H&E

images indicating the absence of nuclear material in both constructs (B). Stress versus strain
plots of tensile testing (C) and diagram of dog bone-shaped cutouts (units in mm) (D).
Ultimate tensile strength (E) and elastic modulus (F) of WT and TSP-2 KO constructs.
Results are given as mean + SEM, n=3, *p<0.05, **p<0.01.
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Fig. 2. TSP-2 KO ADM exhibits reduced collagen content, but is otherwise biochemically similar
TSP-2 KO decellularized skin constructs exhibited reduced collagen content as compared to

WT by hydroxyproline assay (n=7) (A). sGAG content (B) and residual DNA (C) were
unchanged between genotypes (n=3). There was no difference in denaturation between WT
and TSP-2 KO constructs compared to native skin. Each of these three exhibited
significantly less denaturation than heat-denatured native skin (n=3) (D). Enzymatic
degradation kinetics demonstrate no difference in susceptibility between WT and TSP-2 KO
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constructs to either collagenase (E) or pepsin (F) (n=3). Results are given as mean + SEM,
*p<0.05, ***p<0.0001.
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Fig. 3. TSP-2 KO degradation products induce chemotactic effects
Degradation products were prepared by incubating decellularized skin in a pepsin solution.

Degradation products were added to serum-free media at a concentration of 50 pg/mL, and
chemotaxis toward them was tested in a Transwell. NIH/3T3 embryonic fibroblasts (A) and
MC3T3-E1 preosteoblasts (B) migration significantly increased toward TSP-2 KO matrix
than the pepsin control. WT display no greater chemotaxis than control. HUVECSs (C) and
RAW 264.7 macrophages (D) display no chemotactic activity toward either degradation

product (n=3).
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Fig. 4. Comminuted TSP-2 KO ADM promotes vascularization
SEM of WT and TSP-2 KO powdered ECM indicated difference in the structure of the

grains, with WT appearing more shredded (A). After 14 days /n vivo the powder was well
invaded (B). Immunohistochemistry demonstrated more vascularization around the TSP-2
KO powder as demonstrated by CD31 (C) and aSMA (D). There were more CD31-positive
lumens (E) that were larger (F) and more aSMA-positive (G). Scale bars = 100 um.
Implanted silicone trays are out of frame but reside below and to the sides of the implanted
ECM. ECM is just below the dermis. Results are given as mean + SEM, n=6, *p<0.05,
***p<0.005.
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Fig. 5. TSP-2 KO matrix promotes a pro-migratory environment

Intact slabs of constructs were implanted subcutaneously for 14 days, scale bar = 100 pm
(A), and TSP-2 KO constructs display increased cell penetration into the matrix. Implanted
silicone trays are out of frame but reside below and to the sides of the implanted ECM; ECM
is just below the dermis (n=4) (B). CDM was analyzed as an /n vitro system to probe cell
migration through WT and TSP-2 KO matrix (C), and it was found that TSP-2 null ECM is
more permissive to both WT and db/db fibroblast migration, n=5 (D-E). Scale bars = 100

um. Results are given as mean + SEM, *p<0.05, **p<0.01.
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Fig. 6. TSP-2 KO ADM exhibits enhanced integration and vascular maturation in diabetic
wounds

Representative images of collagen remodeling in ADM after 10 days of implantation in
diabetic wounds (A) demonstrate increased remodeling in TSP-2 KO ADM (B).
Representative images of Masson’s trichrome staining along border of graft demonstrate
increased tissue integration with TSP-2 KO ADM,; the border between normal tissue and
graft is no longer visible by 10 days (C). There are no differences in total vessel number
(CD31) between WT and TSP-2 KO ADM treated wounds at 10 or 21 days (D).
Representative images of vimentin staining after 10 days (E). Quantification of vimentin
stain indicates an increased penetration of mesenchymal cells within the TSP-2 KO ADM by
10 days, but the WT ADM were no different by 21 days (F). Representative images of
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aSMA after 10 days (G) and quantification revealing more positive vessels at both 10 and
21 days. n=4 (10 days) or n=6 (21 days). Scale bars = 50 um. Results are given as mean +
SEM, *p<0.05, **p<0.01.

Biomaterials. Author manuscript; available in PMC 2019 July 01.



	Abstract
	Introduction
	Materials and Methods
	Isolation and Decellularization of Murine Skin
	Tensile Testing
	Biochemical Analysis
	Denaturation Analysis
	Enzymatic Degradation Kinetics
	Cell Culture
	ECM Solubilization
	Subcutaneous Implantation
	In Vitro Migration through Cell-Derived Matrix
	In Vivo Wound Healing in Diabetic Animals
	Scanning Electron Microscopy
	Statistical Analysis

	Results
	Genetic manipulation alters scaffold structure and mechanical properties
	Composition, denaturation, and degradation kinetics of ADM
	TSP-2 KO ADM degradation products promote migration
	Comminuted ECM
	Enhanced Cell Migration with TSP-2 null ECM
	Diabetic wound healing with ADM

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

