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Abstract

The host response to implanted biomaterials is a highly regulated process that influences device
functionality and clinical outcome. Non-degradable biomaterials, such as knitted polypropylene
mesh, frequently elicit a chronic foreign body reaction with resultant fibrosis. Previous studies
have shown that an extracellular matrix (ECM) hydrogel coating of polypropylene mesh reduces
the intensity of the foreign body reaction, though the mode of action is unknown. Macrophage
participation plays a key role in the development of the foreign body reaction to biomaterials, and
therefore the present study investigated macrophage polarization following mesh implantation.
Spatiotemporal analysis of macrophage polarization was conducted in response to uncoated
polypropylene mesh and mesh coated with hydrated and dry forms of ECM hydrogels derived
from either dermis or urinary bladder. Pro-inflammatory M1 macrophages (CD86+/CD68+),
alternatively activated M2 macrophages (CD206+/CD68+), and foreign body giant cells were
quantified between 3-35 days. Uncoated polypropylene mesh elicited a dominant M1 response at
the mesh fiber surface, which was decreased by each ECM coating type beginning at 7 days. The
diminished M1 response was accompanied by a reduction in the number of foreign body giant
cells at 14 and 35 days, though there was a minimal effect upon the number of M2 macrophages at
any time. These results show that ECM coatings attenuate the M1 macrophage response and
increase the M2/M1 ratio to polypropylene mesh in vivo.

1. Introduction

The host response to surgically implanted biomaterials and medical devices is a complex,

temporally regulated process and a critical determinant of success or failure. The host tissue
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response to any implanted device generally occurs through interactions at the host-material
surface. Non-degradable synthetic polymers used for long term implantation, such as
polytetrafluoroethylene (PTFE), polyethylene terephthalate, and polypropylene provide
strong reinforcement for surgical repair of soft tissues and confer consistent material
properties [1-3]. However, these non-degradable materials elicit a classic foreign body
reaction following implantation. The foreign body reaction has been well characterized from
a histopathologic perspective, and components of the innate immune response, notably
macrophages, rapidly accumulate at the biomaterial surface and play a determinant role in
outcomes [4-6]. Inability of macrophages to eliminate a non-degradable or slowly
degradable material results in chronic inflammation and a mature foreign body reaction.
Macrophage fusion into multinucleate foreign body giant cells and eventual fibrotic scar
tissue deposition are hallmarks of this response [4, 7].

The gold standard for biomaterials used in ventral hernia repair is the use of a synthetic
polymer, notably knitted polypropylene surgical mesh [8]. Polypropylene is non-degradable,
and the inevitable foreign body reaction is typically associated with fibrosis, decreased
tissue compliance, and low grade localized chronic inflammation. These sequelae may result
in patient discomfort, increased morbidity, and/or mesh explantation [9, 10]. In contrast,
surgical mesh materials composed of naturally occurring extracellular matrix (ECM)
typically facilitate a constructive host response in which site appropriate host tissue is
formed with minimal fibrosis [11-13], but are less mechanically robust and have more
variable composition than their synthetic counterparts [14, 15]. ECM scaffolds are prepared
by decellularization of various mammalian tissues including, but not limited to, dermis,
small intestinal submucosa, pericardium, and urinary bladder [13]. The mechanisms of ECM
scaffold remodeling are only partially understood, but modulation of the innate immune
response is a critical determinant of the downstream structural and functional outcome. A
method was recently described by which a hydrogel form of dermal ECM was used as a
coating for a polypropylene hernia mesh, with an associated reduction in the intensity of the
foreign body reaction, reduced number of foreign body giant cells, and the diminished
density of host deposited collagen during the initial 35 days of in vivo implantation [16].
However, the mechanisms of this abrogated host response were not investigated.

The innate immune response to an implanted ECM scaffold is characterized by a transient
neutrophil accumulation [17, 18] followed by a sustained and robust accumulation of
macrophages within and around the implanted ECM [18-21]. Thus at early time points, the
histomorphology is similar to the cellular response to synthetic materials. However, the final
outcomes of ECM and non-degradable synthetic materials are markedly different. A
potential cause of the disparate host response is the macrophage phenotype elicited by the
respective biomaterials. Macrophages may be polarized along a spectrum between two
contrasting functional phenotypes: the classically activated pro-inflammatory M1 phenotype
associated with host defense and the foreign body reaction vs. the alternatively activated M2
phenotype associated with constructive tissue remodeling [22, 23]. Macrophages involved in
constructive tissue remodeling facilitated by biologic scaffold materials show a greater
proportion of the M2 phenotype compared to the dominant M1 phenotypic profile observed
in the presence of non-degradable synthetic materials or chemically crosslinked, slowly
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degradable ECM [19, 20, 24]. The objective of the present study was to determine the effect
of an ECM hydrogel coating on the spatiotemporal macrophage polarization response to
polypropylene mesh in a rodent model of body wall injury.

2. Materials & Methods

2.1. Overview of experimental design

The spatiotemporal macrophage phenotype response to polypropylene mesh, with and
without an ECM hydrogel coating, was evaluated in vivo. Dermal and urinary bladder
tissues were decellularized to create D-ECM and UBM-ECM scaffolds, respectively. These
ECM biomaterials were applied as ECM hydrogel coatings, in hydrated or dried states, to a
heavy-weight polypropylene mesh. Mesh devices were implanted in a partial thickness
abdominal wall defect in the rat. Following explantation, the mesh materials and associated
tissue were immunolabeled for cell surface markers associated with M1 and M2 macrophage
phenotypes at time points ranging from 3 to 35 days. All animal experiments were
conducted in accordance to University of Pittsburgh Institutional Animal Care and Use
Committee (IACUC) regulations and guidelines.

2.2. ECM preparation and mesh coating

Dermal ECM (D-ECM) was prepared by decellularization of porcine skin as previously
described [15, 25]. The epidermis and subcutaneous tissue were mechanically removed to
isolate the dermal layer (thickness approximately 1.5 mm), which was enzymatically and
chemically decellularized. In brief, dermis was treated with 0.25% Trypsin (Sigma) for 6
hours, 70% ethanol for 10 hours, hydrogen peroxide for 15 min, 1% Triton X-100 in 0.26%
EDTA/0.69% Tris-base for 6 hours followed by an additional 16 hours in fresh solution, and
0.1% peracetic acid/4% ethanol for 2 hours. All steps were performed at room temperature
with agitation by an orbital shaker (300RPM) and extensive rinsing (3x15min washes with
deionized water) after each step.

Urinary bladder matrix ECM was prepared from porcine urinary bladders via mechanical
isolation of the basement membrane and subjacent tunica propria layers as previously
described [14, 25]. The tissue was rinsed in deionized water and decellularized with 0.1%
PAA/4% ethanol (v/v) 2 hours associated with agitation by an orbital shaker (300 RPM).
The resulting UBM-ECM was rinsed extensively with PBS and deionized water.

Both D-ECM and UBM-ECM scaffolds were frozen, lyophilized, and comminuted into a
particulate using a Wiley Mill passed through a 40 mesh screen [25, 26]. ECM powder was
enzymatically digested and solubilized at an ECM concentration of 10 mg ECM (dry wt)/ml
with 1 mg/ml pepsin in 0.01 M HCI. ECM pre-gel was prepared by neutralizing the partially
digested ECM with 1/9 digest volume of 10X PBS, 1/10 the digest volume of 0.1 M NaOH,
and dilution with 1X PBS to a final ECM concentration of 8 mg ECM (dry wt.)/ml. Heavy-
weight polypropylene mesh (BARD Mesh, C.R. BARD-Davol, Providence, RI) coupons (1
cm x 1 cm) were embedded within molds (1.2 cm x 1.2 cm) containing D-ECM or UBM-
ECM pre-gel solutions and placed in a non-humidified incubator at 37°C to initiate gelation.
ECM hydrogels formed around the polypropylene mesh fibers and either remained in a
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hydrated form (D-ECM wet and UBM-ECM wet) or were further dried in a non-humidified
incubator at 37°C for 24 hours (D-ECM dry and UBM-ECM dry) [16]. All devices were
sterilized prior to implantation with 2Mrad gamma irradiation at room temperature.

Mesh coating structure was evaluated macroscopically and by scanning electron
microscopy. Mesh devices were fixed with 2.5% glutaraldehyde for 24 hours and washed
with PBS. Devices were then dehydrated with a graded series of ethanol (30%, 50%, 70%,
90%) for 2 hours each and three overnight washes in 100% ethanol with gentle agitation.
Mesh devices were then critically point dried using carbon dioxide as the transitional drying
medium. Samples were sputter coated with a 3.5 nm gold palladium alloy and imaged using
10keV accelerating voltage. Images were acquired of both the mesh surfaces and cross
sections at low (50X) and high (500X) magnifications.

2.3. Mesh implantation in rodent model

Uncoated and ECM coated mesh devices were implanted in an established abdominal wall
injury model in the rat [25, 27]. Female rats (250-300g, Sprague-Dawley, Charles River
Laboratories Inc., Wilmington, MA) were anesthetized with 1.5-3% isofluorane. Bilateral
paramedian skin incisions were made to provide access to the muscular abdominal wall, and
partial thickness skeletal muscle defects were created by excision of 1 cm x 1 cm segments
of the external and internal oblique muscles while leaving the underlying transversalis
fascia intact. Mesh device groups were inlaid within the muscle defect and affixed to the
abdominal wall with polypropylene sutures (Prolene) at each corner. Animals were allowed
to recover and ambulate normally until sacrifice with mesh explantation at 3, 7, 14, or 35
days (n =5 per device at each time point).

2.4. Spatiotemporal analysis of macrophage phenotype

Explanted mesh with surrounding abdominal wall tissue was fixed with 10% neutral
buffered formalin for at least 24 hours, embedded in paraffin, and sectioned (5 pm).
Immnofluorescent labeling was performed to characterize macrophage phenotype in
response to ECM coated and uncoated polypropylene mesh test articles. Slides were
deparaffinized followed by antigen retrieval in heated citrate buffer for 20 minutes (10 mM
citrate, pH 6.0 at 95-100°C). Non-specific antibody binding was prevented via incubation
for 1 hour at room temperature with a blocking solution consisting of 2% normal horse
serum (Hyclone), 1% bovine serum albumin (Sigma), 0.1% Triton X-100 (Sigma), and 0.1%
Tween-20 (Sigma) in PBS. Sections were decanted and incubated with primary antibodies
diluted 1:150 in blocking solution overnight at 4°C. Primary antibodies against the pan-
macrophage marker CD68 (mouse anti-rat CD68, clone ED1, Abd Serotec), the M1
macrophage marker CD86 (rabbit anti-human CD86, clone EP1158Y, Abcam), and the M2
macrophage marker CD206 (goat anti-human CD206, polyclonal, Santa Cruz) were used.
Sections were washed and incubated with the following fluorescently conjugated secondary
antibodies diluted in blocking solution for 1 hour at room temperature: donkey anti-mouse
Alexa Fluor-594 (1:200 dilution, Invitrogen), donkey anti-rabbit PerCP-Cy5.5 (1:300
dilution, Santa Cruz), and donkey anti-goat Alex Fluor-488 (1:200 dilution, Invitrogen).
Nuclei were labeled with DAPI and slides coverslipped with fluorescent mounting medium
(Dako). Multispectral epifluorescent images were acquired (Nuance) and spectrally unmixed

Biomaterials. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al.

Page 5

to remove background autofluorescence. A total of 6 high magnification images (400X)
distributed across 2 locations within the mesh device were acquired (Figure 1A, boxes).
Representative fields of view were centered at both the mesh fiber pore interface adjacent to
single fibers (Figure 1B) and centered within mesh knot structures (Figure 1C). The total
number of cells co-expressing CD68 and either CD86 or CD206 was automatically
quantified for each image using CellProfiler software (http://www.cellprofiler.org, [28]).
Macrophages were defined as CD68 positive colocalized with nuclei. M1 and M2 cells were
defined as macrophages coexpressing CD86 or CD206, respectively. A subpopulation of
cells co-expressed both M1 and M2 markers and were subsequently denoted as “co-labeled”.
Macrophage spatial distribution relative to mesh fibers was characterized by defining
concentric rings around mesh fibers that were evenly spaced at 33 pm intervals as shown in
Figure 1. A total of 5 ring areas were defined around single fibers and 3 rings within fiber
knots. Cells on the border of 2 rings were counted towards the inner ring and any
overlapping ring areas between knots were counted only once. The total number of
macrophages in each phenotypic state and the ratio of M2:M1 macrophages were
determined for each device/time point/spatial location. The M2:M1 ratio was calculated as
the (# of M2 macrophages + 1) / (# M1 macrophages + 1) to accommodate conditions in
which there were no M1 and/or M2 macrophages present within the region of interest.

2.5. Histomorphometric quantification

Histologic remodeling was evaluated from Masson’s Trichrome stained sections as
previously described [16]. High magnification (400X) images were acquired using the same
strategy described above: adjacent to single fibers and within fiber knots. The total number
of multinucleate foreign body giant cells and blood vessels was counted by blinded
observers for each image. Multinucleate foreign body giant cells were defined as any large
cell at the mesh fiber surface containing 2 or more nuclei. Blood vessels were functionally
defined as structures possessing a lumen with red blood cells within.

2.6. Statistical analysis

3. Results

The total number of macrophages, macrophage ratio, and histomorphometric data are
presented as the mean =+ the standard error of the mean. Statistical analysis was performed
using a one-way ANOVA evaluating each spatial location (e.g. ring 1 or ring 2) for each
variable (M1, M2, etc) within each time point using SPSS software. A post-hoc Tukey test
was conducted with a p-value < 0.05 considered statistically significant. Data normality was
determined using the Kolmgorov-Smirnov test, and natural logarithm transformation applied
when normality was violated.

3.1. ECM preparation and mesh coating

D-ECM and UBM-ECM were prepared from porcine dermis and urinary bladder tissue,
respectively, and processed into a hydrogel form. Polypropylene mesh coupons (Figure 2A)
were embedded within ECM hydrogels (Figure 2B-E). Both dried and wet ECM coatings
fully covered the mesh fiber surface and filled the pores between mesh fibers, as well as
within the interstices between mesh fiber knots as shown by macroscopic observation and
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SEM (Figure 2G-J, inset). Ultrastructural examination showed that the smooth surface of
polypropylene mesh fibers (Figure 2F) was covered with ECM hydrogels that imparted
distinct structural characteristics depending upon the type of coating. Both UBM-ECM and
D-ECM wet hydrogel coatings (Figure 2G,-J) had a randomly oriented fibrillar structure,
and the D-ECM fibril network was more dense than UBM-ECM. Drying the ECM hydrogel
coating induced structural changes to both UBM-ECM and D-ECM hydrogel coatings
(Figure 2H, J). The dried hydrogel coatings appeared as a textured surface of randomly
oriented raised patterns and indentations reminiscent of collapsed ECM fibrils.

SEM cross sections confirmed the presence of both wet and dried ECM hydrogel coating
throughout the mesh pores and within mesh fiber knots. The wet ECM hydrogel coatings
(Figure 2L,N, inset) had fibrillar structural characteristics (Figure 2L,N) that were similar
to the surface images. UBM-ECM and D-ECM dried hydrogel coatings were very thin
compared to the wet hydrogels (Figure 2M,0O inset) and tightly conformed to the mesh fiber
topography. High magnification ross sections of dried ECM coatings showed lamellar sheets
with occasional fibrils crossing between layers (Figure 2M,0).

3.2. Spatiotemporal analysis of macrophage phenotype

Macrophage phenotype was evaluated via the coexpression of the pan-macrophage cell
surface marker CD68 with the M1 marker CD86 and/or the M2 marker CD206. Macrophage
phenotypic expression in response to an uncoated polypropylene mesh was similar in areas
both adjacent to single fibers (Figure 3A) and within fiber knots (Figure 3B) and
characterized by a dominant M1 response. The number of M1 macrophages was greatest in
ring 1, which was the area in closest proximity to the mesh fiber, and decreased with
increased distance from the mesh fiber approaching background levels by ring 3 in areas
adjacent to single fibers. The number of M2 and M1+M2 co-labeled macrophages remained
at low background levels at all time points. The initial day 3 M1 response within ring 1
markedly increased by day 7, and remained approximately constant at the 14 and 35 day
time points. This pattern of macrophage distribution was observed for both individual mesh
fiber and at fiber knot locations.

Each ECM coating type reduced the total number of macrophages present directly adjacent
to single fibers compared to an uncoated mesh at the evaluated time points (Figure 4).
Similar to the uncoated mesh, the M1 accumulation was greatest in ring 1 and rapidly
decreased with distance. The number of M1 macrophages around ECM coated mesh was
lowest at the day 3 time point, and were not different from the uncoated mesh. Only the D-
ECM dry coating affected the M1 response within ring 1 at day 7, though by day 14, each
coating had reduced the M1 response, except for the UBM-ECM dry coating. The effect of
the ECM coating was most pronounced by the 35 day time point, where M1 macrophage
accumulation was attenuated at all distances (rings 1-5). Few differences in the number of
M1 cells were observed between different ECM coating types, and none of the coating types
consistently affected the number of M2 cells at any time point or distance. The effect of each
ECM coating was also evaluated by calculating the ratio of M2 to M1 macrophages (Figure
5). All ECM coatings except for the UBM-ECM dry increased the M2:M1 ratio within rings
1 and 2 adjacent to individual fibers by 14 days, but not at earlier time points. An increased
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M2:M1 ratio continued primarily for both the UBM-ECM and D-ECM wet hydrogel
coatings at 35 days.

The ECM coatings had a similar effect within fiber knots; a location in which ECM coatings
reduced the M1 response compared to an uncoated mesh at day 7, 14, and 35 time points
(Figure 6). Though the number of M1 cells diminished with distance from the mesh fiber,
the reduction in M1 cells for all ECM coatings typically persisted through rings 1-3. All
ECM coatings significantly decreased the number of M1 cells in rings 2-3 by 7 days and in
most rings at day 14. All coatings except for UBM-ECM dry reduced the M1 response in
rings 1-2 at day 35 with no differences by ring 3. There were no differences in the number of
M1 cells between different ECM coating types at any time point except at the 3 day time
point where the number of M1 macrophages was greater for the UBM-ECM wet hydrogel
coating. There were fewer M2 macrophages compared to M1 for all test articles, with only
minor increases in number of M2 cell resulting from ECM coating. The ratio of M2:M1
macrophages within the knots of uncoated polypropylene mesh was increased by ECM
coatings following the 3 day time point (Figure 7). Only the UBM-ECM and D-ECM wet
hydrogel coatings showed an increased M2:M1 ratio at the 7 day time point, and the M2:M1
ratio for all ECM coatings except for the dried UBM-ECM was increased at all distances at
the 14 day time point. The increased M2:M1 ratio was observed for all ECM coatings at the
35 day time point at ring 2, and for all coatings except for dried UBM-ECM within ring 1.
There were no differences in the M2:M1 ratio of different ECM coatings at any time point,
except between UBM-ECM dry and wet coatings at day 3.

3.3. Histomorphometric quantification

Histologic remodeling outcomes for uncoated and ECM coated mesh were determined from
Masson’s Trichrome stained images, and the number of foreign body giant cells and blood
vessels were counted adjacent to single mesh fibers (Figure 8A) and within mesh fiber
knots (Figure 8J). Foreign body giant cells adjacent to single fibers in uncoated mesh began
to form by the 7 day time point, peaked by 14 days, and had declined by 35 days. Each ECM
coating showed a similar reduction in the number of giant cells at the 14 day time point,
though there were no differences from uncoated mesh by 35 days. The number of blood
vessels adjacent to single mesh fibers increased between increased between 3 and 14 day
time points for all devices. There were fewer vessels around D-ECM coated mesh at the 7
day time point compared to uncoated and UBM coated mesh, but no differences at later time
points.

Foreign body giant cell formation between mesh fiber knots was apparent by 7 days and was
greatest at the 14 and 35 day time points for all devices. A greater number of foreign body
giant cells was observed between uncoated mesh fiber knots compared to ECM coated mesh
at 7, 14, and 35 day time points. The number of blood vessels within knots increased
between 3 and 14 days. Except for a reduction in blood vessel formation at the 3 day time
point, ECM coatings did not result in a There were no distinguishable differences in blood
vessel formation within knots as the result of any ECM coating.
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4. Discussion

The present study investigated the effect of ECM hydrogel coatings derived from two
separate source tissues, porcine urinary bladder and dermis, upon macrophage phenotype in
response to a knitted heavy-weight polypropylene mesh. Both tissue sources of ECM
coating reduced the prevalence of pro-inflammatory M1 polarized macrophages and foreign
body giant cells adjacent to mesh fibers when applied in hydrated or dried forms. The
immunomodulatory effect of ECM coating was apparent around both single mesh fibers and
within mesh fiber knots.

Ventral hernia repair commonly utilizes non-degradable, synthetic polymers such as
polypropylene to reinforce the repair of weakened or ruptured abdominal wall tissue. Such
synthetic materials have properties that are desirable for hernia repair such as high
mechanical strength and incorporation of the mesh into the surrounding host tissue, resulting
in notable reductions in hernia recurrence compared to primary repair [8, 29]. A
consequence of implanting a non-degradable material however, is a robust foreign body
reaction with associated scar tissue formation [3]. The reported sequelae of dense scar
formation surrounding and within the mesh material include contracture, loss of compliance,
adhesions, and/or fistula formation, potentially necessitating surgical intervention [9, 10].

Alternatives to non-degradable/slowly degrading synthetic materials are under investigation
to minimize the downstream consequences of the foreign body reaction. ECM devices
prepared from decellularized xenogeneic or allogeneic tissues have been used to promote
more favorable remodeling outcomes for hernia repair [11, 30, 31]. The ECM is a complex
microenvironment comprised of collagen types, glycosaminoglycans, growth factors, and
proteoglycans that are maintained during the cell removal process, and supports site
appropriate tissue remodeling rather than scar formation [11, 12]. Several mechanisms and
determinants have been implicated in the ECM remodeling response including the
recruitment of endogenous stem and progenitor cells, growth factor sequestration [15, 32],
release of bioactive ECM fragments during the degradation process [33, 34], and modulation
of the innate immune response, namely macrophage phenotype [19]. ECM hydrogels
composed of in vitro degradation products have been derived from the ECM of many source
tissues such as dermis, cardiac, urinary bladder, and central nervous system and they exhibit
many of the positive remodeling properties that have also been found in the intact scaffold
[25, 35, 36]. A recent study described the application of a dried dermal ECM hydrogel to a
synthetic polypropylene mesh, and showed that the coating imparted several favorable
effects in rodent abdominal wall defect model [16]. The D-ECM dry coating altered the
default host response to a polypropylene mesh, including reducing the number of foreign
body giant cells and density of deposited collagen without compromising mechanical
strength or tissue incorporation. Although it was shown that an ECM hydrogel mitigated the
foreign body reaction and subsequent tissue remodeling, the mechanisms by which these
events occurred were not investigated.

Macrophage dynamics at the biomaterial surface have been well characterized and
associated with the foreign body reaction [4, 7]. Within 3-5 days of implantation,
macrophages accumulate at the implant site, and if the material is not able to be
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phagocytosed, macrophage presence will persist, and eventually culminates in macrophage
fusion into multinucleate giant cells that surround the foreign body. The macrophage
response to a foreign body has been described from a histopathologic perspective, though it
has been shown in recent years that macrophages are a heterogeneous population of cells
that are polarized by microenvironmental cues toward distinct functional phenotypes: the
pro-inflammatory M1 phenotype or an anti-inflammatory M2 phenotype (reviewed in [22,
23]). The M1 phenotype is classically associated with pro-inflammatory host defense
functions such as antimicrobial activity and phagocytosis, and the alternatively activated M2
phenotype, in contrast, is involved with resolution of inflammation and wound healing [22,
23]. Indeed, several studies have explored the M1/M2 macrophage paradigm in response to
implanted ECM scaffolds [18-20, 24]. These studies have shown that ECM scaffolds are
rapidly infiltrated by M1 and M2 macrophages, though with a greater proportion of M2
macrophages than is seen with non-degradable materials. The differential polarization state
of macrophages in response to ECM biomaterials has been shown to be an important
determinant of remodeling outcome, though a detailed analysis of the macrophage
polarization response to polyproplylene mesh has not been conducted.

The present study found a robust accumulation of pro-inflammatory M1 macrophages at the
mesh-tissue interface as early as 7 days following implantation, which persisted until the 35
day time point. Spatially, M1 accumulation was greatest directly adjacent to the mesh fibers,
and rapidly diminished with distance to background levels by approximately 100 pum from
the implant surface, suggesting a localized pro-inflammatory response to polypropylene.
Though the M1 response was confined within close proximity to the mesh, pro-
inflammatory cytokine release may still affect remodeling outcomes distal to the mesh.
Conversely, there were relatively few anti-inflammatory M2 macrophages, reinforcing the
assertion that a non-degradable polypropylene mesh induces a pro-inflammatory
environment.

ECM coatings affected the macrophage response to polypropylene primarily by reducing the
pro-inflammatory M1 response at the implant-tissue interface, while inducing a minimal
effect upon the M2 response. The M1 reduction, and resultant increase in M2:M1 ratio,
caused by the ECM coatings was greatest within the area nearest the polypropylene mesh,
where the default M1 response was most intense. All coating types showed a decrease in M1
cells, though the wet hydrogel coatings from both UBM-ECM and D-ECM sources more
consistently resulted in these reductions. The wet hydrogel coatings were composed of a
dense fibrillar network and were thicker than the compact dry coating as shown by SEM.
These structural differences may affect macrophage phenotype since they have been shown
to respond to mechanical and structural cues in addition to specific cytokines and molecular
signals [37-40]. These results suggest that the coating structure may influence the response,
though significant differences between different coating types were not consistently
observed.

Synthetic mesh devices, including the polypropylene mesh used in the present study, are
frequently composed of many individual fibers knitted together into one cohesive construct.
This configuration places several fibers in close proximity to each other in fiber knots, and
the space within these knots is influenced by a greater amount of polypropylene than around
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single fibers. Both wet and dry UBM-ECM and D-ECM coatings filled these spaces, and
reduced the pro-inflammatory M1 response within these regions, though the UBM-ECM dry
coating less consistently produced this effect. These findings show that the ECM coatings
can maintain immune modulating properties in the presence of highly pro-inflammatory
stimuli such as a high density and surface area of foreign material.

There are several potential limitations to the present study. M1 and M2 macrophages were
identified by single surface markers, though macrophage polarization is most appropriately
considered as a spectrum and involves numerous signaling and effector proteins. The
M2/M1 expression profile may differ greatly depending on the location along this spectrum,
which is further complicated by the ability of macrophages to switch phenotypes depending
on their current signaling environment [23]. A small population of macrophages in this
study co-expressed M1 and M2 associated markers, which may indicate a transition state
between M1 and M2 phenotypes. The generalization of the M2 phenotype may also be an
oversimplification. M2 macrophage polarization during wound healing can be subdivided
into M2a, M2b, and M2c subtypes, each of which has distinct immunoregulatory functions
[22]. CD206 is generally associated as a marker of the M2a phenotype, but markers of other
M2 subtypes, such as the M2c marker CD163, and their potential roles in tissue remodeling
were not considered in the present study. Additional surface markers and/or secreted
products may be analyzed using this spatiotemporal framework to specifically categorize the
response and understand the signaling pathways involved.

5. Conclusions

Hydrogel coatings composed of dermal or urinary bladder ECM are able to modulate the
default innate immune response to heavy-weight polypropylene mesh in vivo. ECM
primarily attenuated the M1 response and foreign body giant cell formation around mesh
devices in a specific spatial and temporal pattern, which was not dependent upon the tissue
source or structure of the ECM coating. Improved remodeling response previously reported
for an ECM coated polypropylene mesh compared to an uncoated mesh may be the result of
macrophage polarization and consequent signaling during host remodeling. ECM hydrogel
coatings may therefore be viable modification method to alleviate the chronic inflammatory
response to non-degradable implanted medical devices.
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Figure 1.
Histologic mesh imaging and spatial quantification of polarized macrophages.

Representative low magnification (100X) immunofluorescent image of an uncoated
polypropylene mesh (A) with white boxes indicating the regions of interest for high
magnification image acquisition (400X) for macrophage quantification . Images were
acquired at the edge of single mesh fibers (B) and within mesh fiber knots (C). The spatial
distribution of polarized macrophages relative to the tissue-mesh fiber interface was
quantified within the areas of concentric rings (dotted lines) evenly spaced around mesh
fibers (D,E). Each ring represents an increased radius of 33 um from the mesh fiber.
Macrophage phenotype was identified via surface markers: CD68+ pan-macrophage (red),
CD86+ M1 macrophage (orange), and CD206+ M2 macrophage (green) colocalized with
DAPI stained nuclei (blue). Scale bars represent 100 pum.
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Figure 2.
ECM coating coverage and structure. Representative macroscopic images of uncoated

polypropylene mesh (A), UBM-ECM wet hydrogel coated mesh (B), UBM-ECM dried
hydrogel coated mesh (C), D-ECM wet hydrogel coated mesh (D), and dried D-ECM
hydrogel coated mesh (E). Scale bar represents 1 cm. Scanning electron micrographs of the
surfaces and cross sections of uncoated and wet/dried ECM coated hydrogel coated mesh.
High magnification images of mesh structure (5,000X) are provided with low magnification
images of coating coverage (50X, inset).
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Figure 3.
Spatiotemporal macrophage response to uncoated polypropylene mesh. The number of M1

(CD86+/CD68+), M2 (CD206+/CD68+), an co-localized (CD86+/CD206+/CD68+)
macrophages adjacent to single mesh fibers (A) and within knots (B) were quantified with
respect to distance from the tissue-mesh fiber interface. Each ring (1-5) represents increasing
distance from the mesh fiber surface after 3, 7, 14, and 35 days post implantation.
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Figure 4.
Macrophage polarization adjacent to single mesh fibers in uncoated and ECM hydrogel

coated mesh. The number of M1 (CD86+/CD68+) and M2 (CD206+/CD68+) macrophages
in response to uncoated, UBM-ECM dry coated, UBM-ECM wet coated, D-ECM dry
coated, and D-ECM wet coated polypropylene mesh were quantified from high
magnification images of implanted mesh adjacent to single fibers. Total M1 and M2
macrophages were counted at each increasing distance interval from the mesh fiber surface
(ring 1-5) at 3, 7, 14, and 35 day time points. Statistical significant differences were
determined with ANOVA (p < 0.05) and denoted with (*) as different from uncoated mesh,
or ($) as different between ECM coating groups.
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Figure 5.
M2:M1 polarized macrophage ratio adjacent to single mesh fibers. The ratio of M2 to

MZ1macrophages in response to uncoated, UBM-ECM dry coated, coated UBM-ECM wet
coated, D-ECM dry coated, and D-ECM wet coated polypropylene mesh was determined
with distance (ring 1-5) from the mesh fiber surface at 3, 7, 14, and 35 days post
implantation (A). Representative images of uncoated polypropylene mesh (B,D,F,H) and
UBM-ECM wet coated mesh (C,E,G,1) are shown at each time point. Statistical significant
differences were determined with ANOVA (p < 0.05) and denoted with (*) as different from
uncoated mesh, or ($) as different between ECM coating groups. Scale bar represents100
pm.
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Figure 6.
Macrophage polarization within mesh fiber knots in uncoated and ECM hydrogel coated

mesh. The number of M1 (CD86+/CD68+) and M2 (CD206+/CD68+) macrophages in
response to uncoated, UBM-ECM dry coated, UBM-ECM wet coated, D-ECM dry coated,
and D-ECM wet coated polypropylene mesh were quantified from high magnification
images of implanted mesh within fiber knots. Total M1 and M2 macrophages were counted
at each increasing distance interval from the mesh fiber surface (ring 1-3) at 3, 7, 14, and 35
day time points. Statistical significant differences were determined with ANOVA (p < 0.05)
and denoted with (*) as different from uncoated mesh, or ($) as different between ECM
coating groups.
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Figure 7.

Page 19

UBM-ECM wet
coated wet

M2:M1 polarized macrophage ratio within mesh fiber knots. The ratio of M2 to
M1macrophages in response to uncoated, UBM-ECM dry coated, coated UBM-ECM wet
coated, D-ECM dry coated, and D-ECM wet coated polypropylene mesh was determined for
each distance (ring 1-3) from the mesh fiber surface at 3, 7, 14, and 35 days post
implantation within fiber knot locations (A). Representative images of uncoated
polypropylene mesh (B,D,F,H) and UBM-ECM wet coated mesh (C,E,G,I) are shown at
each time point. Statistical significant differences were determined with ANOVA (p < 0.05)
and denoted with (*) as different from uncoated mesh, or ($) as different between ECM

coating groups. Scale bar represents100 um.
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Figure 8.
Histologic remodeling response to uncoated and ECM hydrogel coated mesh. The total

number of foreign body giant cells and blood vessels were quantified from high
magnification (400X) Masson’s Trichrome stained images adjacent to single mesh fibers (A)
and within mesh fiber knots (J) after 3, 7, 14, and 35 days post implantation. Representative
images of uncoated polypropylene mesh (B-E, K-N) and UBM-ECM wet coated mesh (F-I,
O-R) are shown at each time point. Statistical significant differences were determined with
ANOVA (p < 0.05) and denoted with (*) as different from uncoated mesh, or ($) as different
between ECM coating groups. Scale bar represents100 pum.
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