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Abstract

The host immune response to an implanted biomaterial, particularly the phenotype of infiltrating
macrophages, is a key determinant of biocompatibility and downstream remodeling outcome.
The present study used a subcutaneous rat model to compare the tissue response, including
macrophage phenotype, remodeling potential and calcification propensity of a biologic scaffold
composed of glutaraldehyde-fixed bovine pericardium (GF-BP), the standard of care for heart
valve replacement, with those of an electrospun polycarbonate-based supramolecular polymer
scaffold (ePC-UPy), urinary bladder extracellular matrix (UBM-ECM), and a polypropylene
mesh (PP). The ePC-UPy and UBM-ECM materials induced infiltration of mononuclear cells
throughout the thickness of the scaffold within 2 days and neovascularization at 14 days.
GF-BP and PP elicited a balance of pro-inflammatory (M1-like) and anti-inflammatory (M2-
like) macrophages, while UBM-ECM and ePC-UPy supported a dominant M2-like macrophage
phenotype at all timepoints. Relative to GF-BP, ePC-UPy was markedly less susceptible

to calcification for the 180 day duration of the study. UBM-ECM induced an archetypical
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constructive remodeling response dominated by M2-like macrophages and the PP caused a
typical foreign body reaction dominated by M1-like macrophages. The results of this study
highlight the divergent macrophage and host remodeling response to biomaterials with distinct
physical and chemical properties and suggest that the rat subcutaneous implantation model can
be used to predict /7 vivo biocompatibility and regenerative potential for clinical application of
cardiovascular biomaterials.
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supramolecular polymer

INTRODUCTION

The success or failure of a biomaterial in the clinical setting is ultimately dependent

upon the host tissue response following /n vivo placement?, a characteristic called
biocompatibility. A definition for biocompatibility, widely accepted in the biomaterials and
medical device communities?3, includes the phrase “the ability of a material to perform with
an appropriate host response in a specific applicatior”’, a concept that has been expanded to
include biologically active biomaterials*°.

The host immune response elicited by implantation of a biomaterial is influenced by the
physical and chemical properties of the material®. While cells of both the innate and
adaptive immune system can contribute to the host response, the phenotype of responding
macrophages is arguably the most important determinant of the downstream remodeling
outcome®”. Specifically, persistent pro-inflammatory (M1-like) macrophages are associated
with a less favorable outcome characterized by dense fibrosis, scar tissue, and chronic
inflammation®9. In contrast, a rapid transition of infiltrating macrophages from an initial
M1-like response to an M2-like phenotype is associated with a constructive remodeling
response, characterized by a resolution of inflammation and deposition of more organized,
site-appropriate tissuel0:11,

The present study used a subcutaneous rat model to investigate the /in vivo tissue host
response, including inflammation, neovascularization, macrophage phenotype, remodeling
and calcification of a biologic scaffold composed of glutaraldehyde-fixed bovine
pericardium (GF-BP), which is the standard of care for valve substitutes for heart valve
replacement!2, to that of a synthetic scaffold (ePC-UPy) intended for use in endogenous
tissue restoration (ETR). These materials were also compared to both a scaffold derived
from porcine urinary bladder extracellular matrix (UBM-ECM) and a polypropylene (PP)
mesh, which represent an archetypical example of a constructive remodeling response and a
classical foreign body reaction, respectivelyl3. Since calcification is a major contributing
pathology in the clinical failure of bioprosthetic heart valves4, the vulnerability to
calcification of ePC-UPy, a material currently in early pediatric pulmonary heart valve
clinical trials, was compared with that of GF-BP to further determine the suitability of the
ETR-based material for cardiovascular applications.
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MATERIALS AND METHODS

Materials

GF-BP was obtained from commercial-grade bioprosthetic valves processed with a
proprietary anti-calcification treatment, typical of those used in contemporary cardiovascular
surgery. The GF-BP was rinsed three times in 500ml of sterile saline for one minute each to
remove residual free glutaraldehyde prior to use.

ePC-UPy is a polycarbonate-based bioabsorbable supramolecular polymer characterized
by the 2-ureido-4[1H]-pyrimidinone (UPy) binding motif which was processed into micro-
porous three-dimensional structural implants by electrospinning. ePC-UPy is part of the
RestoreX™ material platform developed by Xeltis (Eindhoven, The Netherlands) to enable
ETR in a variety of cardiovascular applications'>-17,

UBM-ECM was prepared as previously described!8, lyophilized and sterilized with ethylene
oxide. Surgical mesh constructed of knitted PP monofilaments was used as supplied (Bard®
Mesh, Becton, Dickinson and Company).

All materials were cut into 8mm discs with a biopsy punch in an aseptic environment

to maintain sterility. Prior to implantation, each ePC-UPy disc was further submerged in
normal saline and centrifuged at 4000 RPM for 5 min. The disc was then soaked in
heparinized blood collected from adult mother rats at room temperature for 1 hr while
shaking at 1Hz.

Dorsal subcutaneous implantation in rats

Animal studies were conducted in compliance with all regulations as set forth by the
University of Pittsburgh’s Institutional Animal Care and Use Committee. Female Sprague
Dawley rats with 1-3 day old pups were obtained from Envigo (Indianapolis, IN).

When rat pups reached 3 weeks of age, they received dorsal subcutaneous implants of
ePC-UPy, GF-BP, UBM-ECM or PP (n=4 animals per timepoint/group). Following a dorsal
midline incision, the material discs were sutured with 7-0 Prolene to the adjacent panniculus
carnosus muscle. Each animal received a total of four material implants with two placed
bilaterally on each dorsal side. Animals were sacrificed at 2, 14, 21, 90 and 180 days.
Implants with surrounding tissue were carefully dissected out and processed to evaluate

the Jin vivotissue responses. To simulate the effect of mechanical stress on calcification,
additional ePC-UPy and GF-BP discs folded in half and sutured closed with 7-0 Prolene
were also implanted and examined following removal at 21 days.

Histologic evaluation

Samples with surrounding tissue were formalin-fixed, embedded in paraffin and 5um

serial sections were cut. Sections were stained with either hematoxylin and eosin (H&E),
Alizarin Red S or von Kossa stains according to standard procedures to visualize general
morphology, cellular infiltration and calcification. Quantification of nuclei, which correlates
with the number of cells, within each material was performed using an image analysis
algorithm in QuPath. The quantification of cellularity within each material is normalized
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to the cross sectional area of the implanted material. The area of quantification for the PP
group comprised of the tissue between the fibers of the mesh since there is no cellular
penetration within the PP material itself.

Immunolabeling (Immunohistochemistry)

Following deparaffinization, antigen retrieval was performed with citrate buffer (pH = 6)

at 95-100°C for 20 min. Endogenous peroxidase activity was quenched with 3% H,0, for
10 min prior to blocking at room temperature for 1 hr. Tissue sections were incubated
overnight at 4°C with CD31 antibody demarcating endothelial cells (1:500, Abcam) or tissue
non-specific alkaline phosphatase (ALP) antibody (1:250, Abcam). Slides were incubated
with horseradish peroxidase-conjugated (HRP) secondary antibody (1:200, Sigma Aldrich),
developed with ImmPACT™ DAB substrate (Vector Laboratories), and counterstained

with hematoxylin. Quantification of CD31 immunolabeling was performed using an image
analysis algorithm in QuPath.

Macrophage response was evaluated using primary antibodies for pan-macrophage marker
(mouse anti-CD68, 1:150, Bio-Rad Laboratories) and indicators of M1-like (rabbit anti-
TNFa, 1:100, Abcam) and M2-like (goat anti-CD206, 1:100, R&D Systems) macrophage
phenotypes and HRP-conjugated secondary antibodies (1:100, Sigma Aldrich) in blocking
buffer. Signal was generated with Opal Polymer HRP (Akoya Biosciences), and nuclei

were visualized with DRAQ5 (Fisher Scientific) staining. Slides were imaged on the Zeiss
Observer Z1 microscope. Three fields of view per slide were selected in areas of cellular
infiltration into the implanted material to depict the phenotype of the resultant host response.
Quantification of macrophage immunolabeling was accomplished with an image analysis
algorithm in CellProfiler which verifies co-localization of positive immunolabeling with cell
nuclei and therefore discounts signal due to autofluorescence.

Radiographic and micro-computed tomography analysis

Specimen radiography using Faxitron®, was conducted by American Preclinical Services
(Minneapolis, MN) on ePC-UPy and GF-BP samples. Samples for the 90 and 180 day time
point were cut in half transversally prior to radiographic scans. Micro-computed tomography
(UCT) scans were performed with a vivaCT 40 scanner (Scanco Medical) on a subset of
folded samples from the 21 day timepoint with the settings: energy 70 kV, intensity 114 pA,
integration time 300 ms, and isotropic voxel size of 10.5 um as described previously1®.

Statistical analysis

Quantitative outcomes were compared with a two-way analysis of variance (ANOVA)
and post hoc Sidak test to determine differences between groups. All statistical analysis
was performed using GraphPad Prism and p values <0.05 were considered statistically
significant. Data are reported as mean * standard error.
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The temporal evolution of density and spatial distribution of cellular infiltration and
neovascularization are distinctly different among the biomaterials studied

With the GF-BP, mononuclear cells were noted as early as 2 days post implantation within
the material but were limited to the edges of implant adjacent to the recipient tissue (Figure
1). At 14 and 21 days there was a more robust cellular response to the GF-BP material

than the ePC-UPy and PP materials, which continued to be distributed mainly in those
areas close to the edges with only a small number of cells deep into the material (Figure 1,
Supplemental Figure 1). Inflammation was markedly reduced at 180 days (Figure 1).

In contrast, an infiltrate of mononuclear cells diffusely penetrated the full thickness of
the ePC-UPy material as early as 2 days after implantation (Figure 1). By 14-21 days
this material had an approximate doubling of the cell density that consisted primarily

of mononuclear leukocytes and a small number of multinucleate giant cells intercalating
between the individual fibers of the polymer (Figure 1, Supplemental Figure 1). The
cell density and distribution remained relatively constant throughout the study period,
manifesting in higher cellularity within the ePC-UPy material at long time points when
the cellularity of other implanted materials had diminished (Figure 1B).

The UBM-ECM sheet showed robust early infiltration of mononuclear cells into the site

of implantation with significantly more cells compared to all other materials starting at 2
days post implantation and continuing through days 14-21 (Figure 1, Supplemental Figure
1). The intense cellular response thereafter subsided and by 90-180 days this material was
degraded and replaced by de novo fibrous tissue (Figure 1). Fibers of the PP mesh became
rapidly surrounded by a thick cell layer of mononuclear and multinucleate giant cells (Figure
1A) that consolidated into a typical foreign body fibrous capsule by 180 days (Figure 1A,
Supplemental Figure 1). The cellularity of the plane of tissue between the mesh fibers
remained relatively low and constant across all time points (Figure 1B).

Beginning at 14 days post implantation, the elicited neovascularization was markedly
different among the biomaterials (Figure 2B). With GF-BP, CD31* endothelial cells were
present and scattered at the interface of the GF-BP implant with host tissue beginning as
early as 14 days (Figure 2B, Supplemental Figure 2), but microvessels with intraluminal

red blood cells (RBC) had largely diminished at 90 and 180 days post-implantation and
were found only on the edges of the material (Figure 2A & 2B). In contrast, at 14 days post-
implantation, CD31* endothelial cells were identified deep within the ePC-UPy material
consistent with early neovascularization (Figure 2B, Supplemental Figure 2). At 90 and 180
days, there was significantly more CD31+ blood vessels within ePC-UPy compared to other
implanted materials (Figure 2B). The abundant and widely distributed microvasculature
contained intraluminal RBC, suggesting continuity of these small blood vessels with the
surrounding host tissue (Figure 2A, Supplemental Figure 2).

Robust neovascularization of the UBM-ECM scaffold was observed at 14 and 21 days after
implantation as indicated by significantly more CD31+ blood vessels compared to all other
groups (Figure 2B, Supplemental Figure 2). As host fibrous tissue was formed over time
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and the implant was degraded, the neovasculature had diminished (Figure 2A & 2B). Sparse
CD31" cells were found in the tissue between the PP mesh fibers beginning at 14 days,

but histologically apparent neovascularization was absent (Figure 2A & 2B, Supplemental
Figure 2).

Macrophage phenotype differs markedly among the biomaterials studied

Macrophage phenotype was evaluated by immunolabeling for CD68*, TNFa* and CD206™"
cells (Figure 3A). The total numbers of CD68*CD206*, CD68*CD206*TNFa*, and
CD68*TNFa ™ macrophages and the ratio of M2-like (CD68*CD206*) and M1-like
(CD68*TNFa*) macrophages was used to determine the dominant phenotype within the
material (Figure 3B) and character of the inflammatory response (Figure 3C).

The macrophage phenotype present at the surfaces of the GF-BP material was approximately
equal between M2-like and M1-like at all time points throughout the study (Figure 3B).

The 21 day time point showed the greatest number of macrophages at the periphery of the
GF-BP scaffold; the macrophages were markedly diminished by 180 days (Figure 3A &
3C).

In contrast, at all timepoints the ePC-UPy material was associated with a dominant M2-like
macrophage phenotype (Figure 3B) that primarily reflected a paucity of CD68*TNFa* pro-
inflammatory macrophages rather than an abundance of CD68*CD206" cells (Figure 3C).
The macrophages were distributed throughout the full thickness of the ePC-UPy material
and were relatively constant in density from 14 to 180 days after implantation (Figure 3A &
30).

The UBM-ECM scaffold promoted a predominately M2-like macrophage phenotype at all
time points (Figure 3B). The UBM-ECM implant promoted a robust macrophage response
at 2 and 14 days that began to decrease after 21 days (Figure 3C). The PP mesh induced

a predominant M1-like macrophage ratio (Figure 3B). The macrophage response to the PP
fibers was maximal at 14 days post-implantation and then decreased at longer time points

(Figure 3C).

Susceptibility to calcification differs between materials

Radiography and pCT of GF-BP specimens revealed focal calcific deposits in nearly all of
the twenty non-folded specimens with those in the longest duration specimens becoming
grossly nodular; in contrast, only five of the twenty non-folded ePC-UPy polymer specimens
had a suggestion of small focal calcific deposits by radiography (representative results in
Figure 4A) but not by uCT. Histologically, three of the twenty GF-BP specimens showed
calcification deep to the surface, which is consistent with the typical pattern observed in
pericardial bioprosthetic valve material (Figure 4B)2%21, No calcification was observed in
ePC-UPy specimens by histologic analysis (Figure 4C). Alizarin Red and ALP staining did
not yield contributory information (Supplemental Figures 3 and 4). Neither UBM-ECM nor
PP showed any calcification on routine light histologic sections (Figure 4A).

Folding of the GF-BP material to generate static strain within the material (simulating
stress concentrations that occur during /n vivo function) promoted extensive calcification
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encompassing a major fraction of the 21 day implant, demonstrated by radiographic analysis
(Figure 5A), UCT (Figure 5B-5C) and histology (Figure 5D-5E). No calcification was
observed in the folded ePC-UPy polymer by any analytic technique at 21 days (Figure 5).

DISCUSSION

The present study showed distinctly different in vivo responses to four different biomaterials
in a rat subcutaneous implantation model. The differences in tissue response to each material
are summarized schematically in Figure 6. Of note, the host responses observed in this
model were consistent with established outcomes in large animal and clinical studies. In
particular, the UBM-ECM scaffold showed a predominately M2-like macrophage phenotype
that was accompanied by degradation of the scaffold and deposition of de novo tissue with
abundant neovascularization, which is indicative of a constructive remodeling outcome?2
and has consistently been shown in multiple large animal preclinical studies?3-26. More
specifically, in a sheep model of fascial repair, implanted UBM-ECM showed robust
infiltration of macrophages throughout the material and evidence of scaffold remodeling

at one month2>. At six months post implantation, there was decreased inflammation,
complete degradation of the material, and deposition of vascularized connective tissue

akin to the temporal response to UBM-ECM in the rodent subcutaneous implant model

used in the present study 2°. Implantation of PP mesh induced encapsulation of the

fibers with macrophages and fibrous tissue indicative of the well-established foreign body
reaction to non-degradable synthetic materials?6-27. Consistent with previous reports in both
preclinical and clinical applications, the PP mesh was associated with a pro-inflammatory
macrophage response?8 that decreased in magnitude over time, but persisted throughout

the study?7:29:30, In a canine abdominal wall defect model Clarke et al. also reported

some vascularization of the tissue adjacent to the fibrous capsule surrounding PP fibers,

but the amount of vascularity was low relative to vascularization of an implanted ECM
scaffold?8. The bioabsorbable synthetic ePC-UPy material induced a more rapid and diffuse
cellular infiltration, a macrophage phenotype profile more indicative of healthy healing
tissue3l, persistent neovascularization, and less susceptibility to calcification than the bovine
pericardial bioprosthetic GF-BP that is widely used in cardiovascular surgery. Similar to
observations in the present study, a pulmonary valve conduit constructed with ePC-UPy
leaflets showed neovascularization, gradually increasing infiltration of macrophages, and a
low occurrence of leaflet calcification; whereas a bioprosthetic valved conduit had consistent
calcification of the conduit and a paucity of macrophages on the surface of the implant at 6
months after implantation in sheepl®.

The role of macrophages in the host response to biomaterials

Biologic materials, particularly those derived from complete extracellular matrix (ECM),
are largely associated with a pro-remodeling M2-like macrophage phenotype and

favorable remodeling outcomel911, However, chemical crosslinking of the ECM can have
considerable detrimental effects upon the host-mediated remodeling responsel®:32, Synthetic
materials, including PP surgical mesh, typically induce an M1-like macrophage response,
chronic inflammation and the classic foreign body reaction8. It is now understood however,
that this response can be modulated by micro-architecture, biomechanics, and surface

J Biomed Mater Res A. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cramer et al. Page 8

characteristics, among other biomaterial properties33. The molecular mechanisms that
drive the macrophage response to a synthetic material are not fully understood. However,
the findings of several studies that have investigated relationships between biomaterial
characteristics and the nature of associated macrophage responses are summarized in
Supplemental Table 1.

In the present study, the observed temporal and spatial pattern of pro-inflammatory

TNFa™ macrophages to the GF-BP was consistent with that of other studies in which
chemically crosslinked biologic scaffolds have been investigated10:32, These findings differ
markedly from the anti-inflammatory macrophage phenotype associated with both ePC-UPy
and UBM-ECM in the present study, and other non-crosslinked ECM scaffolds studied
previously11:34,

Biomaterial-associated calcification

Calcification is the most important pathology limiting the long-term success of heart valve
replacement with bioprosthetic valves4:35, Calcification of biomaterials in general is a
complex and incompletely understood process that is thought to be regulated by three
factors: (1) biological factors (local environment of function and recipient’s metabolic
state); (2) biomaterial factors (structure and chemistry of the substrate biomaterial); and
(3) biomechanical factors (degree and locations of stress and strain)3®:36, Pre-treatment
with glutaraldehyde (as with GF-BP) is considered an important biomaterial factor for
calcification of bioprosthetic tissue3”-38, Calcification of synthetic non-porous polymers
occurs predominantly at their surfaces and involves mechanisms different from those of
tissue-based biomaterials36:39:40,

The role of host cells in calcification of biomaterials is uncertain. However, multiple

studies have associated increased macrophage infiltration to calcification of bioprosthetic
valves*! and native aortic valves*2:43, clinically significant processes with likely distinctly
different mechanisms. Li et al. observed significantly more M1-like macrophages and higher
expression of TNFa in calcified native aortic valves compared to noncalcified valves*2.
Pro-inflammatory cytokines produced by M1-like macrophages, such as TNFa, promote
calcification of valvular interstitial cells /n vitro through increased nuclear factor kappa B
activation, bone morphogenetic protein 2 expression, and ALP activity#44°. Conversely, it is
hypothesized that M2-like macrophages are protective against calcification by synthesizing
increased inorganic pyrophosphate, a direct inhibitor of calcium phosphate deposition, and
downregulating ALP expression“®. In the present study, GF-BP was associated with a
potentially more “calcification-promoting” pro-inflammatory macrophage phenotype, while
the anti-inflammatory macrophages infiltrating the ePC-UPy polymer may have contributed
to protection against calcific deposits*6.

Both intrinsic and extrinsic mineralization of a biomaterial are generally enhanced at

the sites of intense mechanical stress447, however the mechanism of stress-induced
calcification is not fully understood. Mechanical stress induces expression of osteogenic
genes in valve interstitial cells /n vitro and this osteogenic effect is exacerbated in the
presence of pro-inflammatory stimuli*8. In the present study, and consistent with previous
reports in both experimental and clinical contexts#®0, calcification of the GF-BP material
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was promoted by static stress. However, static stress did not promote calcification of the
ePC-UPy polymer. Whether the absence of mechanically-induced calcification of the ePC-
UPy material noted herein will translate to improved long term functionality of the synthetic
polymer-based valve under the dynamic stress of blood flow is uncertainl’.

Role of the host response in endogenous tissue restoration

In situtissue engineering, or ETR, is a concept in which selection of a biomaterial

that elicits an appropriate host response is imperative for success®L. In cardiovascular
applications of ETR, an acellular restorative device must be fully functional upon
implantation into the body, become infiltrated and populated by host cells, and remodel
over time®2:53, In the context of cardiovascular applications of ETR, a successful
remodeling outcome must also be devoid of calcification. Valve materials that are
unable to remodel, such as GF-BP, are susceptible to calcification and other modes of
structural valve degeneration. Various materials have been investigated to support ETR
of cardiovascular tissue, including decellularized matrices from donor valves®455, small
intestinal submucosa®®:57, or jn vitro engineered ECM®859, and synthetic bioabsorbable
polymers15:16:53.60 The yse of synthetic bioabsorbable materials like ePC-UPy to support
heart valve ETR represents a distinctive and potentially tunable immunomodulatory
approach to the treatment of valvular disease.

The progression of heart valve or other cardiovascular ETR involves an inflammatory
response, followed by neotissue formation, remodeling and homeostasis 2. Although

there are still many uncertainties regarding the role of macrophage polarization in ETR,

it has been postulated that monocyte differentiation towards pro-remodeling M2-like
macrophages should be established early in the process to achieve stable tissue restoration®2,
Mechanical factors such as cyclic strain and shear stress are important determinants of
macrophage differentiation. Tuning mechanical properties of scaffolds has been reported

as an important tool to control remodeling outcomes, although degradation kinetics and
scaffold microstructure may be equally important contributors, depending on the exact
application®.

Long term preclinical testing as a pulmonary interposition graft'8 and pulmonary valved
conduit1® demonstrated positive tissue remodeling and functional replacement of the
implanted polymer with neotissue, with low propensity for calcification. This has prompted
initial clinical studies using a RestoreX™ graft with similar composition to the ePC-

UPy scaffold as an extracardiac conduit in children requiring a Fontan procedurel’
(clinicaltrials.gov number NCT02377674) and as a pulmonary valved conduit for RvVOT
reconstruction in children®2 (clinicaltrials.gov: NCT02700100 & NCT03022708). Finally,
early preclinical application as an aortic valve has been reported as well53.

Study limitations

The model of subcutaneous implantation in rats, as used in the present study, is well
established?0:49.50.64 and generally predicts a calcification response similar to that observed
in clinical specimens*9:65, Weanling animals were used in this study because of their
more active immune system®8, and rapid, robust calcification response*®. The subcutaneous
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implant model is more cost effective, less technically difficult and more reliable than

valve replacement in large animals®7:68, Nevertheless, the subcutaneous implantation model
used in the present study does not subject the material to continuous blood flow, blood
pressure or dynamic mechanical stress which could influence the cellular and calcification
response>3:69,

CONCLUSION

The host inflammatory response elicited by GF-BP, ePC-UPy, UBM-ECM, and PP are
distinctly different in a rat subcutaneous implant model. Notably, the elicited responses
correlate well with the divergent remodeling outcomes observed in large animal and
clinical studies1®1622.27 syggesting the potential predictive ability of this model. Relative
to the tissue response to GF-BP, the ePC-UPy material platform may support a favorable
remodeling response as evidenced by neovascularization, anti-inflammatory phenotype of
infiltrating macrophages and absence of calcific deposits. The specific qualities of the ePC-
UPy material that contributed to this host response are under investigation. Nevertheless, the
results of this study provide optimism that the properties demonstrated in the subcutaneous
implant model described herein will translate to clinical outcomes using the ePC-UPy
material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cellular reactionsto GF-BP, ePC-UPy, UBM-ECM, and PP.
(A) GF-BP, ePC-UPy, UBM-ECM, and PP at days 2, 21, and 180. (B) Quantification of total

nuclei per mm? of material. With GF-BP, there was an early and robust cellular response,
noted at 2 days post implantation with mononuclear cells limited to the edges of the implant
at the interface with native tissue. There was a marked reduction in number of cells within
GF-BP at 180 days. In contrast, beginning early following implantation and continuing
throughout the study duration, mononuclear cells and occasional multinucleated giant

cells were diffusely distributed throughout the thickness of the ePC-UPy material. UBM-
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ECM showed a brisk mononuclear cell infiltration noted at 2 days post implantation and
continuing through days 14-21 with disappearance of inflammation following degradation
and replacement by fibrous tissue. Fibers of the PP mesh became rapidly surrounded by a
variably thick cell layer of mononuclear and multinucleated giant cells that became thinner
but persisted throughout the 180 days of the study. Arrows define the interface of the
material with surrounding tissue, asterisks show PP fibers. All H&E stained, scale bars
200um.
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Figure 2. Endothelial cells and neovascularization in GF-BP, ePC-UPy, UBM-ECM, and PP.
(A) GF-BP, ePC-UPy, UBM-ECM, and PP at days 21, and 180 (B) Quantification of CD31*

blood vessels per mm?2 of material. With GF-BP, CD31* endothelial cells were present
scattered along the interface of GF-BP implant with surrounding tissue beginning early.
However, microvessels with intraluminal RBC were found only on the edges of the material
at 180 days post-implantation. At 14 days post-implantation, CD31* endothelial cells were
identified within the ePC-UPy material consistent with neovascularization. By 90 and 180
days, a microvasculature that contained intraluminal RBC was noted within the ePC-UPy,
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suggesting continuity of these blood vessels with the surrounding host tissue. Abundant
neovascularization of the UBM-ECM scaffold was observed early after implantation as
indicated by CD31 immunolabeling. Although CD31* cells were found in the surrounding
cellular infiltrate of the PP mesh beginning at 14 days, neovascularization was not present
outside of the dense cell layer encapsulating the fibers. All stained for CD31, scale bars
100um.
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Figure 3. Macrophage response to GF-BP, ePC-UPy, UBM-ECM and PP.
(A) Representative images of immunolabeling of pan-macrophages (CD68*, red),

pro-remodeling M2-like macrophages (CD206™, green) and pro-inflammatory M1-like
macrophages (TNFa™*, orange) at the 14 and 180 day timepoint. Scale bars 25um,

dotted lines define the interface of the material, asterisk shows PP fiber. Biomaterial
autofluorescence was not counted during quantification due to lack of co-localization with
nuclei. (B) Quantification of the ratio of M2-like: M1-like (CD68"CD206*: CD68*TNFa.*)
macrophages. Axis in log scale. (C) Quantification of the number of CD68*CD206",
CD687CD206*TNFa*, and CD68*TNFa ™ macrophages per field of view. Macrophage
immunolabeling indicates a dominant and sustained M2-like phenotype in response to the
ePC-UPy material.
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Figure 4. Susceptibility to calcification of GF-BP, ePC-UPy, UBM-ECM, and PP.
(A) Representative images of calcification within GF-BP and ePC-UPy as indicated by

radiographic imaging. Red dotted lines define the edge of the material, yellow arrows
indicate focal calcification. (B) Mineralization of GF-BP observed histologically by von
Kossa (black arrow) and lack of mineralization observed in ePC-UPy, UBM-ECM, and PP
at day 21. These comparisons indicate that the susceptibility to calcification often observed
for bioprosthetic material, exemplified here for GF-BP, is absent with ePC-UPy, UBM-ECM
and PP. (B) von Kossa stain, scale bars 400um.
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Figure 5. Susceptibility to mechanical stressinduced calcification of GF-BP and ePC-UPy, as
indicated by intentionally folded specimens.

(A) Representative radiographic images of calcification within folded test materials at 21
days. (B) Representative UCT scans of calcified areas within folded test materials. (C)
Quantification of the volume of calcific nodules within each test material as determined by
UCT analysis. (D) Mineralization within the folded GF-BP at 21 days as indicated by von
Kossa. (E) Lack of mineralization within the folded ePC-UPy. Thus, the high susceptibility
to mechanical stress-induced calcification in GF-BP was absent in ePC-UPy. (D) and (E)
von Kossa stain, scale bars 400um.
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Figure®6.
Schematic summary of tissue responses to glutaraldehyde pre-treated bovine pericardium

(GF-BP) bioprosthetic heart valve material, resorbable supramolecular polymer (ePC-UPy),
urinary bladder extracellular matrix (UBM-ECM) and polypropylene mesh (PP) /n vivo.
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