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A B S T R A C T

The host innate immune response to a surgical mesh is arguably the most important determinant of tissue
remodeling and functional outcome. Macrophage phenotype and the associated secretion of pro-inflammatory or
anti-inflammatory cytokines during the first 10–14 days following implantation has been strongly associated
with downstream events such as chronic inflammation vs. functional tissue remodeling, respectively, and the
associated clinical consequences. A persistent, pro-inflammatory (M1-like) macrophage phenotype is typically
associated with fibrosis and scarring. In contrast, an early transition to a regulatory, pro-remodeling (M2-like)
macrophage phenotype is predictive of organized, site-appropriate connective tissue deposition. The ratio of M2-
like to M1-like macrophages in the early post-implantation period defines the microenvironmental milieu and
the associated tissue response. The present study evaluated the early macrophage response to a synthetic non-
resorbable (Bard® Mesh), synthetic resorbable (TIGR® Matrix Surgical Mesh and GORE® BIO-A® Tissue
Reinforcement), synthetic mesh composed of the naturally occurring molecule 4-hydroxybutyrate, (Phasix™
Mesh), and a biologic surgical mesh composed of dermal extracellular matrix (Strattice™ Reconstructive Tissue
Matrix); all of which are used in ventral hernia repair. The spatiotemporal distribution of pro-inflammatory
(CD68+CD86+TNF-α+) and pro-remodeling (CD68+CD206+) macrophages, and the remodeling response in
terms of vascularization, total number of infiltrating cells, presence of multinucleate giant cells (MNGC), and cell
layer thickness around the implanted materials was evaluated at 3, 7, 14, 21, and 35 days post implantation.
Results showed an association of the synthetic non-resorbable and resorbable meshes with a robust, pro-in-
flammatory response within 3 days of implantation, and an increased presence of MNGC around the mesh fibers
at longer time points. Phasix™ Mesh was associated with an increased presence of M2-like macrophages im-
mediately adjacent to the mesh fibers at earlier time points, and a favorable tissue remodeling outcome at 35
days. Results of the present study are consistent with the premise that an early shift of M1-like to M2-like
macrophages is associated with favorable outcomes, including reduced fibrosis, at later time points.

1. Introduction

Ventral hernia repair is one of the most common surgical procedures
performed worldwide. More than one million ventral hernia repair
procedures are performed each year in the US alone.1 The use of a
surgical mesh for this surgery has become commonplace, largely in
response to the documented decrease in the incidence of hernia re-
currence compared to repair without the use of a surgical mesh.2,3

However, all meshes elicit a host tissue response that is dependent, in
part, upon the material(s) from which the mesh is manufactured, the
design and degradability of the material, and host variables such as age,
body mass index, smoking history, and co-morbidities, among
others.4–9

At the cellular level, innate and adaptive immune cells including
neutrophils, macrophages, dendritic cells, and T cells, among others,
play important roles in the host response to surgically implanted
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materials.10 One of the major determinants of the downstream outcome
following biomaterial implantation is the phenotype of the innate im-
mune response, especially the macrophage component of the innate
response (Fig. 1, adapted from 11,12). Macrophage activation toward a
pro-inflammatory (M1-like) or a pro-remodeling (M2-like) phenotype
can occur by both independent and/or T-helper (Th) cell driven me-
chanisms.13 Specifically, T-helper 1 (Th-1) activation induces a pro-
inflammatory (M1-like) activation of macrophages, whereas T-helper 2
(Th-2) activation has been associated with tissue homeostasis and
constructive remodeling mediated by M2-like macrophages.14,15 In the
context of surgically implanted mesh materials, persistent pro-in-
flammatory (M1-like) macrophage phenotype is typically associated
with dense fibrosis and scar tissue formation and, if the implanted
material is non-degradable, the well described foreign body response

(FBR).16–18 In contrast, a regulatory, pro-remodeling (M2-like) macro-
phage phenotype within the first 14 days post-implantation is pre-
dictive of the deposition of less dense, organized and site appropriate
connective tissue.19

The initiators of a pro-inflammatory vs. a pro-remodeling macro-
phage response are not fully understood with respect to biomaterials;
however, synthetic and non-degradable biomaterials typically induce a
pro-inflammatory response, while naturally occurring, degradable ma-
terials typically induce a pro-remodeling response.17,20,21 Neither of
these phenotypes is exclusive and in reality, the ratio of cells with their
respective phenotype defines and determines the microenvironmental
milieu and associated tissue response.17,19,22

The objective of the present study is to characterize the host re-
sponse induced by a subset of surgical meshes composed of synthetic

Fig. 1. Host response to biomaterials. A. Phases of healing process following an implantation of a surgical mesh material. B. Timeline of molecular and cellular
events at the mesh-tissue interface. C. Schematic view of protein adhesion (Vroman effect), and cellular interactions with an implanted surgical mesh (A & B, adapted
from 11,12).
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and naturally occurring biologic biomaterials, some of which were
degradable and others non-degradable.

2. Materials and methods

2.1. Experimental design overview

The effects of selected surgical meshes upon macrophage activation
were evaluated in vivo. Three synthetic surgical mesh devices: 1) Bard®

Mesh (C.R. BARD, Warwick, RI, USA), 2) TIGR® Matrix Surgical Mesh
(Novus Scientific, Sweden), 3) GORE® BIO-A® Tissue Reinforcement (W.
L. Gore & Associates, Flagstaff, AZ, USA); 4) one mesh device composed
of the naturally-occurring molecule 4-hydroxybutyrate, Phasix™ Mesh
(C.R. BARD, Warwick, RI, USA)23–25; and 5) one biologic mesh device
Strattice™ Reconstructive Tissue Matrix (LifeCell, Bridgewater, NJ,

USA), were used in the present study (Fig. 2).26–30

In vivo study: A rat abdominal bilateral partial thickness defect was
used to evaluate the host response to the implanted surgical mesh de-
vices in comparison to unrepaired abdominal wall partial thickness
defects (i.e., no implanted material).19,31 The histologic appearance and
macrophage phenotype were evaluated at 3, 7, 14, 21, and 35 days after
surgery (Fig. S1).

In vitro study: Degradation products of the meshes generated by
hydrolysis were used to either activate naïve murine bone marrow-
derived macrophages for 24 h, or to challenge pre-activated MIFN-γ/LPS
macrophages. Macrophage phenotype was evaluated by gene expres-
sion and immunolabeling for markers of macrophage activation (Fig.
S1).

Fig. 2. Characteristics of surgical mesh devices. A. Composition and properties.26–30 NA=not applicable because polypropylene is non degradable in vivo. B.
Scanning electron microscopy of surgical mesh materials. SEM images of each mesh device at 50× magnification (upper row, scale bar 100 μm) and 200× mag-
nification (bottom row, scale bar 100 μm). Inset represents the cross-sections of the biologic scaffold 50× magnification (scale bar 200 μm).

C. Pineda Molina et al. Journal of Immunology and Regenerative Medicine 3 (2019) 13–25

15



2.2. Scanning electron microscopy

Surface characteristics of the surgical meshes were evaluated by
scanning electron microscopy (SEM). Strattice™ scaffold was fixed in
aqueous glutaraldehyde solution (2.5% v/v) for 30min, followed by
immersion in a series of progressively greater concentrations of ethanol
(30%, 50%, 70%, 90%, and 100%). The scaffold material was then
dried in 100% hexamethyldisilazane (HMDS) (Sigma-Aldrich, MW,
USA) for 3min. All other evaluated surgical mesh materials did not
require fixation or dehydration steps. The surgical mesh materials were
mounted onto aluminum stubs and sputter coated with gold/palladium
alloy (thickness: 4.0 nm). The meshes were imaged with a scanning
electron microscope (JEOL JSM6330f, JEOL, Peabody, MA) at a 3.0 kV
accelerating voltage.

2.3. Surgical model and mesh implantation

The host in vivo response to the implanted surgical meshes was
evaluated using a previously described rat abdominal wall partial
thickness defect model.31,32 Animal procedures were approved by and
performed according to the guidelines of the Institutional Animal Care
and Use Committee at the University of Pittsburgh (IACUC protocol
#15127009). Sixty Sprague–Dawley rats were randomly divided into
six separate groups. Each rat was anesthetized and maintained at a
surgical plane of anesthesia with 2% isoflurane in oxygen. The surgical
site was prepared in sterile fashion using a betadine (providone-iodine)
solution followed by placement of sterile drapes. Bilateral paramedian
skin incisions were made to provide access to the muscular abdominal
wall. Defects measuring 1 cm×1 cm were created in the exposed
musculature (external and internal oblique muscles), leaving the un-
derlying peritoneum and transversalus fascia intact. The defects were
then either repaired with one of the test articles or left unrepaired
(n=4 for each group at each time point). Each mesh was sutured to the
adjacent abdominal wall musculature with 4–0 Prolene non-absorbable
suture at each corner to secure the mesh and allow for partial me-
chanical loading of the test article, and to allow for identification of the
implant boundaries at the time of euthanasia and explanation. A
minimal amount of suture material was used to avoid eliciting a host
response to the suture material that would obscure the host response to
the mesh material itself. The skin was closed using absorbable 4–0
Vicryl suture. The animals were recovered from anesthesia on a heating
pad and allowed normal activity and diet for the remainder of the study
period.

2.4. Test article collection

At 3, 7, 14, 21, and 35 days post implantation, 2 animals in each
group were euthanized by CO2 inhalation and subsequent cervical
dislocation in accordance with the guidelines of the American
Veterinary Medical Association (AVMA) Panel of Euthanasia. Following
euthanasia and using sterile technique, the skin was gently dissected
and reflected, and the test specimens and surrounding tissue were
collected and immersed in 10% Neutral Buffered Formalin (NBF) for
subsequent histologic evaluation.

2.5. Quantitative histomorphologic analysis

A quantitative scoring system (Table S1) was used to evaluate the
host response to the implanted surgical meshes at each time point. The
NBF-preserved specimens were embedded in paraffin prior to being cut
into 5 μm thick sections and mounted onto glass slides. The specimens
were deparaffinized with xylene immersion followed by exposure to a
graded series of ethanol solutions (100%, 95%, 75%).17 Sections were
stained with hematoxylin and eosin (H&E) (Sigma-Aldrich, USA) fol-
lowing manufacturer instructions. Stained slides were dehydrated using
a graded series of ethanol solutions (75%, 95%, 100%) prior to cover-

slipping. A total of 3 low magnification (100×) and 3 high magnifi-
cation (400×) images were acquired for each H&E section at the mesh-
tissue interface. The criteria used to quantitatively evaluate the histo-
morphology of the specimens included: total cellular infiltration, vas-
cularization, number of multinucleate foreign body giant cells (MNGC),
and cell layer thickness around the implanted surgical mesh. The total
number of cells per field of view (FOV) was quantified using CellProfiler
Image Analysis Software (http://www.cellprofiler.org). All other
scoring criteria were quantified by three independent blinded ob-
servers.

2.6. Immunolabeling of tissue sections

The macrophages within each FOV were identified and quantified
by immunofluorescence. Antigen retrieval of tissue sections was fa-
cilitated with citrate buffer (10mM citrate, pH 6.0) at 95–100 °C for
20min. The blocking solution, consisting of 2%v/v normal horse serum
(Hyclone), 1%wt/v bovine serum albumin (Sigma), 0.1%v/v Triton X-
100 (Sigma), and 0.1%v/v Tween-20 (Sigma) in PBS, was applied for
1 h. Primary antibodies against the pan-macrophage marker CD68
(mouse anti-rat CD68, clone ED1, Abd Serotec) and the M1-like, pro-
inflammatory macrophage marker CD86 (rabbit anti-human CD86,
clone EP1158Y, Abcam) were used at 1:150 dilution, the M2-like, pro-
remodeling macrophage marker CD206 (goat anti-human CD206,
polyclonal, Santa Cruz) was used at 1:100 dilution, incubating over-
night at 4 °C. Sections were washed and incubated with the following
fluorescently conjugated secondary antibodies diluted in blocking so-
lution for 1 h at room temperature: donkey anti-mouse Alexa Fluor-594
(1:200 dilution, Invitrogen), donkey anti-rabbit PerCPCy5.5 (1:300 di-
lution, Santa Cruz), and donkey anti-goat Alexa Fluor-488 (1:200 di-
lution, Invitrogen). Nuclei were labeled with DAPI and slides cover-
slipped with fluorescent mounting medium (Dako). Three multispectral
epifluorescent images were acquired for each slide at the mesh-tissue
interface (Nuance multispectral imaging system, CRi Inc.).

Macrophages were defined as CD68 positive co-localized with nu-
clei. The total number of cells co-expressing CD68 with CD86 and/or
CD206 was quantified for each image using CellProfiler Image Analysis
Software (http://www.cellprofiler.org). The subpopulation of macro-
phages CD68+CD206+CD86+ was denoted as “triple-labeled”. The
M1-like subpopulation was calculated by subtracting the number of
triple-labeled CD68+CD206+CD86+ cells from the CD68+CD86+

cells, to remove double counted cells. Likewise, the M2-like sub-
population of macrophages was calculated by subtracting the number
of triple-labeled CD68+CD206+CD86+ cells from the CD68+CD206+

cells. A ratio of the number of M2-like to M1-like cells
((CD68+CD206+):(CD68+CD86+)) was calculated for each field. The
ratio was obtained dividing the number of M2-like macrophages by the
number of M1-like macrophages.

Expression of TNF-α was evaluated following the protocol described
above. The primary antibody (rabbit anti-human, Abcam Cat No.
ab6671) and the goat anti-rabbit Alexa Fluor-488 (1:200 dilution,
Invitrogen) were used. The percentage of cells co-expressing CD68 with
TNF-α was calculated from the total number of cells for each image
using CellProfiler Image Analysis Software (http://www.cellprofiler.
org).

2.7. In vitro effect of degradation products of meshes upon macrophage
phenotype

2.7.1. In vitro accelerated hydrolysis of degradable meshes
Phasix™ mesh was hydrolyzed with 3M HCl at 37 °C using a mod-

ification of a previously established accelerated hydrolysis method.26

Tigr® Mesh and GORE® BIO-A® were hydrolyzed with 9M NaOH at 37 °C.
Bard® Mesh was used as a non-degradable control. Solubilized mono-
mers released by the hydrolysis were neutralized to pH 7.0 with the
opposite solution. The resulting solution was dialyzed with a membrane
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(0.1–0.5 Kd cut off) (Float-A-Lyzer™ G2 Dialysis Device, Fisher Scien-
tific Cat No. 08-607-016) to remove the excess salt.

2.7.2. In vitro degradation of the ECM-based biologic scaffold
Degradation products of Strattice™ were obtained through enzy-

matic digestion.33,34 100mg of pepsin (Sigma, Cat No. P7012) were
mixed with 1000mg of lyophilized Strattice™ powder in 100ml of
0.01M HCl. The digestion was performed for 48 h at a constant stir.

2.7.3. Isolation and culture of murine bone marrow-derived macrophages
(BMDM)

All procedures were approved by and performed according to the
guidelines of the Institutional Animal Care and Use Committee at the
University of Pittsburgh (IACUC protocol #15086460). Bone marrow-
derived monocytes were obtained from female C57bl/6 mice (Jackson
Laboratories, Bar Harbor, ME) and differentiated into macrophages as
previously described.33 Animals were euthanized by CO2 inhalation and
subsequent cervical dislocation in accordance with the guidelines of the
American Veterinary Medical Association (AVMA) Panel of Euthanasia.
Following euthanasia and using an aseptic technique, the skin of the
hind legs was completely removed, the coxa-femoral joint was dis-
articulated, and the legs harvested. The excess of muscle was removed,
and after disarticulation of tarsus and stifle, tibia and femoral bones
were isolated. Under sterile conditions, the ends of each bone were
transected and the bone marrow flushed with medium using a 30G
needle. Harvested monocytes were seeded at a concentration of 2×106

cells/ml and differentiated into macrophages by culture for 7 days with
macrophage-colony-stimulating-factor (MCSF)-containing media
[DMEM high glucose (Gibco, Grand Island, NY), supplemented with
10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA), 10% L929 cell
supernatant, 50 μM beta-mercaptoethanol (Gibco), 100 U/ml penicillin,
100 μg/ml streptomycin, 10mM non-essential amino acids (Gibco), and
10mM hepes buffer]. Cells were differentiated into macrophages for 7
days at 37 °C and 5% CO2 with media changes every 48 h.

2.7.4. Cell viability assay
Viability of stimulated macrophages was measured using the MTT

assay (Vibrant® MTT Cell Proliferation Assay Kit, V-13154, Molecular
Probes) following the manufacturer instructions. Briefly, 1× 105 bone
marrow-derived monocytes were plated and differentiated into mac-
rophages as described above. The degradation products of each surgical
mesh were evaluated at 0.0207mg/ml, 0.0415mg/ml, 0.083mg/ml,
0.165mg/ml, 0.33mg/ml, 0.66mg/ml, 1.32mg/ml, 2.64mg/ml,
5.28mg/ml, and 10.56mg/ml for 24 h at 37 °C, 5% CO2. After stimu-
lation, macrophages were washed with phosphate buffered saline (PBS)
and incubated with 100 μl of serum-free and antibiotic-free media
containing 1.2mM MTT (3-(4,5-dimethythiazol-2-yl)-2,5-diphenylte-
trazolium bromide) solution for 2 h. After the incubation period, 75 μl
of media was removed from each well and the formazan produced by
reduction of the MTT was diluted with 50 μl of dimethyl sulfoxide
(DMSO). Following an incubation period of 10min at 37 °C, the con-
centration of formazan was determined by optical density at 540 nm.
The metabolic activity of macrophages was calculated from a standard
curve. Results were presented relative to untreated (media only) mac-
rophages.

2.7.5. Macrophage activation
Naïve macrophages were stimulated with 1.32mg/ml of the by-

products of hydrolysis of synthetic meshes, 200 μg/ml of pepsin-di-
gested Strattice™, or the macrophage activation controls to promote an
M1-like phenotype (20 ng/ml IFNγ and 100 ng/ml of LPS) or an M2-like
phenotype (20 ng/ml IL-4) for 24 h at 37 °C, 5% CO2.35,36 In a separate
experiment, macrophages were first activated toward the pro-in-
flammatory phenotype using IFNγ and LPS for 6 h, as described above,
followed by stimulation using the degradation products of the mesh
materials for 24 h.37

2.7.6. Immunolabeling of in vitro treated macrophages
Stimulated macrophages were fixed in 2% paraformaldehyde for

30min, followed by washes with PBS. Fixed cells were then incubated
for 1 h with blocking buffer (2%v/v goat serum, 1%wt/v bovine serum
albumin, 0.1%v/v triton X-100, and 0.1%v/v tween-20 in PBS) to in-
hibit non-specific binding of antibodies. After blocking, macrophages
were incubated in primary antibodies at 4 °C overnight: (1) monoclonal
rat anti-murine F4/80 (CI-A3-1) (Novus Biologicals, Cat. No. NB600-
404) at 1:100 dilution, (2) polyclonal rabbit anti-iNOS (Novus
Biologicals, Cat. No. NB300-605) at 1:100 dilution, (3) polyclonal
rabbit anti-murine Fizz1 (RELMα) (Peprotech, Cat. No. 500-P214) at
1:100 dilution, and (4) polyclonal rabbit anti-liver Arginase (Abcam,
Cat. No ab91279) at 1:100 dilution. After washing in PBS, the macro-
phages were incubated in fluorophore-conjugated secondary antibodies
[Alexa Fluor goat anti-rat 488 (A11006) or goat anti-rabbit 488 (Cat.
No. A11034), Invitrogen] at 1:200 dilution for 1 h at room temperature.
After washing again with PBS, nuclei were counterstained with 4′-6-
diamidino-2-phenylindole (DAPI) prior to imaging. Images of three
20× fields were taken for each well using a Zeus live-cell microscope,
standardizing the light exposure times for based upon those set for
cytokine-treated macrophages. The percent of positive cells for each
marker was quantified using CellProfiler Image Analysis Software
(http://www.cellprofiler.org), positive macrophages (green label) were
identified by their co-localization with DAPI positive nuclei. The per-
cent of expressing macrophages was then determined by dividing the
identified positive cells by the total number of macrophage nuclei.

2.7.7. Gene expression profile of macrophages
Transcriptional activation of surface markers, metabolic markers,

and transcription factors37 was evaluated in macrophages exposed to
the degradation products of each of the surgical meshes. Total RNA was
extracted from stimulated macrophages with 800 μl TRIzol reagent
(Ambion, Cat. No. 15596018) using cell scraper. The solution was
mixed with 200 μl chloroform, vortexed for 15 s and centrifuged at
12,000 g for 10min. The aqueous phase was transferred to a new tube
and the RNA precipitated with 3M sodium acetate (1/10 of the volume)
and isopropanol (1 vol), followed by centrifugation at 18,000 g for
20min. RNA purification was made washing the RNA pellet in 75%
ethanol with an additional centrifugation at 18,000 g for 15min. The
RNA pellet was air dried and re-suspended in nuclease-free water. The
RNA solution was treated with DNase I to remove any residual genomic
DNA. 1 μg RNA was converted in cDNA using the High Capacity cDNA
Reverse Transcription Kit (Invitrogen, Cat. No. 4368814) following
manufacturer instructions. Real time quantitative polymerase chain
reaction (qPCR) was made using PowerUp™ SYBR® Green Master Mix
(Applied Biosystems, Cat. No. A25778) to determine the levels of ex-
pression of different markers of macrophage activation. The levels of
expression were normalized with the housekeeping gene hprt1. Results
were expressed as fold change log (2−ΔΔCt) relative to non-treated
macrophages.

2.8. Statistical analysis

Quantification of histomorphologic criteria and immunolabeling are
presented as the mean ± the standard error of the mean (SEM) from
four biologic replicates. Data normality was evaluated using the
Kolmogorov-Smirnov test for each mesh device at each time point.
Statistical differences between the mesh materials at each time point
were determined using a non-parametric ANOVA test (Kruskal-Wallis
test). The pattern of differences was evaluated with post-hoc Dunn's
multiple comparison test. A value p < 0.05 was considered statistically
significant. Statistical analysis was performed using GraphPad Prism
version 7.0c (GraphPad Software, La Jolla CA, USA).
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3. Results

3.1. Macroscopic assessment

All animals survived to the intended time point. All implanted

surgical meshes were integrated with surrounding tissue. By day 35, all
implanted materials remained largely intact and were easily identified
during necropsy. None of the implanted test articles induced edema at
the implant site.

Fig. 3. Histologic appearance of the host response to implanted surgical meshes. Representative hematoxylin and eosin stained histologic cross sections of
unrepaired abdominal wall partial thickness defects or each mesh at 3, 7, 14, 21, and 35 days post-implantation. The surgically created defect involved focal removal
of the internal and external abdominal oblique muscles while leaving the transversalis muscle layer intact. The images show the cell response to the defect alone or
the defect repaired with surgical meshes: Phasix™ Mesh, Bard® Mesh, TIGR®, GORE® BIO-A®, and Strattice™. Low magnification images (100×, upper, scale bar
200 μm) show the extent of vascularization and cellular infiltration. High magnification images (400×, bottom, scale bar 100 μm) show the MNGC and the cell layer
thickness at the margins of the implanted materials. Black arrows identify the presence of MNGC in each FOV.
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3.2. Histomorphologic quantification

The host tissue remodeling response was quantified from H&E
stained images (Fig. 3) with respect to vascularization, total number of
infiltrating cells, presence of MNGC, and thickness of the cells layers
around the implanted material. At each time point, non-parametric test
indicated that the level of vascularization per FOV around the im-
planted surgical meshes remained comparable (Fig. S2A). After 35 days
of implantation, the number of vessels found at the mesh-tissue inter-
face ranged between 6 and 12 per 100× FOV.

The acute host response (days 3 and 7) to all materials was char-
acterized by a dense infiltration of mononuclear cells. TIGR® mesh
showed greater infiltration of mononuclear cells compared with the
other meshes at all time points (Fig. S2B). The presence of MNGC was
noted in H&E stained images at 400× FOV (Fig. 3). Differences in the
number of MNGC between the surgical meshes were evident as early as
day 7 post-implantation, as shown in Fig. S2C. By day 7, quantification
of these cells showed (2.50 ± 0.25) MNGC around Phasix™,
(2.27 ± 0.13) MNGC around Bard® Mesh, (3.94 ± 0.11) cells around
GORE® BIO-A®, (11.78 ± 0.47) cells around TIGR®, and (0.44 ± 0.22)
cells around Strattice™. These values remained consistent by day 35 for
each of the meshes, as shown in Fig. S2C. Further analysis indicated
that there were significant differences (p < 0.05) in the number of
MNGC between Strattice™ and TIGR® mesh at 7, 14, 21, and 35 days
(Fig. S2C and statistical analysis Table S2).

The number of cell layers in the area of dense accumulation im-
mediately adjacent to each of the TIGR®, GORE® BIO-A®, and Strattice™
devices remained constant at all time points. Phasix™ mesh showed an
increased cell layer thickness around the fibers at day 7. At this time
point, cell layer thickness around Phasix™ was statistically different
compared with GORE® BIO-A® (p < 0.05) but not compared to any of
the other meshes (Table S2). The cell layer thickness around Phasix™
decreased over time. For all the other time points (days 14–35), the cell
layer thickness around the implanted material remained similar be-
tween the meshes (Fig. S2D and Table S2).

3.3. Spatiotemporal analysis of macrophage phenotype

The spatiotemporal distribution of phenotypically distinct macro-
phages at the material-tissue interface was characterized by im-
munolabeling. The co-expression of the pan-macrophage cell surface
marker CD68 with the pro-inflammatory (M1-like) CD86 marker and/
or the pro-remodeling (M2-like) scavenger receptor CD206 was de-
termined (Fig. 4). As shown in the defect control (i.e., no implanted
material), earlier time points (days 3 and 7) were associated with a pro-
inflammatory response at the wound site, with marked infiltration of
CD86+ macrophages. The response transitioned into a pro-remodeling
reaction by day 14, when an increased population of CD206+ macro-
phages was observed. A resolution phase without prolonged macro-
phage response was found at day 35 in normal tissue. Analysis of the
M2-like:M1-like ratio for the defect control showed the lowest ratio by
day 3 (0.29 ± 0.07), and increased values by day 14 (0.74 ± 0.15),
day 21 (0.87 ± 0.52), and day 35 (1.05 ± 0.30) (Fig. 5).

All implanted surgical meshes induced a macrophage response that,
although variable in phenotype remained active for the 35 days of
evaluation. Infiltrated macrophages were localized at the biomaterial-
tissue interface and in close proximity to the mesh fibers of Phasix™,
Bard® Mesh, TIGR® and GORE® BIO-A®, and at the periphery of the
Strattice™ scaffold (Fig. 4).

Day 3: By 3 days, the population of pro-inflammatory (M1-like)
macrophages, recognized as CD68+CD86+ cells, was similar among the
implanted materials (Fig. S3A, Day 3). However, the pro-remodeling
(M2-like) subpopulation of macrophages, identified as CD68+CD206+,
showed variability among the materials. Macrophages with an M2-like
phenotype were in greatest number around Phasix™ (46.50 ± 13.19
cells), with fewer cells around Bard® Mesh (31.83 ± 12.82 cells),

GORE® BIO-A® (30.54 ± 7.76 cells), Strattice™ (10.75 ± 2.83 cells),
and the least number of M2-like macrophages around TIGR®

(7.25 ± 3.89 cells). Statistical analysis of the M2-like macrophage
population at this time point showed differences between the materials.
The differences were greatest (p < 0.05) between Phasix™ vs. TIGR®

and GORE® BIO-A® vs. TIGR®, as indicated in Fig. S3B, Day 3, and Table
S3. Likewise, quantification of triple-labeled CD68+CD206+CD86+

macrophages showed the greatest number around GORE® BIO-A®

(44.54 ± 6.45 cells), with fewer cells around Phasix™ (42.50 ± 10.94
cells), Bard® Mesh (30.17 ± 8.90 cells), Strattice™ (25.37 ± 8.18
cells), and the least number of triple-labeled cells around TIGR®

(12.75 ± 2.38 cells). Statistical analysis showed differences for this
subpopulation of macrophages between the implanted materials, as
indicated in Fig. S3C, Day 3 and Table S3. Differences observed in the
subpopulations of macrophages for each of the implanted materials was
reflected in the ratio of M2-like:M1-like macrophages. Analysis of the
M2-like:M1-like ratio at day 3 showed a differential response among the
materials. The ratio was higher for Phasix™ (4.44 ± 3.33) than for
TIGR® (0.13 ± 0.03) (p < 0.05) (Fig. 5A and Table S3). None of the
other materials were significantly different.

Day 7: The macrophage response at 7 days was distinct among the
evaluated meshes. A predominant pro-inflammatory response was seen
at the interface of the implanted TIGR® material, whereas all the other
materials were characterized by a mixed population of macrophages
(Fig. 4, column 2). Macrophages with an M1-like phenotype were in the
greatest number around TIGR® (404.3 ± 78.6 cells), with fewer M1-
like cells around Bard® Mesh (152.5 ± 20.8 cells), Phasix™
(147.50 ± 55.79 cells), GORE® BIO-A® (143.25 ± 19.73 cells), and
the least number of M1-like macrophages around Strattice™
(31.00 ± 7.08 cells) (Fig. S3A, Day 7). Statistical differences were
found between Strattice™ compared to either TIGR, Bard® Mesh, and
GORE® BIO-A® (p < 0.05) (Table S3). The number of pro-remodeling
M2-like macrophages was lower (p < 0.05) around the implanted
Strattice™ scaffold compared to the other materials (Fig. S3B, Day 7,
and Table S3). At day 7, the number of cells co-expressing
CD68+CD206+CD86+ also showed differences between the materials.
The number of this subtype of macrophages was higher (p < 0.05)
around TIGR® (70.33 ± 9.60 cells) when compared to Strattice™
(13.75 ± 3.83 cells) and Phasix™ (15.66 ± 5.10 cells) (Fig. S3C, Day
7, and Table S3). Statistical analysis of the M2-like:M1-like ratio at day
7 showed differences between the implanted meshes. The M2-like:M1-
like ratio was higher (p < 0.05) around Phasix™ (2.06 ± 1.09 cells)
than around TIGR® (0.12 ± 0.02 cells) and Strattice™ (0.08 ± 0.02
cells), respectively (Fig. 5B and Table S3). None of the other ratios were
statistically significant.

Day 14: By day 14, the macrophage response remained a mixture of
M1-like and M2-like cells for all materials (Fig. 4, column 3). The
number of macrophage subtypes varied among the implanted materials.
Phasix™ showed a higher number (p < 0.05) of both pro-inflammatory
M1-like (205.00 ± 29.14) and pro-remodeling M2-like
(41.17 ± 10.34) macrophages compared with Strattice™
(66.08 ± 23.19 and 11.42 ± 3.57, respectively) (Figs. S3A and S3B,
Day 14, and Table S3). Likewise, TIGR® showed an increased
(p < 0.05) subpopulation of cells co-expressing CD68+CD206+CD86+

(84.50 ± 13.85) when compared with Strattice™ (11.17 ± 3.83) and
GORE® BIO-A® (26.58 ± 7.47), respectively (Fig. S3C, Day 14, and
Table S3). At this time point, the ratio of M2-like:M1-like macrophages
did not show differences between the surgical materials (Fig. 5C and
Table S3).

Day 21: After 21 days, the macrophage response to the implanted
surgical meshes persisted as a mixture of phenotypic subtypes. The
number of pro-inflammatory and pro-remodeling macrophages were
similar among the materials (Figs. S3A and S3B, and Table S3); and
therefore no differences were observed between the M2-like:M1-like
ratios (Fig. 5D). In contrast, TIGR® was associated with an increased
number (p < 0.05) of macrophages co-expressing
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CD68+CD206+CD86+ (99.50 ± 16.70) compared with either Phasix™
(35.92 ± 8.27), GORE® BIO-A® (35.50 ± 6.58), and Bard® Mesh
(47.08 ± 15.72) (Fig. S3C, Day 21, and Table S3).

Day 35: A mixed macrophage activation profile continued by day 35
at the interface of all implanted materials (Fig. 4, column 5). A sig-
nificant change was observed for the number of M1-like macrophages
associated to each of the implanted materials. The number of pro-in-
flammatory macrophages decreased at the periphery of Strattice™
(12.83 ± 2.70 cells) compared with either Phasix™ (163.66 ± 18.11
cells), Bard® Mesh (108.50 ± 13.52 cells), and TIGR® (86.83 ± 7.09
cells) (p < 0.05) (Fig. S3A, Day 35, and Table S3). At this time point,
however, no differences were observed between the pro-remodeling
M2-like macrophages (Fig. S3B, Day 35, and Table S3), and as a con-
sequence, an increased (p < 0.05) M2-like:M1-like ratio was asso-
ciated to Strattice™ (1.86 ± 0.57) compared with Phasix™
(0.18 ± 0.05) and Bard® Mesh (0.35 ± 0.12), respectively (Fig. 5E,
and Table S3). The number of triple-labeled CD68+CD206+CD86+

macrophages also showed differences between the meshes. TIGR®

continued with increased values of this subpopulation of cells
(83.67 ± 11.59 cells), as observed since day 7, and by day 35 were
significantly higher (p < 0.05) compared with each of the other

materials: Bard® Mesh (19.33 ± 3.51 cells), GORE® BIO-A®

(19.50 ± 3.25 cells), Phasix™ (19.25 ± 3.34 cells), and Strattice™
(29.17 ± 6.08 cells) (Fig. S3C, Day 35, and Table S3).

Expression of macrophages (CD68+) expressing the pro-in-
flammatory marker TNF-α was also evaluated at the mesh-tissue in-
terface at all time points (Fig. S4). All meshes induced the expression of
TNF-α at early time points (days 3 and 7). However, a persistent pro-
inflammatory TNF-α expression, day 35, was observed around Bard®

Mesh, TIGR®, and GORE® BIO-A® in comparison to the expression of this
marker around Phasix™ and Strattice™.

3.4. In vitro macrophage response induced by degradation products of mesh
scaffolds

The macrophage metabolic activity and the cytotoxicity induced by
degradation byproducts of the surgical meshes were evaluated.
Concentrations higher than 1.32mg/ml of some of the degradation
products were associated with a cytotoxic effect (Fig. 6A). Using the
highest non-cytotoxic concentration of degradation products of the
surgical meshes, the phenotypic profile of murine BMDM was de-
termined by immunolabeling via the expression of the pan-macrophage

Fig. 4. Scaffolds composed of P4HB modulate an early anti-inflammatory phenotype of macrophages. Immunolabeling of implanted mesh materials or defect
alone controls. Red: CD68+ (pan macrophages), Green: CD206+(pro-remodeling macrophages), Orange: CD86+ (pro-inflammatory macrophages), Blue: DAPI.
Earlier time points were characterized by a pro-inflammatory acute host response surrounding the implanted synthetic materials and the defect alone in contrast with
a markedly pro-remodeling population of macrophages surrounding the Phasix™ mesh device. Scale bar 100 μm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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marker F4/80, the pro-inflammatory marker iNOS, and the M2-like
markers Fizz1 and Arginase1. Exposure of the macrophages to the de-
gradation products of TIGR® and Strattice™ resulted in a statistically
significant (p < 0.05) phenotypic response of iNOS. (Fig. 6B and C).

3.5. Immunomodulatory effect of degradation products of mesh materials
upon pro-inflammatory macrophages

When BMDM were activated toward the pro-inflammatory pheno-
type by exposure to IFN-γ and LPS, followed by exposure to the de-
gradation products of the meshes, significant changes in the phenotypic
profile were observed (Fig. 7A). Exposure of macrophages to degrada-
tion products of TIGR® and GORE® BIO-A® showed an increase in the
number of cells expressing iNOS (p < 0.05) (Fig. 7A). The degradation
products of Phasix™ decreased (p < 0.05) the percentage of cells ex-
pressing F4/80, and increased (p < 0.05) the number of macrophages
expressing Fizz1 and Arginase1, when compared with the other de-
gradation products or the media control (Fig. 7B). At the mRNA level,
degradation products of Phasix™ induced the transcriptional upregu-
lation of the surface markers Fizz1 and IL1-Ra, and the transcription
factors IRF3, KLF4, and STAT3 on macrophages first activated with LPS
and IFN-γ (Fig. 7C).

4. Discussion

Macrophage response is a critical determinant of the host re-
sponse.38,39 Once thought to function primarily or exclusively as a
phagocyte in response to infectious agents, foreign materials, and/or
damaged tissue, and to occasionally combine with neighboring cells to
form multinucleate giant cells as part of the foreign body reaction,16,40

it is now recognized that macrophages have the potential for marked
plasticity and have essential roles in diverse physiologic processes.41,42

Macrophages have antigen-presenting functions that link the innate
and adaptive arms of the immune system,43 participate in fetal and
post-natal development,44,45 tissue homeostasis,46,47 and even tissue
and organ regeneration.48–51 Perhaps most surprising when considering
present knowledge of macrophage biology compared to just 20 years
ago, these cells show remarkable diversity with respect to their phe-
notype and secretome and play a crucial role in mitigating, not pro-
moting, inflammation.52 Of relevance to the present study, the macro-
phage phenotype induced within the first 14 days following
implantation of a biomaterial has been associated with downstream

tissue remodeling and functionality of the repaired tissue.17,19

The present study showed a distinctive temporal macrophage phe-
notype response to five different surgical meshes that differ in com-
position and degradability. The Bard® mesh is a non-degradable mesh
composed of the synthetic material polypropylene and elicited a
dominant M1-like response as expected.17,18

The two degradable synthetic surgical meshes, TIGR® and GORE®

BIO-A®, also elicited an M1-like response with the TIGR® mesh showing
a more robust pro-inflammatory response and accumulation of multi-
nucleate giant cells than GORE® BIO-A®. Pre-clinical studies evaluating
TIGR® or GORE® BIO-A® have shown that the pro-inflammatory re-
sponse continues throughout the time that the materials are present at
the implant site.53–55 The cause for the more pronounced M1-like re-
sponse to the TIGR® mesh is unknown but may be related to composi-
tion, knit pattern, degradation rate, and/or the degradation products,
among other variables.3,56,57 TIGR® mesh is composed of multifilament
fibers that have different degradation rates depending upon the pre-
sence or absence of glycolide. The fast resorbing co-polymer is formed
by glycolide, lactide, and trimethylene carbonate (TMC), and is hy-
drolyzed within the body in four months. The slow resorbing co-
polymer, formed by lactide and TMC, takes three years to degrade.54 In
contrast, GORE® BIO-A® is a mesh composed of monofilament fibers of a
co-polymer of glycolide and TMC, with an in vivo degradation time of 6
months.55 TIGR® and GORE® BIO-A® have shown different rates of
hernia recurrence, depending on whether they are used to treat lateral
or medial inguinal hernias.58 And more specifically, the rapid rate of
degradation of GORE® BIO-A® has been associated with lower me-
chanical strength at the tissue repair site when compared with native
muscle.59

Strattice™ is a slowly degradable biologic mesh composed of porcine
dermal extracellular matrix (ECM). Most biologic meshes composed of
ECM that are not chemically cross-linked are associated with a more
favorable M2-like:M1-like ratio than synthetic meshes. However, tissue
processing methods, including residual decellularization agents and
preservatives can markedly influence the host response toward a pro-
inflammatory state.60,61 Strattice™ has previously been shown to cause
a more dominant pro-inflammatory response than other biologic sur-
gical meshes.19,55

Although the M2-like to M1-like ratio of macrophages around
Strattice™ at 35 days was higher than the ratio found for the other
surgical meshes, other studies have shown encapsulation of the im-
planted Strattice™ scaffold, increased expression of collagen I, and non-

Fig. 5. Quantification of M2-like:M1-like ratio of macrophages. Ratio of M2-like:M1-like around mesh fibers at A. 3 days, B. 7 days, C. 14 days, D. 21 days, and
E. 35 days. Images were quantified using Cell Profiler image analysis software. In vivo, Phasix™ mesh device modulates an earlier transition of pro-inflammatory to
anti-inflammatory macrophages compared to synthetic mesh materials. Values: Mean ± SEM, N=3, triplicate. Differences between stimuli for each marker were
evaluated using non-parametric ANOVA test. Statistical significance was determined by p < 0.05.
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Fig. 6. In vitro macrophage response to degradation products of meshes. A. Dose response curves of degradation products of surgical meshes. B. Degradation
products of TIGR® and Strattice™ promote an iNOS+ macrophage phenotype. Primary murine BMDM were exposed to 1.32 mg/ml degradation products of Phasix™,
TIGR®, GORE® BIO-A®, or Strattice™ for 24 h. Activation of markers associated with pro-inflammatory (iNOS) and anti-inflammatory (Fizz1 and Arginase1) phe-
notypes was evaluated by immunolabeling. A general marker of macrophages (F480), was used. Known factors that are promoters of pro-inflammatory (100 ng/ml
LPS and 20 ng/ml IFN-γ) or anti-inflammatory (20 ng/ml IL-4) phenotypes were included as controls. Scale bar 200 μm. C. Quantification of the response of treated
macrophages in A. Images were quantified using Cell Profiler image analysis software. Values: Mean ± SEM, N=3, triplicate. Differences between stimuli for each
marker were evaluated using non-parametric ANOVA test. Statistical significance was determined by p < 0.05.
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degradation of the scaffold over a period of 180 days of study.55 These
results provide insight into the relationship of an early transition of
macrophages from a pro-inflammatory to a pro-remodeling functional
phenotype. Concerns have been raised regarding the high variability in
the degradation rate of the Strattice™ scaffold, with speculation about
differences in the anatomic location of the source tissue and reprodu-
cibility of clinical results.62

Phasix™ is a surgical mesh23–25 composed of a naturally occurring
(i.e., biologic origin) monomer 4-hydroxybutyrate that is manufactured
as a polymer by synthetic methods. Hydroxylated and non-hydro-
xylated forms of butyrate are naturally occurring molecules that belong
to the group of short chain fatty acids. Butyrate is produced in abundant
amounts by bacteria in the gastrointestinal tract to protect against
chronic inflammation,63,64 whereas 4-hydroxybutyrate (4HB) is pro-
duced in various tissues as a neurotransmitter65 and with protective
effects against stress and ischemia.66 Other hydroxylated isoforms of
butyrate are modulators of metabolism during ketosis and insulin-re-
sistance.67,68 The ability to knit the polymeric form of 4-

hydroxybutyrate provides the potential to create a surgical mesh with
predictable mechanical properties. One of the hypothesized physiologic
functions of 4HB, which is the hydrolytic degradation product of
Phasix™, is the activation of an M2-like, or regulatory macrophage
phenotype. Results of the present study show the increased presence of
CD206+ macrophages immediately adjacent to Phasix™ mesh fibers at
early post-implantation time points. Previous studies have shown that
the presence of pro-remodeling M2-like macrophages in the early post-
implantation period biomaterials portends a favorable tissue re-
modeling outcome.17,19,20 The present 35-day rat study shows an early
M2-like macrophage response which is consistent with favorable long-
term tissue remodeling outcomes observed in a 12-month pig study and
18-month clinical data.25,69 Phasix™ has shown a lower incidence of
hernia recurrence (9% after 18 months) when compared with other
materials, such as Strattice™ (19% at 12 months and 28% at 24 months)
or GORE® BIO-A® (17% at 24 months).69

It is clear from the results presented herein that the host response to
different surgical mesh materials is distinctive. It has been suggested

Fig. 7. Effect of degradation products of mesh materials upon pro-inflammatory macrophages. A. Degradation products of P4HB have an immunomodulatory
effect upon pre-activated pro-inflammatory macrophages. BMDM were challenged with 100 ng/ml LPS and 20 ng/ml IFN-γ for 6 h to induce a pro-inflammatory
phenotype, followed by exposure to 1.32mg/ml degradation products of each of the mesh materials (Phasix™, TIGR®, GORE® BIO-A®, or Strattice™) or media alone for
24 h. Activation of markers associated with pro-inflammatory (iNOS) and anti-inflammatory (Fizz1 and Arginase1) phenotypes was evaluated by immunolabeling.
The pan macrophage marker F480 was used. Known factors that are promoters of pro-inflammatory (100 ng/ml LPS and 20 ng/ml IFN-γ) or anti-inflammatory
(20 ng/ml IL-4) phenotypes were included as controls. Scale bar 200 μm. B. Quantification of the response of challenged macrophages in A. Values: Mean ± SEM,
biologic replicates (N) = 3, technical replicates = 3. Differences between stimuli for each marker were evaluated using non-parametric ANOVA test, *p < 0.05. C.
Heat map of relative transcriptional activity of surface and metabolic markers, and transcription factors of macrophage changes after LPS/IFN-γ activation and
followed by stimulation with degradation products. Data presented as fold change relative to non-treated macrophages.
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that the host response to biomaterials is the single most important de-
terminant of the remodeling and functionality of the repaired tissue.70

Although other variables in surgical mesh properties such as strength,
degradability and cost are important considerations, the host response
will largely determine functionality, the incidence of complications and
other clinical metrics of success vs. failure. The present study focused
on the innate immune response, specifically the macrophage response.
The host response however involves both innate and adaptive immune
activation,71 and a direct crosstalk occurs between the cells that med-
iate these immune responses. Further studies evaluating the role of T
cells in response to the implanted surgical scaffolds is warranted.

The present study evaluated the in vitro expression of a group of
surface markers, secreted molecules, and transcription factors com-
monly associated with LPS/IFN-γ-induced (iNOS, TNF-α, IRF3, STAT3)
or IL-4-induced (Arginase 1, Fizz1, YM1, CD206, PCK2, IL1-Ra, KLF4,
IL-10) responses by either providing a positive feedback and therefore
accentuating a particular function or initiating a negative response that
modifies the original phenotype. Results showed that macrophages
activated with LPS and IFN-γ and then stimulated with 4HB induced a
distinct pattern of expression characterized by the upregulation of im-
portant markers associated with the anti-inflammatory phenotype
(Fizz1, Arginase 1, and IL1-Ra), as well as transcriptional upregulation
of the transcription factor KLF4, all of which suggest a reparative im-
munomodulatory effect upon macrophages. Stimulated macrophages
were also shown to upregulate the expression of TNF-α, and the tran-
scription factors IRF3 and STAT3. It has been suggested that after sti-
muli of cells with SCFA, there is a tight regulation of both pro- and anti-
inflammatory responses that allow the release of ROS, but also that
modulate their activation state through the activation of a negative
feedback mediated by G-protein coupled (GPR) receptors,72 which in
turn, might explain the pattern of macrophage phenotype being ex-
pressed after 4HB induction.

There are several limitations to the present study. Limited markers
(CD86, CD206, TNF-α) were used to determine the phenotype of
macrophages present at the mesh-tissue interface. These markers have
been used to identify macrophages pushed to a pro-inflammatory
(CD86+) activation state or an anti-inflammatory and regulatory acti-
vation state (CD206+) by non-physiologic amounts of cytokines,
LPS + IFN-γ and IL-4, respectively.41 Additional characterization of the
phenotypic profile of the subpopulations of macrophages in both in vivo
and in vitro studies, by using other surface, metabolic, and secreted
markers would represent a more comprehensive characterization of
phenotype. In addition, these meshes represent only a small subset of
synthetic and biologic meshes. Therefore conclusions may not extend to
other meshes within these three groups.

5. Conclusion

Results of the present study show that the temporospatial macro-
phage response to surgical meshes that differ in composition, rate of
degradation, and structure are distinct and different. Further, it appears
that 4HB, the degradation product of Phasix™, activates macrophages to
a pro-remodeling M2-like phenotype in the early post-implantation
time frame in contrast to a pro-inflammatory M1-like phenotype that is
associated with the other tested surgical meshes. A more complete
understanding of the factors influencing the patterns of macrophage
activation, and the molecular interactions of mesh materials with cells
could influence the design of meshes tailored to promote site appro-
priate tissue repair.
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