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Fractionation of an ECM Hydrogel into Structural
and Soluble Components Reveals Distinctive Roles in
Regulating Macrophage Behavior.

P. F. Slivka®, C. L. Dearth®”’, T. J. Keane®, F. W. Meng“, R. T. Riggio“?, J. E.
Reing®’, and S. F. Badylak®”*

Extracellular matrix (ECM) derived from mammalian tissues has been utilized to repair
damaged or missing tissue and improve healing outcomes. More recently, processing of ECM
into hydrogels has expanded the use of these materials to include platforms for 3-dimensional
cell culture as well as injectable therapeutics that can be delivered by minimally invasive
techniques and fill irregularly shaped cavities. At the cellular level, ECM hydrogels initiate a
multifaceted host response that includes recruitment of endogenous stem/progenitor cells,
regional angiogenesis, and modulation of the innate immune response. Unfortunately, little is
known about the components of the hydrogel that drive these responses. We hypothesized that
different components of ECM hydrogels could play distinctive roles in stem cell and
macrophage behavior. Utilizing a well-characterized ECM hydrogel derived from urinary
bladder matrix (UBM), we separated the soluble and structural components of UBM hydrogel
and characterized their biological activity. Perivascular stem cells migrated toward and
reduced their proliferation in response to both structural and soluble components of UBM
hydrogel. Both components also altered macrophage behavior but with different fingerprints.
Soluble components increased phagocytosis with an IL-1RAME" TNFa'¥, IL-1p", uPA""
secretion profile. Structural components decreased phagocytosis with a PGE2"&" PGF20™e",
TNFo'°¥, IL-1"°%, uPA!®™, MMP2'°Y, MMP9'"°¥, secretion profile. The biologic activity of the
soluble components was mediated by Notch and PI3K/Akt signaling, while the biologic
activity of the structural components was mediated by integrins and MEK/ERK signaling.
Collectively, these findings demonstrate that soluble and structural components of ECM
hydrogels contribute to the host response but through different mechanisms.
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Introduction

Mammalian ECM derived from a variety of tissue sources
has been extensively utilized as a surgical mesh material for

dense mononuclear cell infiltration into the ECM scaffold.
Gradually the implanted scaffold is replaced with new ECM as
well as small pockets of site appropriate, vascularized, and
innervated tissue °'% The pathophysiology of ECM scaffold
remodeling has been partially characterized and includes the
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recruitment of endogenous stem/progenitor cells'® '* and

modulation of the innate immune response towards a regulatory
(M2/Th2) phenotype '>'". Macrophages that surround and
infiltrate ECM scaffolds express a number of M2 markers
including CD206 and CD163'% 8, Moreover, the presence of
these M2 markers appears to be a strong predictor of a
constructive host remodeling response .

While 2-D, flat sheets of ECM have shown clinical utility,
the constraint to a sheet form has limited the potential
applications for these materials. More recently, ECM scaffolds
have been processed into different forms including powders,
putties, and hydrogels'®?!. Of these alternative forms,
hydrogels provide the most options as they can be cast into 3-D
shapes for cell culture and tissue engineering applications or
injected directly into host tissue” These injected
hydrogels can fill complex cavities and retain the shape of that
cavity once polymerized24. Generation of hydrogels from ECM
requires ECM to be solubilized, which is readily accomplished
with pepsin digestion. Pepsin digestion has been extensively
utilized to prepare collagen both for research and medical
purposes and is an established industry standard®: %
Importantly, pepsin solubilized ECM hydrogels have been
shown to elicit a similar host response to the 2-D surgical mesh
form of ECM** %,

At a molecular level, ECM hydrogels consist of both
structural and soluble components that contain unique
molecular fingerprints. The structural components of ECM
hydrogels include a number of partially digested proteoglycans
and proteins such as collagens, clastin, laminin, fibronectin,
hyaluronan, and heparan. The soluble components of the
scaffold consist of cryptic peptide fragments generated from
partial proteolysis of scaffold resident growth factors (e.g.
bFGF, VEGF, IGF, TGFB) and matricellular proteins (e.g.
SPARC, tenascin, osteopontin, thrombospondin) in addition to
any matricryptic peptides derived from structural components
2729 ' A number of studies on stem cells and macrophages have
identified different signaling cascades that are initiated by these
ECM components, including mitogen-activated protein kinases
(MAPKS), phosphoinositide-3 kinase (PI3K), and
Wingless/Integrase 1 (Wnt), among others®*>?. Activation of
these signaling cascades can originate from a number of cell
surface receptors. Many structural and soluble components of
ECM interact with integrins through conserved cell adhesion
sequences such as RGD and VGVAPG?* 3% **_ Other receptors
for ECM components include growth factor receptors (FGFRs,
VEGFRs, etc.), scavenger receptors (Stabilin-1, LOX-1), and
toll-like receptors (TLRs)*%. Despite these advances, no study
has directly compared the structural and soluble components of
ECM hydrogels to determine the unique cellular behaviors and
molecular events they mediate.

The objective of the present study was to determine the
biological activity of the soluble and structural components of
an ECM hydrogel. The well-characterized hydrogel of the
biologic scaffold referred to as urinary bladder matrix (UBM)
was utilized as a model system 2 ?*. The structural and soluble
components of UBM hydrogel were fractionated and tested for
their ability to modulate stem cell and macrophage behavior—
two critical cell types in the host response to ECM. The
components of UBM hydrogel were tested for their ability to
modulate the chemotactic and proliferative activity of human
perivascular stem cells (PSCs). The components were also
tested for their ability to modulate macrophage behavior by
examining their effects on the phagocytic ability and secretion
profile of THP1 human macrophages. Finally, a subset of
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signaling cascades and cell surface receptors involved in
modulating the macrophage secretion profile were determined.

Materials and Methods

Reagents

All chemical reagents were purchased from Sigma-Aldrich (St.
Louis, MO) unless otherwise specified. All cell culture media and
reagents were purchased from Life Technologies (Carlsbad, CA)
unless otherwise specified. All chemicals used were reagent grade or
better.
Urinary Bladder Matrix Preparation

Porcine urinary bladders were acquired from market weight
pigs (110-130 kg) as a byproduct of routine commercial production.
The extracellular matrix from this tissue referred to as UBM was
prepared as previously described *°. Briefly, the tunica serosa, tunica
muscularis externa, tunica submucosa, and most of the tunica
muscularis mucosa were mechanically removed and the luminal
urothelial cells of the tunica mucosa were dissociated by rinsing in
sterile water. The remaining tissue consisted of the basement
membrane, the subjacent tunica propria of the tunica mucosa, and
any resident cells in those layers. The matrix was decellularized by
agitation in 0.1% peracetic acid with 4% ethanol for 2 hours at high
speed followed by extensive rinsing with phosphate-buffered saline
(PBS) and sterile water. Decellularization was verfied using 4'-6-
diamidino-2-phenylindole (DAPI, Fisher Scientific, Waltham, MA)
nuclear staining and quantification of remnant DNA “. The UBM
was then lyophilized into a dry sheet and either milled into
particulates using a Wiley Mill with a #60 mesh screen '°.
Pepsin Mediated ECM Solubilization

UBM was enzymatically digested as previously described®
with pepsin by mixing lyophilized, powdered UBM (10 mg/mL) and
pepsin (1 mg/mL) in 0.01 M HCI (pH 2.0). This solution was stirred
at room temperature for 48 hours. After stirring, the UBM slurry was
neutralized to a pH of 7.4 in 1X PBS (137 mM NacCl, 2.7 mM KCl,
12 mM Phosphate, Fisher Scientific, Waltham, MA) to inactivate the
pepsin and prepare the material for cell culture assays. A solution of
pepsin (1 mg/mL) in 0.01M HCI, treated in the same fashion as the
UBM sample, served as the control condition for all experiments.
For experiments containing dose responses the pepsin control was
diluted appropriately to match the concentration that was present in
enzymatically digested UBM. All materials were stored at -80°C
until use.
Fractionation of Digested UBM

Neutralized UBM digest was incubated at 37°C to induce
gelation. The UBM hydrogel was then centrifuged at 25,000xg for
30 minutes to compress the insoluble, structural components of the
scaffold into a pellet, leaving a clear supernatant above the pellet
(Figure 1A). The gel pellet containing the structural components was
collected and resuspended to the starting volume in 1X PBS. Due to
the insolubility of the gel pellet, the gel pellet suspension was
vigorously pipetted through a 10 uL pipet tip and forced through a
300 uM filter to homogenize the material as much as possible. UBM
hydrogel, homogenized in the same fashion served as the control in
all experiments. Homogenized suspensions were stored at -80°C
until use. The clear supernatant containing the soluble components
was removed and lyophilized to dryness. The dried supernatant was
rehydrated in 10% of its original volume with sterile water to drive
the PBS concentration from 1X to 10X. The increase in PBS
concentration salts out any remaining structural components and is a
common step in the preparation of collagen *" **. The rehydrated
soluble components were centrifuged at 20,000xg to clarify the
solution. The supernatant from this final spin was removed, diluted
to the starting volume, and stored at -80°C until use. Dilution to the
starting volume for both fractionated components allowed direct
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comparison of the biological activity of the fractions using the same
dilution factor for all materials.
SDS PAGE and Protein Quantification

UBM hydrogel, Structural, and Soluble components were
diluted 1:1 in 2X Laemmli Sample Buffer (Bio-Rad, Hercules, CA)
and boiled at 95°C for 8 minutes. Samples were diluted and tested
for protein concentration using the Pierce BCA Protein Assay
(Thermo Fisher, Waltham, MA) according to the manufacturer’s
instructions. Absorbances were measured at the appropriate
wavelength using a Molecular Devices SpectraMax M2 plate reader
(Silicon Valley, CA) and concentrations were approximated using a
bovine serum albumin (BSA) standard curve. Either 15 ug (Figure
1C) or 45 pg (Figure 1D) of each sample—based on protein
concentration—was resolved on 4-20% SDS PAGE gels (Bio-Rad,
Hercules, CA) and stained with Coomassic Blue R-250 (Fisher
Scientific, Waltham, MA). Gels were imaged using the Protein
Simple Red Imager (Protein Simple, Santa Clara, CA).
Cell Culture

THP-1 human monocytes were obtained from the American
Tissue Culture Collection (ATCC, Manassas, VA) and maintained in
RPMI, 10% FBS, 1% penicillin/streptomycin, 2 mM L-glutamine,
and 1 mM sodium pyruvate in a humidified atmosphere at 37°C with
5% CO,. For TNFa, PGE2, PGF2a, IL-1f, and IL-1RA
experiments, 500,000 THP-1 cells/well were plated with 320 nM
phorbol 12-myristate 13-acetate (PMA) for 24 hours to induce
differentiation into macrophages. Adherent macrophages were
washed in PBS and placed in fresh media, followed by a 24 hour
incubation in fresh media to acquiesce. THP1 macrophages
differentiated with PMA and rested have been shown to exhibit
nearly indistinguishable activity from human peripheral blood
macrophages™ . Human PSCs were isolated from blood vessels in
fetal muscle according to the methods outlined by Crisan et al. **
and maintained as reported.
Chemotaxis Assay

Chemotaxis assays were performed in standard chemotaxis
chambers with 8 pm filters (Neuro Probe, Gaithersburg, MD) coated
with rat-tail collagen (BD Biosciences, San Jose, CA) as described
previously *. Briefly, PSCs were grown to 80-90% confluence
before overnight incubation in DMEM with 0.5% heat inactivated
FBS. Cells were trypsinized and resuspended in plain DMEM and
30,000 cells were loaded onto the top well of the chemotaxis
chamber which was separated by the filter from the lower well
containing the treatment condition (580-5.8 pg/mL UBM Hydrogel,
160-1.6 pg/mL soluble components, and 340-3.4 pg/mL structural
components). Homogenization of the structural components as well
as the large pore size ensured that the largely insoluble material
could still diffue through the filters. Chambers were place in a
humidified atmosphere at 37°C with 5% CO, for 3 hours. Migrated
cells were stained with DAPI (Fisher Scientific, Waltham, MA),
imaged using a Zeiss Axio-Observer Z.1 microscope (Oberkochen,
Germany) with 10X objective and quantified with Image] (NIH,
Bethesda, MD). Digestion enzyme only control yielded 163 + 35
migrated cells. This baseline value was normalized to zero and
changes in chemotaxis for all treatment groups were expressed as a
fold change to this control.
Proliferation Assay

Human PSCs were cultured at a concentration of 5,000 cells
per well in a 96 well plate for 24 hours. Following 24 hours,
580-5.8 pg/mL UBM hydrogel, 160-1.6 pg/mL soluble
components, or 340-3.4 pg/mL structural components were
added to the wells along with 5-bromo-2’-deoxyuridine (BrdU;
final concentration: 10 uM). Treated cell were incubated for 18
hours. The cells were then fixed with 95% methanol for 15
minutes and washed thoroughly with PBS. Cells were then
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incubated in 2M HCI for 30 minutes at 37°C and washed
repeatedly with PBS. Following these washes, the fixed cells
were incubated in (0.01% Triton-X100, 0.01% Tween-20, 2%
horse serum) blocking buffer for 1 hour at room temperature.
Cells were then incubated in primary mouse anti-BrdU (1:1000,
DSHB, G3G4-c, lowa City, lowa) overnight at 4°C. A donkey
anti-mouse secondary antibody (1:300 Alexa Fluor 488, Life
Technologies, Carlsbad, CA) was incubated for 45 minutes at
room temperature. The cells were washed thoroughly with PBS
and counterstained with DAPI. Whole well images were taken
at 10X magnification using the mosaic function on the Zeiss
Axio-Observer Z.1 microscope (Oberkochen, Germany). Cells
positive for BrdU were then quantified using Cell Profiler™ and
MATLAB (MathWorks, Natick, MA). Digestion enzyme only
control contained 52 + 4 BrdU" DAPI" nuclei per field. This
baseline value was normalized to zero and changes in
proliferation for all treatment groups were expressed as a
percent decrease from this control.
Phagocytosis Assay

Macrophages prepared as described in the Cell Culture
section were treated with UBM hydrogel (290 wg/mL) or
fractionated components (80 ug/mL soluble, 170 ug/mL
structural) for 48 hours. After treatment cells were washed
extensively with 1X PBS and placed in fresh media containing
Fluoresbrite Latex Beads (1.0 uM) and incubated for 1 hour.
Cells were then washed with 1X PBS and fixed with 4% PFA
for 15 minutes. After fixation cells were washed in 1X PBS and
treated with Accutase for 10 minutes to lift the cells. Lifted
cells were transferred to Eppendorf tubes and washed in 1X
PBS. Phagocytosis was quantified using a BD FACSAria II
flow cytometer to count the number of phagocytosing and non-
phagocytosing cells. Between 10,000 and 20,000 events were
counted for each treatment. Three replicate treatments were
completed for each experiment and data were expressed as a
percentage of phagocytosing cells.
Quantification of TNFa, PGE2, PGF2a, IL-18, IL1-RA,
MMP2, MMP9, uPA, IL-10, VEGF, and bFGF by THP-1
Macrophages

Macrophages prepared as described in the Cell Culture section
were treated with UBM hydrogel (290 ug/mL) or fractionated
components (80 wg/mL soluble, 170 ug/mL structural) for 48
(TNFa, IL-18, IL-1RA, MMP2, MMP9, and uPA), or 72 (PGE2 and
PGF20) hours . For TNFa and IL-1f challenge experiments, post-
treatments with lipopolysaccharide (LPS, 100 ng/mL) were carried
out for two hours. For inhibitory experiments, the specified
inhibitors at the specified concentration were added to cells 1 hour
prior to treatment with structural or soluble components of UBM.
Culture supernatants were centrifuged at 20,000xg to pellet the cells
and debris from the biologic scaffold treatments. The growth factor
content of UBM and UBM hydrogel were determined using the
method of Reing et al.*! Supernatants were harvested and frozen at -
80°C until the day of assay. Commercially available ELISA kits
were used to determine the absolute quantities of TNFa (BD
Bioscience, San Jose, CA), PGE2 (Enzo, Farmingdale, NY), PGF2a
(Enzo, Farmingdale, NY), IL-1p (BD Bioscience, San Jose, CA),
ILI-RA (R&D Systems, Minneapolis, MN), MMP2 (RayBiotech,
Norcross, GA), MMP9 (RayBiotech, Norcross, GA), and uPA
(RayBiotech, Norcross, GA), VEGF IL1-RA (R&D Systems,
Minneapolis, MN), bFGF IL1-RA (R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions. Detection limits
for the kits were as follows: TNFa 70+3 pg/mL, PGE2 35+2 pg/mL,
PGF2a 3+1 pg/mL, IL-1§ 1.7+0.4 pg/mL, IL1-RA 1243 pg/mL,
MMP2 0.41 + 0.02 ng/mL, MMP9 103 + 15 pg/mL, uPA 67 + 4
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pg/mL, IL-10 11 + 4 pg/mL, bFGF 27 + 9 pg/mL, and VEGF 12 + 8
pg/mL .
Statistics

Where appropriate, a one-way or two-way analysis of variance
(ANOVA) was performed to determine significant differences with
Student-Newman-Keuls post hoc tesing (P < 0.05). Data and error
bars are reported as mean + standard deviation unless otherwise
specified.
Results
Overview

The objective of this study was to determine the biological
activity of the structural and soluble components of UBM
hydrogels in order to better understand their role in host
remodeling outcomes. To accomplish this objective, UBM
hydrogels were fractionated into their soluble and structural
components by centrifugation and salt precipitation. The effects
of these fractions on stem cells and macrophages—two cell
types that are critical to host remodeling—were investigated.
The effects of structural and soluble components on stem cells
were investigated by determining changes in isolated human
PSC chemotaxis and proliferation. The effects of structural and
soluble components on macrophages were investigated by
examining changes in the secretion profile and phagocytic
ability of THP1 human macrophages. Cell signaling cascades
and cell surface receptors involved in regulating the secretion
profile of macrophages were also determined with small
molecule inhibitors.
Fractionation of UBM Digest

UBM hydrogels were fractionated into soluble and structural
components using the scheme described in Figure 1A. Acid
digestion of ECM scaffolds solubilizes the scaffold, releases
embedded soluble proteins and generates matricryptic peptides and

A

Lyophilize Decant Dilute
Decant -
/ Resuspend
Spin
Soluble Salted Out Concentrated Final
Components Structural Soluble Soluble
Remnants Components Components
Dilute
UBM Centrifuged -
Hydrogel Hydrogel Homogenize
Structural Final
Components Structural
B Components
Material Concentration

3aUBM Hydrogel 2.9 + 0.2 mg/mL (by BCA)

Structural Components 1.7 + 0.1 mg/mL (by BCA)
Soluble Components 0.8 + 0.2 mg/mL (by BCA)

aUBM Hydrogel contained 5 mg/mL UBM powder.

Journal Name

sites 2> 2% 2 Neutralized UBM digest (pH 7.4) formed a relatively
stiff gel at 37°C** 2. Centrifuging the gel at 25,000xg yielded a gel
pellet containing the insoluble, structural scaffold components and a
clear liquid supernatant. The supernatant was further refined by
lyophilization and reconstitution in 10% of the original liquid
volume to drive the PBS concentration to 10X (1.4 M NaCl, 27 mM
KCl, 0.119 M Phosphate), which salted out any remaining structural
components™ *" *>. A quick spin to remove any debris yielded a
concentrated soluble component fraction of UBM hydrogel. Due to
the limited yield of structural components present during the salting
out step, the material could not be recovered and was thus discarded.
As evidence of the removal of structural proteins, the soluble
fraction could no longer form a hydrogel. In contrast, the gel
pellet—containing the structural components—was completely
insoluble at neutral pH and necessitated homogenization by repeated
pipetting and pressing through a filter for use in cell culture assays.
Homogenizing of the structural material did not solubilize the
material as centrifugation pelleted the material and the supernatant
had no detectable protein by the BCA assay. Both the structural and
soluble components were diluted to the original sample volume. The
protein content was approximated with the BCA assay. The protein
content of the parent material (UBM hydrogel) was 2.9 + 0.2 mg/mL
protein, representing 58% of the total UBM material by mass (Figure
1B). The soluble fraction contained 0.8 + 0.2 mg/mL protein and the
insoluble scaffold contained 1.7 + 0.1 mg/mL protein indicating that
~85% of the protein content was retained during the fractionation
process. The ~15% reduction from the theoretical yield most likely
resulted from the material discarded during the salting out step or the
inaccuracy of estimating collagen rich protein samples in
colorimetric protein assayssz. SDS PAGE analysis of the fractions
showed that the structural fraction contained enriched quantities of
high molecular weight (HMW) components (>80 kDa) compared to

3X Protein Loading

Figure 1. Fractionation of UBM into Soluble and Structural Fractions. (A) Fractions were generated by forming a UBM hydrogel and centrifuging the
structural components into a pellet. The liquid supernatant was removed, dried, and finally rehydrated in 10% of the original volume to increase the salt
concentration and salt out any remaining structural components. Both the structural and soluble components isolated in this procedure were diluted to their
original volume to allow for direct comparison of their activity. (B) The protein content of the various fractions determined by the BCA assay is shown. (C)
Representative SDS PAGE gel with equal protein loading for UBM Digest, Structural Components and Soluble Components. (D) Low molecular weight bands

aredshalyiVwithe3, t28dadiitidnal brotein loading.
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UBM hydrogel while the soluble fraction contained only very faint
quantities of HMW proteins (Figure 1C). The low molecular weight
(LMW) end of the gel (<46 kDa) showed that the soluble fraction
contained significantly enriched quantities of LMW species
compared to the other materials (Figure 1D). The multi-banding
pattern demonstrated by UBM hydrogel and the structural fraction is
consistent with the protein signature of collagen. A picrosirius red
stain of the structural fraction corroborated this result (data not
shown).
Effect of Fractions on PSCs
Chemotaxis

To determine the effect of crude fractionation on the
chemotactic properties of UBM hydrogel, Boyden Chamber
chemotaxis assays were conducted using PSCs***®. PSCs have
been well established as a model system for testing the
chemotactic activity of ECM scaffolds in vitro'> '* *°. Stem
cells were allowed to migrate through a polycarbonate filter
towards UBM hydrogel and its soluble or structural
components for three hours before fixation and imaging. All of
the materials were diluted five fold from their stock solutions
yielding final concentrations of 580 pg/mL UBM, 160 pg/mL
soluble components, and 340 pg/mL structural components.
Both fractions retained roughly equivalent chemotactic activity
to the parent material over three orders of magnitude in
concentration (Figure 2). The increase in cellular chemotaxis
ranged from a 5-6 fold increase over digestion enzyme control
at the highest concentration tested to a 0.5-2 fold increase at the

A g °
3
2T 7 ® UBM Hydrogel
'% § O Soluble Components
E 2 6 o Structural Components
s &
G 5
5w
58«
ES
28 3
£9
)
g2 2
]
55
£ 1
k)
(s}
w 0
g ~ ~ N N ~ X x ~
§$§ ¢ SRS s §S$
S & O S S O $ S O
I I 3 P P 3 X I X
S S o O O X AN
S & ¥ S <o © X o
Y e 2 e 2 & T o 3
S @ & § s 5 S & 8
S 3F s &S & s 5
S 8 TS 8 S 5 S
S o g ~ 5 & S
< S I 2 N 2
S & )
S S >
Structural
B UBM Hydrogel Soluble Components Enzyme Only

Components

Figure 2. Chemotaxis of Perivascular Stem Cells Towards UBM Hydrogel and its
Soluble and Structural Components. (A) PSCs were serum starved overnight, loaded
into Boyden chemotaxis chambers, and allowed to migrate for 3 hours through an 8
uM collagen-coated, polycarbonate filter towards the materials shown above. Data are
expressed as a fold-increase in the number of chemotaxing cells compared to a
digestion enzyme only control (163 + 35 cells), which was normalized to zero. Error
bars indicate the standard error in the measurment for three experiments with four
replicates per experiment. No significant differences were found between different
materials at a given concentration. (B) Represenative 10X magnification mosaic
images from one well of migrated cells for each material at the highest concentration
tested as well as the digestion enzyme only control are shown. Nuclei are shown in
white. More nuclei indicate a stronger recruitment effect.
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lowest concentration (Figure 2). No significant differences
between materials were observed at any of the concentrations
tested.
Proliferation

Biologic scaffolds comprised of ECM have been shown to
affect the proliferation of stem cells, either positively or negatively,
in a dose dependent and tissue source dependent fashion %33 To
determine the effect of fractionated components of UBM hydrogel
on proliferation of stem cells, PSCs were treated with UBM
hydrogel and its fractionated soluble or structural components and
pulsed with BrdU for 18 hours. After incubation, the cells were
stained, imaged, and the average number of BrdU" DAPI" nuclei for
each condition was determined. All three materials decreased

0
-0.05
-0.1
-0.15
-0.2
-0.25
-0.3

-0.35

A

= UBM Hydrogel
0O Soluble Components

o Structural Components
0.4

Fold Decrease in Number of BrdU Positive Cells
Relative to Digestion Enzyme Control

-0.45

Structural
B UBM Hydrogel Soluble Components Components

Figure 3. Changes in Proliferation of Perivascular Stem Cells After Exposure to
UBM Hydrogel and its Soluble and Structural Components. (A) PSCs were
exposed to UBM or its fractionated components along with BrdU to measure changes
in proliferation. The number of co-labeling (DAPI'BrdU") nuclei was determined and
the fold changes in co-labeling nuclei against a digestion enzyme only control (52 + 4,
normalized to zero) are shown. Error bars indicate the standard error in the
measurement for three unique experiments with three replicates per experiment. No
significant differences were found between materials at any of the concentrations
tested. (B) Represenative 10X magnification images of BrdU™ nuclei from PSCs
treated with UBM hydrogel, its components, or digestion enzyme only control at the
highest concentration tested for each condition. Greater numbers of DAPI" nuclei
indicate more proliferation.

Enzyme Only

proliferation from control ranging from a 10% relative decrease at
the lowest concentration tested to a 31% decrease at the highest
concentration tested (Figure 3). No significant differences were
detected between UBM digest, and its soluble or structural
components at any of the concentrations tested.

Effect of Fractions on Macrophage Behavior
Phagocytosis

One of the primary functions of macrophages during tissue
remodeling is the phagocytosis of invading pathogens and
debris **. As such, the effects of UBM hydrogel and its
structural or soluble components on the phagocytic ability of
THP1 human macrophages were determined. THPI1
macrophages were treated with UBM and its structural or
soluble components for 48 hours after which their ability to
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phagocytose a fluorescent latex particle was examined (Figure
4A). Quantification of phagocytosis via flow cytometry showed
that macrophages treated with soluble components of UBM
hydrogel increased phagocytosis 1.2 fold from control. Neither
the structural components nor the UBM hydrogel itself

increased phagocytosis from control (Figure 4B and 4C). Given
the increase in phagocytosis from enzyme only control. The
lack of a phagocytic increase by UBM hydrogel or the
structural components suggests that these components may
inhibit phagocytosis.
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Figure 4. Macrophage Phagocytosis of Latex Beads in Response to UBM and its
Fractionated Components. (A) THP-1 human monocytes were differentiated to
macrophages with PMA and rested. Macrophages were treated with the specified
conditions for 48 hours and exposed to latex beads. (#)Denotes significant increases
from all other groups. (*)Denotes significant increases from UBM hydrogel,
structural components, and no treatment groups. (B) The percentage of
phagocytosing cells determined by flow cytometry are shown. Error bars indicate the
standard deviation for six unique replicates. (C) Representative dot plots of
macrophages phagocytosing latex beads after treatment with UBM hydrogel, soluble,
or structural components and digestion enzyme only control.

An additional function of macrophages in tissue remodeling is

A oo} e T = T ':‘ 957 the propagation or minimization of inflammation via the production

m and secretion of soluble factors”>* . To examine the role of soluble

and structural components of UBM hydrogel in modulating

macrophage inflammation, secretion of traditional inflammatory

markers tumor necrosis factor alpha (TNFa) and interleukin 1 beta

(IL-1B) from THP-1 macrophages, treated with UBM hydrogel, its

structural, or its soluble components were quantified (Figure 5A).

Treatment with these materials for 48 hours marginally increased

production of these cytokines above control (Figure 5B,C).

— Importantly, in comparison to the pro-inflammatory stimuli LPS

';yn;;?r:\L pole | Scura) (100-1000 fold above control), these increases were quite minor and

c could be attributable to small quantities of endotoxin in the source
tissue or pepsin enzyme. Given that neither the UBM hydrogel, nor

its fractionated components yielded a robust inflammatory response,

we sought to characterize their ability to prevent inflammation.

Previous studies have shown that M2 cytokines such as interleukin

10 (IL-10) can prevent secretion of TNFa and IL-1§ when pre-

a S b 1 administered or co-administered with M1 cytokines (LPS and/or

i '"’i";'"";'; B S A oy IFNy) and this response may be important for macrophage

immunomodulation during tissue remodeling ** *’. To determine if

UBM hydrogel or its fractionated components could suppress the

inflammatory response, macrophages were pretreated with these

materials for 48 hours and challenged by treatment with LPS for 2

hours (Figure 5D). Pretreatment of macrophages with UBM and its

soluble components significantly prevented TNFa secretion with

35% and 60% reductions from untreated control respectively (Figure

SE). However, the structural components of UBM digest did not

prevent TNFa secretion. Soluble components also prevented IL-1
secretion by 33% while UBM hydrogel and structural components
did not prevent IL-1f secretion relative to untreated control (Figure
SF).
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Time (Hours) 5 2 48 ” 9% Figure 5. TNFa and IL-1f Secretion After Treatment with
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* . . .
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One possible mechanism for this suppression of inflammatory
molecules is the secretion of anti-inflammatory mediators such as

the IL-1 receptor antagonist (IL1-RA) and IL-10 **. To investigate if

IL1-RA was secreted, macrophages were exposed to UBM hydrogel
and its components for 48 hours (Figure 6A). Treatment with the
soluble components increased IL-1RA production 2.4 fold from
enzyme only control while UBM and only induced a 0.3 fold
increase (Figure 6B). Secretion of the anti-inflammatory mediator,
IL-10 was also examined. However, no increases in IL-10 secretion
were observed, even with an additional 24 hours of incubation (data
not shown). It is possible that IL-10 secretion is more acutely
upregulated and the chosen timepoint is missing this transient spike.
However, at the 48-72 hour time point IL-10 does not appear to be a
major player.

Prostaglandin Secretion

Macrophages

help orchestrate

tissue

remodeling by

releasing a variety of proteins and small molecules’

°. One well-
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. To identify the role of

structural and soluble components in modulating prostaglandin
release from macrophages, the structural and soluble
components of UBM hydrogel were exposed to macrophages
for 72 hours (Figure 7A). Treatment of THP1 macrophages
with  UBM and its structural components increased
prostaglandin E2 (PGE2) production from undetectable
quantities up to 620 and 810 pg/mL, respectively (Figure 7B).
In contrast, the soluble components of UBM digest did not
increase PGE2 above untreated levels (Figure 7B). A similar
observation was made for prostaglandin F2o (PGF2a) as UBM
digest and its structural components nearly doubled the quantity
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Figure 7. PGE2 and PGF2a Secretion After Treatment with UBM and its
Fractionated Components. (A) THP-1 human monocytes were differentiated to
macrophages with PMA, rested, and treated with the specified conditions for 72
hours. (B,C) The concentrations of PGE2 (B) and PGF2a. (C) in culture supernatants
were determined using commercially available ELISA kits. (D) The requirement of
COX2 in prostaglandin production was investigated by co-administering the COX2
inhibitor, NS-398 along with UBM hydrogel. Significant increases above no
treatment, enzyme only control, and soluble components are shown (*). The data
presented here represent a total of three replicates with each replicate representing
duplicate samples. Both UBM digest and the structural components significantly
increased the concetrations of PGE2 and PGF2a above no treatment and digestion

enzyme only control, while the soluble components did not.
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Figure 6. Effect of UBM and its Fractionated Components on IL1-RA
Secretion. (A) THP-1 human monocytes were differentiated to macrophages with
PMA, rested and treated with UBM, soluble, or structural components for 48
hours. (B) IL-1RA in culture supernatants was measured using a commercially
available ELISA kit. The data presented here represent a total of three replicates
with each replicate representing duplicate samples. (#)Denotes significant
increases from all other groups. (*)Denotes significant increases from no
treatment and enzyme only control.

of secreted PGF2a while the soluble components did not cause
any significant changes in PGF2a concentration (Figure 7C).
To confirm the role of cyclooxygenase 2 (COX2) in this assay,
macrophages were co-incubated with the COX2 inhibitor, NS-
398 (Figure 7A). As expected, addition of NS-398 abrogated
PGE2 secretion down to control levels (Figure 7D).
Protease Secretion and Activation

In addition to the upregulation of prostaglandins,
macrophages also orchestrate tissue remodeling by regulating
the expression of proteases such as matrix metallo-proteinases 2
and 9 (MMP2, MMP9), and the activation of plasmin by
urokinase-type plasminogen activator (uPA)*® % % To
investigate the effects of UBM hydrogel on protease
expression, THP1 cells were incubated with UBM hydrogel and
its structural or soluble components for 48 hours (Figure 8A).
All three materials significantly reduced uPA secretion by 48-
51% compared to enzyme only control (Figure 8B). UBM
hydrogel and its structural components reduced MMP2 (41%
and 43%, respectively) and MMP9 (61% and 68%,
respectively) secretion versus control (Figure 8C and 8D).
Soluble components had no affect on MMP2 or MMP9
secretion.
Interrogation of Intracellular Signaling Cascades and Cell
Surface Receptors
Signaling Cascades

ECM, and hydrogels derived thereof, have been shown to
initiate a wide array of cell signaling cascades including
MAPKs and PI3K among others®” % To test the necessity of
these pathways in driving soluble and structural component
induced cellular responses, well-characterized small molecule
inhibitors of PI3K (LY294002% ), c-Jun N-terminal kinase
(INK, SP600125°7), and MEK (U0126°%) were tested for their
ability to prevent soluble component mediated IL-1RA
secretion and TNFo suppression or structural component
mediated PGE2 secretion (Figure 9A and 10A). Both the
LY294002 and U0126 reduced soluble component driven IL-
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1RA secretion to enzyme only control levels (Figure 9B).
LY294002 also prevented the suppression of TNFa secretion
(Figure 10B). Only UO0126 reduced structural component
mediated PGE2 secretion to control levels (Figure 9C). The
orthogonal nature of these results with each inhibitor having
specific, and not blanket effects, suggests that the experimental
paradigm is not inducing confounding effects (i.e. inhibitors
inducing senescence or cell death).

Since MEK/ERK signaling has been shown to be highly
integrin regulated, the importance of integrin activation in
mediating either structural component driven PGE2 secretion or
soluble component driven IL-1RA secretion was investigated®”
" Integrin signaling was suppressed using an RGD peptide
(GRGDSP). RGD peptide has been shown to inhibit integrin
signaling at high doses (100-300 uM) while a point mutant
RGE peptide (GRGESP) has been shown to have minimal
effects’" 2. RGD peptide inhibited PGE2 production by 49%
(Figure 9E) but did not inhibit IL-1RA production (Figure 9D).
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Figure 8. MMP2, MMP9, and uPA Secretion After Treatment with
UBM and its Fractionated Components. (A) THP-1 human monocytes
were differentiated to macrophages with PMA, rested, and treated with
the specified conditions for 48 hours. (B,C,D) The concentrations of uPA
(B), MMP2 (C) and MMP9 (D) in culture supernatants were determined
using commercially available ELISA kits. Significant decreases (#) and
increases (*) from no treatment and enzyme only control are shown. The
data presented here represent a total of two replicates with each replicate
representing three samples. Both UBM digest and the structural
components significantly decreased the concentrations of MMP2 and
MMP9 while soluble components did not. All three materials
significantly reduced uPA secretion.
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The control RGE peptide had no effect on either secreted factor.

PI3K/Akt signaling is initiated through a wvariety of
mechanisms, including Notch activation”. To investigate the
role of Notch in mediating IL-1RA secretion and TNFa
suppression, the y-secretase inhibitor R04929097 was
utilized’®. Addition of the inhibitor reduced IL-1RA secretion
by 58% (Figure 9D) and completely prevented TNFa
suppression (Figure 10C). Given the reported toxicity of
RO4929097 at high doses, the inhibitor was also tested on
structural component driven PGE2 secretion. Importantly, no
inhibition was observed suggesting that the toxic affects of the
molecule were not prevailing at the utilized dosage (Figure 9E).
Discussion

While significant progress has been made in the
development and implementation of ECM based hydrogels,
very little is known about the molecular components of these
materials that facilitate the tissue remodeling response. The
data presented herein suggest that both the structural
components and the soluble components of the hydrogel
contribute to the tissue remodeling response by stimulating
stem cell chemotaxis, a decrease in stem cell proliferation, and
the development of an anti-inflammatory, pro-remodeling
response in macrophages. While chemotaxis and proliferation
are common features of both the soluble and structural
components of the hydrogel, macrophage behavior is
differentially regulated with structural components contributing
to the production of prostaglandins and suppression of MMPs
while soluble components contribute to the suppression of
inflammatory mediators as well as an increase in phagocytosis.
These distinct macrophage behaviors are mediated by different
signaling events with structural components relying upon
integrins and MEK/ERK signaling while soluble components
utilize Notch and PI3K signaling.

The process of fractionation described in this study provides
a simple way to fractionate soluble components of ECM
hydrogels from structural. However, simply separating these
two components only covers part of the story. A variety of
soluble components of ECM including matricellular proteins
and growth factors bind to the various structural molecules of
ECM. Moreover, many of these structurally bound soluble
components exhibit significant increases in potency (>100 fold)
when structurally bound* ** *%_ 1t is unclear if the fractionation
scheme described herein cleanly separates all soluble and
structural molecules or if some soluble molecules are retained
by the structural fraction. Attempts to quantify soluble
molecules in UBM hydrogel were unsuccessful as two of the
major structurally-bound growth factors present in whole UBM,
VEGF (0.56 + 0.03 ng/g whole UBM) and bFGF (12.6 + 0.3
ng/g whole UBM) could not be detected in UBM hydrogel. It is
likely that the combination of acid and pepsin digestion
denatures and proteolyses soluble components leaving behind
only cryptic peptides for fractionation. However, in the absence
of a metric for quantifying retained soluble components, the
present study cannot rule out the possibility that the biologic
activity of the structural fraction originates from bound soluble
molecules.

Another limitation of the scheme described here is the
presentation of the structural fraction as a homogenized slurry.
Manipulation of ECM ultrastructure during decellularization
has been shown to reduce or eliminate some aspects of ECM
bioactivity*™ 7°. Despite this drawback, many studies have
shown that highly processed forms of ECM, including the
hydrogel form used in this study retain bioactivity?> ’®. Highly
purified structural components of ECM (e.g. collagen, heparan,
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hyaluronan, etc.) also retain bioactivity in the absence of a
native ECM ultrastructure®* 7" 7®. Based on these previous
studies, the findings presented herein are relevant to
understanding the biological activity of different components of
ECM hydrogels. However, the extrapolation of these results to
native ECM should only be done cautiously and with an
understanding that native ECM structure and mechanics is
compromised by fractionation.

Previous studies have established that directed migration of
a variety of different endogenous stem and progenitor cells
(including PSCs) towards implanted biologic scaffolds is a
significant component of the remodeling response'® 7. Once
embedded in the scaffold, these cells can either proliferate or
slow their proliferation and differentiate to form vasculature,
nerves, or other site appropriate tissues'* ** . The equivalent
biologic activity of the structural and soluble components in
mediating PSC chemotaxis and proliferation is consistent with
the currently proposed paradigm of ECM scaffold mediated
constructive remodeling® 2 33 3% 8 1t s well accepted that
both matricryptic peptides released from full-length structural
ECM proteins during proteolysis as well as matricryptic sites
unmasked on the scaffold itself, can drive cellular chemotaxis
and proliferation as well as other behaviors such as cell shape
and adhesion®™ ** % While pepsin is undoubtedly a non-
physiologically relevant enzyme, generation of bioactive
cryptic peptides and sites appears to be a broad phenomenon as
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many different enzymes and methods (e.g. mechanical strain)
have been shown to generate bioactive matricryptins 2% 2% 4% 81,
In the context of ECM hydrogel driven tissue remodeling, the
biologic activity in both fractions could help control both the
intensity and the duration of the host response. Studies on
hydrogels have shown that embedded soluble factors diffuse
from hydrogels in a controlled fashion that is governed by a
variety of hydrogel properties®” %. In remodeling ECM
hydrogels, the soluble components of the hydrogel could
diffuse into nearby tissues providing a prolonged burst to drive
stem cell recruitment and proliferation. Subsequent to the initial
burst, the structural components could provide a longer-term
chemotactic and proliferative signal to continue driving the host
response. This temporally controlled release could help explain
why ECM hydrogels provide a more robust remodeling
response than collagen hydrogels alone that may not contain the
diversity and quantity of soluble components®*

Regulation of the immune response by ECM scaffolds and
hydrogels has been shown to be a determinant factor in the
ultimate host remodeling outcome® ** **. Studies have shown
that the immune respone to ECM is tightly regulated both
spatially and temporally, and inhibiting the response can lead to
poor outcomes®™ *. ECM hydrogels have been proposed to bias
macrophages towards an anti-inflammatory, M2 phenotype
both in vitro and in vivo * ' '®. The biologic activity of the
structural and soluble components of UBM hydrogel on THP1
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Figure 9. Interrogation of UBM Component Triggered Signaling Cascades and Receptors. (A) THP-1 human monocytes were differentiated to macrophages
with PMA and rested. Macrophages were then pretreated with inhibitors for 1 hour prior to treatment with fractionated components and co-treatments were carried
out for 47 hours. The concentrations of IL-1RA and PGE2 in culture supernatants were determined using commercially available ELISA kits. (B,C) Signaling
cascade inhibitors for PI3K (LY294002), JNK (SP600125), and MEK (U0126) were tested for their ability to prevent soluble component driven, IL-1RA secretion
(B) or structural component driven PGE2 secretion (C). (D,E) Receptor inhibitors for integrins (RGD-active, RGE-negative control) and Notch (RO4929097)

were also tested in both assays. (#)Denotes significant increases from no treatment and enzyme only control. (¥)Denotes significant decreases from no treatment

and enzyme only control. (*)Denotes significant increases from unmarked, ¥, or # marked groups. The data presented here represent a total of two replicates with
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macrophages described in this study supports and extends this
notion. The suppression of TNFa and IL-1f secretion as well
as the upregulation of IL-1RA by the soluble components of
UBM hydrogel is consistent with the biologic activity of M2
cytokines (IL-4, IL-10) on macrophages®® °’. Moreover, the
THP1 macrophages utilized in this study have been well
documented as an inflammatory cell line secreting significantly
larger quantities of M1 factors (TNFa, IL-18) than human
peripheral blood mononuclear cells®*. In this context, the
suppression of inflammation described here is quite striking.
Structural components of UBM hydrogel also exhibit M2-like
activity by down regulating MMPs and releasing
prostaglandins. MMP production has been associated with a
classic M1 inflammatory response, while prostaglandin
production has been shown to be a necessary component in the
development of an M2 phenotype®” ™.  Importantly,
prostaglandin deficient macrophages do not become fully M2
polarized®®. Moreover, from a tissue remodeling perspective,
the secretion of prostaglandins has been shown to alter cell
proliferation, phagocytic behavior, and new matrix deposition®”
%1 The biologic activity of the structural components is also
consistent with previous studies, which have shown that cell
shape, growth factor potency, and gene regulation are
modulated or enhanced if cells are in contact with structural
ECM components (collagen, fibronectin, laminin, etc.) 28,33,35
Balancing the prostaglandin promoting activity of the structural
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on macrophage phenotypes in tissue repair proposed that ECM
remodeling could involve several sub-phenotypes (M1, M2a,
M2b, M2c) of M1 and M2- macrophages working in concert
and adjusting their sub-phenotype in response to environmental
cues *°. Separating the biological activity of UBM hydrogel into
soluble and structural components may help coordinate the
spatial availability of macrophage subphenotypes described in
the aforementioned review.

The cell signaling cascades and surface receptors identified
in this study also support the notion of a balance between M1
and M2 macrophage phenotypes. Notch has been shown to play
a key role in the development of an M2 phenotype’. In the
context of this study, Notch activation could suppress the
expression of the PI3K negative regulator PTEN, leading to an
overall increase in PI3K signaling’’. PI3K has been well
documented in the promotion of an M2 phenotype as well as
cell survival and angiogenesis’® *’. Unfortunately, it is unclear
if UBM hydrogel contains Notch ligands (along with other
cellular debris) as a consequence of decellularization or if the
hydrogel stimulates Notch ligand expression on macrophages.
Cell-cell contacts between neighboring macrophages cannot be
ruled out due to the high seeding densities of macrophages
utilized in this study. The role of Integrin activation and
MEK/ERK signaling in macrophage activation is less clear.
LPS mediated MEK/ERK signaling has been shown to promote
a classic M1 pro-inflammatory response®”. However, separate
studies have shown that IL-4 induction of T-cells utilizes
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Figure 10. Interrogation of Soluble Component Triggered Signaling Cascades and Receptors. (A) THP-1 human monocytes were differentiated to macrophages with PMA
and rested. Macrophages were then pretreated with inhibitors for 1 hour prior to treatment with soluble components and co-treatments were carried out for 47 hours. Cells were
challenged with LPS for 2 hours and the concentration of TNFa in culture supernatants was determined using a commercially available ELISA kit. Data are expressed as
relative changes from a sample treated with the specified inhibitor for 48 hours plus 2 hours of LPS challenge. (B) Signaling cascade inhibitors for PI3K (LY294002), INK
(SP600125), and MEK (U0126) were tested for their ability to prevent soluble component suppression of TNFa. (C) A Notch inhibitor (R0O4929097) was also tested.
(#)Denotes significant increases from no treatment control. (*)Denotes significant increases from unmarked and # marked groups. The data presented here represent a total of
two replicates with each replicate representing three samples. Inhibition of PI3K and Notch prevented TNFa suppression.

MEK/ERK signaling to crosstalk with the JAKI1/STAT6
pathway, driving an M2 phenotype®®. Unfortunately, studies
into STAT6 activation mediated by the structural components
of UBM hydrogel did not show any significant quantities of

components with the immuno-suppressive activity of the
soluble components may be important as many disease models
involving inflammation and hyperalgesia have shown that low
levels of prostaglandins are beneficial while high levels are

deleterious **®. The increase in phagocytosis mediated by the
soluble components of UBM is another example of the
balancing act between the structural and soluble components.
Increases in phagocytosis are a common feature of Ml
macrophages ™. However, M2 macrophages under the correct
conditions can also upregulate phagocytosis®™. A recent review
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phospho-STAT6 (data not shown). Once again, these results
suggest that a variety of macrophage subphenotypes are
generated by the structural and soluble components. In addition,
these studies underscore the importance of analyzing a variety
of surface and secretory markers to describe macrophage
phenotype rather than restricting analysis to one or two
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markers. Further studies are required to identify a minimum
subset of markers to quantitatively describe the macrophage
population during ECM mediated constructive remodeling.
Determination of this subset may provide a framework to
enhance the constructive remodeling response to ECM
hydrogels by augmenting macrophage phenotype and function.
Conclusions

The structural and soluble components of ECM hydrogels
distinctly influence macrophage behavior. Both components promote
chemotaxis and changes in proliferation of stem cells as well as
changes in macrophage behavior. In the context of macrophage
behavior, these materials initiate distinctive cellular responses with
structural components driving prostaglandin upregulation and
MMP2, MMP9, uPA downregulation. Soluble components promote
phagocytosis and suppress the production of pro-inflammatory
mediators. Structural components mediate their effects from
MEK/ERK signaling while soluble components mediate their effects
through PI3K/Akt signaling. These studies provide a framework for
a more detailed characterization of the immunomodulatory effects of
ECM hydrogels.
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