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Abstract

Macrophage polarization during the host response is now a well-accepted predictor of outcomes 

following material implantation. Immunosenescence, dysregulation of macrophage function, and 

delayed resolution of immune responses in aged individuals have all been demonstrated, 

suggesting that host responses to materials in aged individuals should differ from those in younger 

individuals. However, few studies examining the effects of aging upon the host response have been 

performed. The present work sought to elucidate the impacts of aging upon the host response to 

polypropylene mesh implanted into 8-week-old and 18-month-old mice. The results showed that 

there are significant differences in macrophage surface marker expression, migration, and 

polarization during the early host macrophage response and delayed resolution of the host 

response in 18-month-old versus 8-week-old mice. These differences could not be attributed to 

cell-intrinsic defects alone, suggesting that the host macrophage response to implants is likely also 

dictated to a significant degree by the local tissue microenvironment. These results raise important 

questions about the design and testing of materials and devices often intended to treat aged 

individuals and suggest that an improved understanding of patient- and context-dependent 

macrophage responses has the potential to improve outcomes in aged individuals.

Keywords

macrophage; polarization; host response; aging; implant

Correspondence to: B. N. Brown; brownb@upmc.edu. 

Additional Supporting Information may be found in the online version of this article.

HHS Public Access
Author manuscript
J Biomed Mater Res A. Author manuscript; available in PMC 2018 May 22.

Published in final edited form as:
J Biomed Mater Res A. 2017 May ; 105(5): 1281–1292. doi:10.1002/jbm.a.36013.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

The host immune response to materials is an essential component of implant performance. 

Materials which evoke a strong chronic inflammatory response or foreign body reaction are 

logically subject to degradation and/or failure over time. This has led to a large and diverse 

set of approaches seeking to reduce or evade the host inflammatory response as a means of 

improving implant performance. These include tuning of surface topography,1–5 porosity,
6–11 and chemistry12–15 of the material, as well as the use of nonfouling surfaces and 

coatings16–18 and decorating surfaces with matricellular proteins to prevent non-self-

recognition.19–21 These approaches have met with only modest improvements in the early 

response with few improvements in the long term. More recently, the concept of the host 

response as a predictor of implant performance has been revisited. 22,23 In particular, 

macrophages—considered the key drivers of the host immune response to implanted 

materials— have received considerable attention.24–26 It is now well recognized that 

macrophages are not simply proinflammatory, cytotoxic mediators of inflammation. Rather, 

macrophages are now known to be capable of polarizing toward a multitude of phenotypic 

and functional profiles with roles in diverse processes including cancer, wound healing, 

development, and tissue regeneration among many others.27–30 While it is a gross 

oversimplification of the in vivo reality, macrophages have been described as having M1 

proinflammatory and M2 anti-inflammatory/regulatory phenotypes, representing extremes 

along a continuum of possible phenotypes.31,32

An increasing number of studies in the field of biomaterials and regenerative medicine have 

now begun to apply the macrophage M1/M2 paradigm, and have shown that macrophage 

phenotype can be modulated by biomaterials with improved tissue remodeling, integration, 

and long-term functional outcomes as a result.10,23,33–37 For example, a recent study 

demonstrated that transient, early-stage (7 days postimplantation) shifts in macrophage 

polarization from an M1 to M2 phenotype at the host–implant interface mitigated the foreign 

body reaction to polypropylene mesh and improved implant integration downstream.38 

Studies such as this demonstrate the critical nature of the earliest events in the host–implant 

interaction in determining downstream integration and suggest that methods which seek to 

modulate, rather than avoid, this response will meet with greater success.

While temporal and spatial control of macrophage polarization toward an M1 or M2 

phenotype can now be achieved in multiple ways,39–41 the ability to effectively promote the 

desired phenotypic profile is likely predicated upon an in-depth, context- and tissue-

dependent understanding of how host factors affect the response to biomaterials. A number 

of recent studies have highlighted the importance of the implantation site and/or the 

pathologic state of the tissue into which a biomaterial is implanted. For example, polyether–

polyurethane sponge implants evoked distinct responses when placed in intraperitoneal 

versus subcutaneous locations42 and polypropylene mesh implanted abdominally was shown 

to evoke a reduced inflammatory response compared to those implanted vaginally, 43 

demonstrating differences in immune cell activity based upon implant location. 

Intraperitoneal implants in diabetic rats were associated with increases in inflammatory 

factors as compared to nondiabetic rats44 and increased fibrosis was observed in lupus-prone 

mouse models,45 demonstrating the effects of underlying pathology on the host response. 
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Another recent study showed differences in the host response to adhesive materials in animal 

models of colitis and colon cancer,46 demonstrating that the observed host response was due 

to not only implant material composition but also the preimplantation state and cellular 

composition of the tissue of interest. Of note, the authors were able to use the information 

gleaned from these studies to create improved context- and disease-dependent materials for 

these applications. Thus, it has been suggested that the ideas of “biocompatibility,” the host 

macrophage reaction, and ideal material requirements and modification strategies may need 

to be revisited on a disease, tissue, and even patient-by-patient basis.47

Aging is an unavoidable process known to affect multiple aspects of the immune system in 

both humans and animals.48 While the effects of aging upon the adaptive immune system 

are increasingly well described, the phenotypic and functional changes within the innate 

immune system with aging are less clear. However, immunosenescence, dysregulation of 

macrophage function and polarization, and delayed resolution of acute immune responses in 

aged individuals have all been reported.49–51 Therefore, it is logical that aging would also 

have effects on the host response to implantable materials. However, studies examining the 

effects of aging on the host response to implants and the implications of this response for 

long-term integration and function have not been performed. Thus, there is a clear need to 

elucidate the impacts of aging on the host response to develop implantable materials which 

more effectively address the needs of an increasingly aged population.

The purpose of this study was to evaluate the early host macrophage response and 

downstream integration following placement of polypropylene mesh in young (8-week-old) 

versus aged (18-month-old) mice.

MATERIALS AND METHODS

Materials

C57BL/6 female mice, 8–10-weeks-old and 18-months old, were obtained from the National 

Institute on Aging Mouse Colony. A polypropylene mesh, Gynemesh® PS (Ethicon, 

Somerville, NJ) was used. Bovine serum albumin (BSA) and histologic staining materials 

were purchased from Sigma Aldrich (St. Louis, MO). Rabbit anti-mouse arginase (Arg-1), 

inducible nitric oxide synthase (iNOS), CD68, and anti-rabbit, anti-rat, anti-goat Alexa-fluor 

(donkey) secondary antibodies were purchased from Abcam (Cambridge, MA). Rabbit anti-

mouse iNOS, CD68, CD11b, and goat anti-mouse CD68 were purchased from Santa Cruz 

(Dallas, TX). Rabbit anti-mouse iNOS (ab3523) and Rabbit anti-mouse Arginase (ab91279) 

were purchased from Abcam (Cambridge, MA). Rat anti-mouse F4/80 was purchased from 

ABD Serotec (Raleigh, NC). Anti-rat Alexa-fluor 488 (donkey) and anti-rabbit Alexa-fluor 

488 (donkey) were purchased from Thermo Fisher, Invitrogen (Pittsburgh, PA). DAPI was 

purchased from Thermo Fisher Scientific (Pittsburgh, PA). Qiagen RNEasy Mini Prep kits 

were purchased from Fisher Scientific (Pittsburgh, PA). High-capacity RNA-to-cDNA kits, 

Taqman gene expression assays, and Taqman Gene Expression Master Mix were purchased 

from Thermo Fisher, Invitrogen (Pittsburgh, PA). Vybrant Phagocytosis kit was purchased 

from Thermo Fisher, Invitrogen (Pittsburgh, PA). Sulfanilamide, phosphoric acid and N-1-

napthylethylenediamine were purchased from Sigma-Aldrich (St. Louis, MO).

Hachim et al. Page 3

J Biomed Mater Res A. Author manuscript; available in PMC 2018 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mouse implantation model

An implantation model using C57BL/6 female mice, 8–10-weeks-old and 18-months-old, 

was used following proper housing and treatment procedures approved by the Institutional 

Animal Care and Use Committee (IACUC) of the University of Pittsburgh. NIH guidelines 

for the care and use of laboratory animals (NIH Publication #85–23 Rev. 1985) were 

observed. A power analysis was performed to determine that 7 animals per group was 

required to maintain a statistical power of at least 80%, based on previous studies using the 

same model.38

A midline incision was made and a subcutaneous pocket was created in the abdomen of each 

mouse to implant a 1-cm2 piece of polypropylene mesh. 3–0 polycaprolactone sutures were 

used to close the incision, and then 0.5 mg/kg of Baytril and 0.2 mg/kg of Buprenex were 

administered for 3 days as antibiotic and analgesic, respectively. Buprenorphine (Buprenex), 

an opioid analgesic, has been studied and shown not to exert any effects or alterations in the 

immunological response, both acutely and chronically administered.52,53 After 3, 7, 14, or 

90 days, mice were euthanized and skin/mesh/muscle complex tissues were harvested and 

fixed for 72 h in neutral buffered formalin. Finally, fixed tissues were paraffin embedded and 

cross-sections of 7 μm were used for histological studies.

Histologic staining and evaluation

Paraffin-embedded tissue cross-sections were used for H&E, Alcian Blue, Masson’s 

Trichrome, and Picro Sirius Red staining. H&E-, Alcian Blue-, and Masson’s Trichrome-

stained tissue sections were imaged on a Nikon Eclipse E600 microscope (Tokyo, Japan) at 

10×, 20×, and 40×, respectively. Picro Sirius Red-stained tissue sections were imaged at 20× 

on a Nikon Eclipse TE2000-E (Tokyo, Japan), equipped with circularly polarized light.

ImageJ (version 1.48, NIH) equipped with a color deconvolution plug-in (version 1.5) was 

used to quantify glycosaminoglycans (GAGs) and collagen capsule surrounding mesh fibers 

at 3, 7, 14, and 90 days (3 different single fibers per sample, N = 7 each group) in images 

taken from histological tissue sections stained with Alcian Blue and Masson’s Trichrome, 

respectively. In addition, the mean capsule thickness (including both the cellular reaction at 

the immediate implant surface and the surrounding collagen capsule) was calculated as the 

mean of apical, basal, and lateral measurements taken perpendicular to the surface of the 

mesh fiber in Masson’s Trichrome-stained tissue sections.

A custom-designed algorithm (Mathworks MathLab, version R2015a, Natick, MA) was 

used to evaluate quantitatively the distribution of collagen fiber sizes surrounding mesh 

fibers at 90 days (3 different single fibers per sample, N = 7 each group) in images taken 

from histological tissue sections stained with Picro Sirius Red.

Immunolabeling and evaluation

Paraffin-embedded tissue sections were deparaffinized and hydrated in a series of xylene/

alcohol/water. Incubation with proteinase K (1×) for 10 min at 37°C and/or boiling in citric 

acid buffer (pH = 6) for 20 min were performed to retrieve antigens. Slides were washed 

twice in TBST (25 mM Tris buffer + 0.1% tween 20). Then, a 5% donkey serum + 2% BSA 
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+ 0.1% Tween 20 + 0.1% Triton X-100 solution was used as blocking agent (2 h, RT). Table 

I lists the antibodies and concentrations used in this study.

All primary antibodies were incubated overnight at 4°C in blocking buffer. Secondary 

antibodies were incubated for 40 min at RT. Vectashield with DAPI mounting media (Vector 

laboratories, Burlingame, CA) was used to stain nuclei and mount. Images of centered single 

fibers were taken on a Nikon Eclipse E600 microscope equipped with epifluorescence at 

40×. Cell counting using ImageJ (version 1.48, NIH) was performed to identify and quantify 

macrophage populations from cells surrounding single-centered mesh fibers (3 different 

single fibers, N = 7 for each group).

Harvest, culture, and polarization of bone marrow-derived macrophages

Bone marrow-derived macrophages were harvested from 8–10-week-old and 18-month-old 

C57BL/6 mice. Briefly, femur and tibiae were harvested and separated from muscle and 

connective tissue. Bones were cut at either end to expose bone marrow. Sterile syringe and 

needles were used to flush out bone marrow using macrophage differentiation media 

(DMEM, 10% FBS, 10% L-929 Supernatant, 1% Pen-Strep, 2% NEAA, 1% HEPES, 0.2% 

β-2 mercaptoethanol). Bone marrow lysate was reconstituted in media and filtered through a 

sterile cell filter. Cells were cultured for 7 days in media to differentiate them into 

macrophages. Following 7 days of differentiation culture, macrophages were treated 

polarizing regimens. Naïve macrophage (M0) controls were treated with basal media for 24 

h. M1 (20 ng/mL IFN-γ and 100 ng/mL LPS) and M2 (20 ng/mL IL-4) polarizing cytokines 

were used to create proinflammatory and anti-inflammatory/regulatory macrophages, 

respectively.

Immunocytochemistry analysis

Cells were fixed with 2% paraformaldehyde (PFA) for 30 min and then washed in 1× PBS. 

Cells were blocked using 2% donkey serum, 1% BSA, 0.1% Triton X-100, and 0.1% 

Tween-20 for 1 h at room temperature. Primary antibodies were diluted in this blocking 

buffer as follows and incubated overnight at 4°C. Cells were washed in 1× PBS and 

incubated in fluorescent-labeled secondary antibodies for 1 h at room temperature. Cell 

nuclei were counterstained with DAPI. Table II lists the antibodies and concentrations used 

in this study. Images were taken in an array of 3 × 3 images per each well using a Carl Zeiss 

Observer.Z1 microscope and then the intensity of staining was analyzed using Cell Profiler 

Image Analysis Software (Broad Institute, Cambridge, MA) using the same number of cells 

for all tested conditions.

Gene expression analysis

Following treatments, macrophages were harvested for RNA using Qiagen RNEasy 

MiniPrep RNA Isolation Columns following standard protocol. RNA was quantified using a 

Nano-Drop Spectrophotometer. cDNA templates were created using Invitrogen High 

Capacity RNA-to-cDNA kits. Taqman Gene Expression assays were performed for the 

following markers: iNOS, IL-1β, IL-12β, TNF-α, IL-10, Arg, Fizz1, MRC1, PPARγ.
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Nitric oxide assay

Following treatments, supernatant from macrophages were collected. Nitric oxide content 

was assayed using a Greiss Reagent system. Sulfanilamide (1% in 5% phosphoric acid) was 

added to supernatants for 10 min. Then, 0.1% N-1-napthylethylenediamine in water was 

added to the mixture for an additional 10 min. The absorbance at 540 nm was measured 

using a spectrophotometer.

Phagocytosis assay

Following treatments, cells were assayed for phagocytic ability using Vybrant Phagocytosis 

Assay kit. Cells were incubated in FITC-labeled dead Escherichia coli particles for 2 h in the 

cell culture incubator. Following thorough washing, the cells were fixed with 2% PFA for 30 

min and washed with 1× PBS. Cell nuclei were counterstained with DAPI. Images were 

taken in an array of 3 × 3 images per each well using a Carl Zeiss Observer. Z1 microscope 

and then the FITC fluorescence intensity of staining was analyzed using Cell Profiler Image 

Analysis Software using the same number of cells for all tested conditions.

Statistical analysis

Comparisons of means were performed by either unpaired t-test (two-tailed), one-way or 

two-way analysis of variance (ANOVA), using at least p < 0.05 as statistical significance 

criteria followed by Tukey’s test to compare groups and Sidak’s test to compare time points. 

Shapiro-Wilk was used to test normality. All statistical tests were performed on GraphPad 

Prism V7 (La Jolla, California, USA).

RESULTS

Histomorphologic evaluation of the early host response

The overall histomorphologic appearance of the early host response to the implanted mesh 

materials in H&E-stained sections was largely similar in 8-week-old and 18-month-old mice 

(Fig. 1); however, the results suggested slower migration of mononuclear cells to the mesh 

surface in the 18-month-old group. Briefly, at 3 days, the site of remodeling was 

characterized by provisional matrix deposition and early invasion of the site by 

predominantly mononuclear cells with a small number of neutrophils remaining. Of note, 

though the number of cells within the site of remodeling was found to be quantitatively 

similar at the 3-day time point, there was an increased proportion of cells closer to the 

implant surface in the 8-week-old group as compared to the 18-month-old group. However, 

fewer cells were observed at the surface of the implant than those were observed in the area 

distant from the immediate surface in either group. By 7 days, additional neomatrix 

deposition with little to no organization was observed accompanied by angiogenesis in the 

peri-implant area. The response at 7 days was predominated by mononuclear cells in the 

area immediately surrounding the mesh, with spindle-shaped cells observed more distantly 

within the newly deposited matrix. The distribution of cells within the 20× images were 

similar for both 8-week-old and 18-month-old mice, though both a qualitative and 

quantitative decrease in cell density were noted for the 18-month-old group as compared to 

the 8-week-old group. The formation of multi-nucleated giant cells at the mesh surface was 
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observed in both groups at the 7-day time point and persisted throughout the remainder of 

the study. By 14 days, additional matrix deposition was observed, with a small degree of 

organization of the newly deposited matrix around the apical and basal aspects of the 

individual fibers. The number of vessels within the site of remodeling was observed to 

decrease, though the remaining vessels were more mature than was observed at 7 days. The 

response immediately surrounding the mesh was predominated by mononuclear cells with 

an increased proportion of spindle-shaped cells observed within remodeling site as 

compared to the 7-day time point. The qualitative and quantitative distribution of cells 

within the site of remodeling was similar for both groups at the 14-day time point.

Characterization of macrophage populations in the early host response

Macrophages and newly recruited monocytes were detected at the implanted mesh surface 

by immunostaining with commonly described surface markers: F4/80, CD68, and CD11b 

[Fig. 2(a)]. The number of F4/80+ single-positive cells peaked at 7 days in both the 8- and 

18-month-old mice, consistent with cell recruitment; however, there were significantly fewer 

F4/80+ cells present in the 18-month-old mice at 3 days [Fig. 2(b)]. The number of CD68+ 

cells remained consistent in the 8-week-old mice, but peaked at 7 days in the 18-month-old 

mice. In addition, there were significantly fewer CD68+ cells present in the 18-month-old 

mice at 3 and 14 days. Very few cells expressed CD11b at the 3-day time point; however, the 

CD11b+ cells peaked in both the 8- and 18-month-old mice at 7 days.

Few differences were observed between the two age groups in the double-labeled 

macrophages [Fig. 2(c)]. The number of F4/80+ CD68+ cells peaked at 7 days in both 

groups, and represented the greatest co-expression of macrophage markers at all time points, 

while very little co-expression was observed in the other groups. The number of F4/80+ 

CD11b+ cells increased at 7 days in 8-week-old mice, but was unchanged in the 18-month-

old mice. The number of CD68+ CD11b+ macrophages was significantly decreased in 18-

month-old mice compared to 8-week-old mice at 3 days. While the number of CD68+ 

CD11b+ macrophages did not change in 8-week-old mice, there was a decrease in the 18-

month-old mice from 7 to 14 days. Additional representative images of the macrophage 

response across all time points and quantification by total cell percentage are included in 

Supporting Information, Figures S1–S4.

In vitro assessment of macrophage polarization and function

To determine whether there were inherent genetic or functional differences in the ability of 

macrophages to polarize in aged mice, bone marrow-derived macrophages were harvested 

from 8-week-old and 18-month-old C57BL/6 mice. Bone marrow-derived macrophages 

were treated using protocols for M1 (IFN-γ/LPS) and M2 (IL-4) as described above to 

determine their ability to polarize to these established phenotypes. Macrophage phenotype 

was assessed using indirect fluorescent antibody labeling for classical M1 (iNOS) and M2 

(Arg-1) markers. Labeling showed that IFN-γ/LPS treatment resulted in significant 

increases in iNOS labeling in both 8-week-old and 18-month-old macrophages compared to 

both M0 (naïve, untreated) and M2 controls [Fig. 3(a)]. There was a significant increase in 

iNOS staining in macrophages harvested from 18-month-old as compared to 8-week-old 

mice in the IFN-γ/LPS treatment group. There were no differences in iNOS expression in 
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M0 baseline or M2-treated macrophages from 8-week-old and 18-month-old sources. IL-4 

treatment resulted in a significant increase in Arg-1 labeling while IFN-γ/LPS treatment 

resulted in no significant difference [Fig. 3(b)]. There were no significant differences in 

Arg-1 labeling between 8-week-old and 18-month-old macrophages with any treatment 

regimen.

Macrophage functionality was assessed using phagocytosis assays and nitric oxide 

production as these are classical markers of macrophage activation. Phagocytosis was 

assessed using Vybrant FITC-labeled E. coli particles and subsequent mean fluorescent 

intensity determination as an approximation of the amount of particles phagocytosed [Fig. 

3(c)]. Results showed that IFN-γ/LPS treatment in both 8-week-old and 18-month-old 

macrophages resulted in a significant increase in phagocytic particle uptake compared to M0 

and M2 controls. There was no significant difference between 8-week-old and 18-month-old 

macrophage phagocytosis following any of the treatment regiments, suggesting that there are 

no intrinsic deficiencies in phagocytic functionality with aging. Nitric oxide production was 

assessed using the Greiss reagent system on supernatants following treatment [Fig. 3(d)]. 

Assays showed that 8-week-old and 18-month-old macrophages exhibited a significant 

increase in supernatant nitrite concentration with IFN-γ/LPS treatment compared to M0 and 

M2 treatment groups. There was also a significant increase in nitric oxide production from 

8-week-old to 18-month-old macrophages in the IFN-γ/LPS treatment group. However, both 

the 8-week-old and 18-month-old macrophages retained the ability to produce nitric oxide in 

response to inflammatory signals.

Macrophage gene expression was determined using Taqman gene expression assays on 

common genes involved in the murine inflammatory process (iNOS, IL-1b, IL-12b, TNFa, 

IL-10, Arg-1, Fizz1, Mrc1, and PPARγ). Gene expression analysis showed that treatment of 

8-week-old and 18-month-old bone marrow-derived macrophages with IFN-γ/LPS or IL-4 

resulted in gene expression patterns which are indicative of M1 and M2 polarization, 

respectively [Fig. 3(e)]. No differences in gene expression were observed between 

macrophages harvested from 8-week-old and 18-month-old mice following either IFN-

γ/LPS or IL-4 treatment. These findings illustrate that the ability of both 8-week-old and 18-

month-old macrophages to polarize toward M1 and M2 phenotypes remain intact, 

complementing previously published literature in the field.51

In vivo macrophage polarization profile in the early host response

Macrophage polarization to an M1 or M2 state was evaluated in vivo using inducible nitric 

oxide synthase (iNOS) or arginase-1 (Arg-1) expression, respectively [Fig. 4(a)]. Arg-1 

expression was induced significantly at 7 days in the 8-week-old mice, but remained 

unchanged in 18-month-old mice, suggesting a deficit in M2 polarization in aged mice [Fig. 

4(b)]. At 14 days postimplantation, Arg-1 expression in the 8-week-old group returned to 

basal levels similar to the 18-month-old mice. Interestingly, co-labeling Arg-1 with CD68 

revealed that CD68+ cells accounted for the vast majority of Arg-1 expressing cells at all 

time points. On the other hand, iNOS expression was induced significantly at 7 days in the 

18-month-old mice, but remained unchanged in the 8-week-old mice [Fig. 4(c, d)], 

demonstrating an M1 profile in the aged cells. While both 8-week-old and 18-month-old 
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mice showed reduced iNOS expression at 14 days, the 18-month-old cells retained a higher 

iNOS expression compared to 8-week-old mice. Co-labeling of iNOS with CD68 accounted 

for very few of the iNOS+ cells, suggesting that another cell type is responsible for iNOS 

expression. The total cell percentage of M1/M2 macrophage polarization is included in 

Supporting Information, Figure S6.

In vivo effects of the aged microenvironment upon the host response

As the above results suggest that local tissue cues could have effects on the profile and 

functionality of macrophages in the host response, the GAG composition of the local 

microenvironment was evaluated by means of an Alcian Blue histological staining. GAG 

composition was evaluated in this study as GAGs represent an important structural 

component of the tissue extracellular matrix, with key roles in regulating macrophage 

polarization both acting as a substrate for early infiltrating macrophage populations and by 

sequestering signaling molecules.54,55 The presence of GAGs (blue) was detected in both 

implanted mice groups [Fig. 5(a, b)], with no differences observed at 3, 14, and 90 days. 

Interestingly, at 7 days, the 18-month-old group had significantly less GAG deposition, 

corresponding temporally with the observed changes in macrophage recruitment and 

polarization.

Long-term in vivo evaluation of fibrotic capsule deposition

Fibrotic capsule deposition and composition were used as metrics to determine the impact of 

aging on the host response against polypropylene mesh in the long term (90 days). The 

capsule was defined as the distance between the implant surface and the outer aspect of the 

dense collagenous matrix surrounding the mesh fibers [Fig. 6(a), black arrow], inclusive of 

the cell layer adjacent to the surface and within the capsule [Fig. 6(a), green arrow]. 

Quantitative analysis revealed no difference in the area or thickness of the collagenous 

portion between the 8-week-old and 18-month-old implanted mice [Fig. 6(b, c)]. Further 

assessment of the composition of the fibrotic capsule revealed no differences in the capsule 

composition between the two age groups [Fig. 6(e, f)]. However, 18-month-old mice were 

observed to have a significant increase in both the thickness of the cell layer and total 

number of cells at the mesh fiber surface at 90 days [Fig. 6(c, d)], suggesting an unresolved 

host response to the implanted mesh.

DISCUSSION

By 2050, the number of individuals over the age of 65 is expected to increase by 71% to 

nearly 2 billion worldwide, with the number of US citizens over the age of 65 surpassing 

20% by 2030.56 As a result, there is an increasing demand for implantable medical devices 

intended to treat age-related disorders. Despite the increasing usage of implantable medical 

devices in aged patient populations, the impacts of aging on the host response have never 

been deeply investigated. The literature which does exist on the topic largely hypothesizes 

the potential impacts of aging on the host response57 based on the known effects of aging on 

the immune system and on wound healing, though a small number of relevant studies have 

recently been performed. 58–61 In one study, Sicari et al. demonstrated that increased source 

animal age of tissue-derived biomaterials, such as decellularized ECM constructs, reduced 
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the number of M2 polarized macrophages and lead to a poor outcome of tissue remodeling 

compared to young host-derived biomaterials. 58 Olivares-Navarrette et al. showed that 

titanium implants with varying roughness and surface energy yielded lower bone-to-implant 

contact, neovascularization, and bone formation in aged rats.59 Finally, in vitro analyses of 

senescent macrophages induced by extended culture demonstrated deficits in phagocytosis 

and cytokine release in response to titanium dioxide particles and polystyrene materials, 

suggesting macrophage function may be compromised in the aged host response.60,61

The findings of this study suggest that the host macrophage response to polypropylene mesh 

implants is delayed, dysregulated, and unresolved in aged animals as compared to young. 

Specifically, it was observed that there was a deficit in early responding macrophage 

populations in 18-month-old mice as compared to 8-week-old mice at 3 days and retarded 

recruitment of additional macrophage populations at 7 days. The population which was 

present at the 7-day time point was found to express significantly less Arg-1 and 

significantly more iNOS in 18-month-old mice as compared to 8-week-old, suggesting a 

more M1-like proinflammatory profile. Previous studies have shown the 7–14-day 

postimplantation time frame to be significantly predictive of downstream outcomes, with 

higher numbers of M2 polarized cells and higher ratios of M2:M1 cells as indicators of 

improved integration and remodeling.23,36–38 Thus, this finding indicates the potential for 

poor downstream integration and remodeling in 18-month-old mice.

While the composition and thickness of the collagenous portion of the capsule was found to 

be similar between 8-week-old and 18-month-old mice, this study also demonstrated higher 

cellularity within the tissue capsule surrounding the implants at 90 days postimplantation, 

suggesting an unresolved or ongoing inflammatory response. The findings of delayed, 

dysregulated, and unresolved host responses in this study correlate well with observations of 

dysregulated inflammation and delayed resolution of inflammatory responses to pathogen 

and in wound healing.48 For example, a study of punch biopsies from healthy human 

subjects between the ages of 19 and 96 years old postwounding showed that the macrophage 

response in aged subjects peaked at 84 days as opposed to 7 days in younger subjects.62 The 

delayed infiltration of macrophages in wound healing has been associated with poor re-

epithelialization, reduced angiogenesis, deficits in collagen deposition, and decreased wound 

strength.63 Altered immune responses to wounding or pathogens in aged individuals have 

largely been attributed to altered function of the adaptive immune system; however, multiple 

studies have noted the impacts of aging upon the innate immune compartment. 49–51 The 

studies which have observed immune dysfunction in aged macrophage populations have 

largely been performed using tissue-derived macrophages while the function of 

macrophages derived from the bone marrow has been shown to remain largely intact in 

multiple studies,50,51 suggesting that age-related changes in the local tissue 

microenvironment may play a role in the observed dysfunction.64,65

In this study, bone marrow-derived macrophages harvested from 8-week-old and 18-month-

old mice were subjected to standard M1 and M2 polarization regimes. The results 

demonstrate that both 8-week-old and 18-month-old macrophages retained the ability to 

polarize toward M1 and M2 phenotypes, and were functionally intact. Few differences 

between polarized macrophages harvested from the bone marrow of 8-week-old and 18-
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month-old mice were noted; however, the expression of iNOS and production of NO were 

found to be higher in 18-month-old mice as compared to 8-week-old mice. These results 

correlate well with the finding of larger numbers of recruited iNOS+ cells present within the 

remodeling site of implants in 18-month-old animals. This cell population was found to be 

largely separate from the Arg-1 expressing CD68+ population in both 8-week-old and 18-

month-old mice, suggesting the possibility of multiple, distinct macrophage populations 

participating in the host response.

Indeed, distinct macrophage populations identified as tissue-resident versus circulating with 

unique phenotypes and functions are widely identified in the literature. Each of these 

populations likely plays a distinct role in tissue homeostasis and the response to injury and 

pathogen on a tissue-by-tissue basis. In the liver, several studies have identified differential 

roles for CD68+ tissue-resident Kupffer cells and CD11b+ infiltrating bone marrow-derived 

macrophages in pathogen clearance and tumor cell destruction, respectively. 66–68 A number 

of recent studies have now described shifts in the proportions of tissue-resident versus 

circulating cells occurring within individual tissues with age and with important implications 

for the host response and outcomes following injury. For example, aging of cardiac muscle 

leads to progressive replacement of embryonic macrophages with bone marrow-derived 

macrophages.67 The infiltrating macrophages were found to have a profibrotic gene 

signature, leading to impaired tissue regeneration that could be reversed by inhibiting 

monocyte recruitment.69–71

In this study, CD68+ cells remained unchanged temporally in the 8-week-old mice, 

suggesting the possibility of a local cell origin as opposed to recruitment from bone marrow. 

Furthermore, this CD68+ population co-localized with arginase-1 and was significantly 

decreased at the earliest time point in the 18-month-old animals. While the exact origin of 

these cells remains unclear, the recruitment and polarization of this population likely 

represents a key event which drives the downstream host response. A recent study showed 

that a reservoir of peritoneal cavity macrophages exists which can rapidly infiltrate injured 

organs in response to cell death signals.54 This infiltration was found to occur rapidly (2–3 

days postinjury) across the mesothelial lining of the peritoneum and into deeper tissue 

locations. Of significant interest, this population also assumed an alternatively activated M2-

like phenotype upon arrival at the injury site. While the full set of mechanisms by which 

these cells are able to rapidly infiltrate tissues outside of the peritoneal cavity is unknown, 

the study demonstrated that the migration was dependent on CD44, the receptor for 

hyaluronan. While the role of changes in the local tissue microenvironment was not 

investigated deeply in this study, a reduction in the presence or production of 

glycosaminoglycan constituents, including hyaluronan, at early time points in the host 

response could have led to a reduction in the recruitment of early responding cells and/or 

changes in their polarization profile.

Taken together, the results of this work suggest that there are significant differences between 

the host response to materials in young and aged animals. These differences could not be 

accounted for by age-related accumulation of cell-intrinsic defects alone, and it is likely that 

the local tissue microenvironment also plays a large role in dictating the host response 

regardless of material composition. This study used only a limited set of surface markers and 
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makes inferences about the origin of cells based on these markers. Further study is necessary 

to determine the specific origin of the cells which participate in the host response in young 

and old animals as well as to clearly determine their in vivo phenotype and functional 

profile. However, it is clear that there are differences in the host response between young 

and aged animals, and that a better understanding of these differences will help to design 

materials and strategies that more effectively modulate the host immune response in aged 

individuals.
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FIGURE 1. 
(a) Images of H&E-stained tissue cross-sections at 10× and (b) total cell counts (DAPI) 

surrounding single mesh fibers in 40× images at 3, 7, and 14 days. Scale bars represent 200 

μm. Bars represent the mean ± SEM. Statistical significance as (***) p < 0.001 and (****) p 
< 0.0001. All other differences are nonsignificant. N = 7.
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FIGURE 2. 
(a) Fluorescence microscopy images of F4/80 CD68, F4/80 CD11b, and CD68 CD11b co-

immunolabeled tissue cross-sections at a single mesh fiber at 7 days (additional days can be 

seen in Supporting Information, Figures 1–3). DAPI was used to stain cell nuclei. Scale bars 

represent 50 μm. Cell counts of (b) F4/80+, CD68+, and CD11b+ cells and (c) F4/80+ 

CD68+, F4/80+ CD11b+, and CD68+ CD11b+ cells surrounding single mesh fibers at 3, 7, 

and 14 days. Bars represent the mean ± SEM. Statistical significance as (*) p < 0.05, (**) p 
< 0.01, (***) p < 0.001, and (****) p < 0.0001. All other differences are nonsignificant. N = 

7.
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FIGURE 3. 
Image analysis of (a) iNOS and (b) Arginase-1 of macrophages treated with media (M0), 

IFN-y/LPS (M1), or IL-4 (M2) for 24 h, isolated from 8-week-old and 18-month-old 

C57BL/6 mice. Representative images are shown in Supporting Information, Figure S5. (c) 

Phagocytosis function using Vybrant FITC-labeled E. coli particles incubated on treated 

macrophages for 2 h. Representative images are shown in Supporting Information, Figure 

S5. (d) Nitric oxide production using Greiss reagent system on supernatants from treated 

macrophages. (e) Taqman gene expression assays assessing the gene expression of pro- and 

anti-inflammatory gene targets. Bars represent the mean ± SEM. Statistical significance as 

(*) p < 0.05 and (**) p < 0.01. All other differences are nonsignificant. N = 5.
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FIGURE 4. 
Fluorescence microscopy images of (a) Arginase-1 (red) CD68 (green) co-immunolabeling 

and (b) iNOS (red) CD68 (green) coimmunolabeling at a single mesh fiber at 3, 7, and 14 

days. DAPI was used to stain cell nuclei. Scale bars represent 50 μm. Cell count image 

analysis of (c) Arg-1+, Arg-1+ CD68+ cells and (d) iNOS+, iNOS+ CD68+ cells at 3, 7, and 

14 days. Bars represent the mean ± SEM. Statistical significance as (*) p < 0.05, (**) p < 

0.01, (***) p < 0.001, and (****) p < 0.0001. All other differences are nonsignificant. N = 7.

Hachim et al. Page 20

J Biomed Mater Res A. Author manuscript; available in PMC 2018 May 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
(a) Images of Alcian-Blue-stained tissue cross-sections (GAGs in blue) and (b) image 

analysis of GAG deposition as percentage of total inflammatory tissue area (excluding skin 

and muscle) surrounding single mesh fibers at 20× of tissue cross-sections from 8-week-old 

and 18-month-old mice implanted with a 1 cm2 piece of polypropylene mesh for 3, 7, 14, 

and 90 days. Scale bars represent 100 μm. Bars represent the mean ± SEM. Statistical 

significance as (*) p < 0.05. All other differences are nonsignificant. N = 7.
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FIGURE 6. 
(a) Masson’s Trichrome-stained tissue sections of 8-week-old and 18-month-old mice at 90 

days. Black and green arrowheads indicate the collagenous portion of the capsule and 

cellular reaction surrounding single mesh fibers, respectively. Scale bars represent 200 μm. 

(b) Image analysis of capsule deposition as percentage from the area of inflammatory tissue 

(excluding skin and muscle). (c) Thickness of capsule, inner cells, and total thickness. (d) 

Total number of cells surrounding single mesh fibers. (e) Picro Sirius Red-stained tissue 

sections of 8-week-old and 18-month-old mice at 90 days. White arrowheads indicate the 

capsule surrounding single mesh fibers. (f) Image analysis of collagen capsule composition 

surrounding single mesh fibers of samples stained with Picro Sirius Red. Scale bars 

represent 100 μm. Bars represent the mean ± SEM. Statistical significance as (**) p < 0.01 

and (****) p < 0.0001. All other differences are nonsignificant. N = 7.
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TABLE I

Primary and Secondary Antibody Combinations and Dilutions Used to Perform Fluorescent Co-

Immunolabeling on Tissue Cross-Sections of 8-week and 18-month Mice Implanted with Polypropylene Nesh 

for 3, 7, and 14 days

Labeling 1°Ab 1°Ab 2°Ab Alexa 594 2°Ab Alexa (488)

F4/80+ CD68+ 1:50 (rat F4/80) 1:150 (rabbit CD68) 1:100 (anti-rat) 1:200 (anti-rabbit)

F4/80+ CD11b+ 1:50 (rat F4/80) 1:100 (goat CD11b) 1:200 (anti-goat) 1:100 (anti-rat)

CD11b+ CD68+ 1:150 (goat CD11b) 1:150 (rabbit CD68) 1:200 (anti-goat) 1:200 (anti-rabbit)

iNOS+ CD68+ 1:100 (rabbit iNOS) 1:150 (goat CD68) 1:200 (anti-rabbit) 1:200 (anti-goat)

Arg-1+ CD68+ 1:150 (rabbit Arg-1) 1:150 (goat CD68) 1:400 (anti-goat) 1:200 (anti-goat)
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TABLE II

Primary and Secondary Antibody Dilutions Used to Perform Indirect Fluorescent Antibody Labeling of in 
vitro Bone Marrow-Derived Macrophage Cultures

Labeling 1°Ab 2°Ab Alexa (488)

iNOS 1:100 (rabbit iNOS) 1:200 (donkey anti-rabbit)

Arginase 1:200 (rabbit arginase) 1:200 (donkey anti-rabbit)
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