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Abstract

Extracellular matrix biomaterials have been shown to promote constructive remodeling in many 

preclinical and clinical applications. This response has been associated with the promotion of a 

timely switch from pro-inflammatory (M1) to anti-inflammatory (M2) macrophages. A previous 

study has shown that this beneficial response is lost when these biomaterials are derived from aged 

animals. This study examined the impact of small intestine submucosa (SIS) derived from 12, 26 

and 52 week old pigs on the phenotype and function of bone marrow macrophages derived either 

from 2 or 18 month old mice. Results showed that 52 week old SIS promoted less iNOS in 2 

month macrophages and Fizz1 expression in 2 and 18 month compared to 12 week SIS. Pro-

inflammatory cytokine exposure to 52 week SIS-treated macrophages resulted in higher iNOS in 

18 month macrophages and reduced MHC-II expression in 2 month macrophages, as well as 

reduced nitric oxide production in comparison to 12 week SIS. These results indicate that ECM 

derived from aged animals promotes an altered macrophage phenotype compared to young 

controls. This suggests that sourcing of ECM from young donors is important to preserve 

constructive remodeling outcomes of ECM biomaterials. Alteration of macrophage phenotype by 

aged ECM also raises the hypothesis that alterations in aged ECM may play a role in immune 

dysfunction in aged individuals.
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1. Introduction

Extracellular matrix (ECM)-based biomaterials have been used successfully in a wide 

variety of pre-clinical and clinical soft tissue reconstruction applications [1–5]. Positive 

outcomes of ECM implantation have been associated with “constructive remodeling” of the 

biomaterials, which involves the formation of new site-appropriate host tissue [6]. ECM-

based materials are most commonly derived from mammalian tissues using decellularization 

processes [7]. These protocols, when successful, remove a significant portion of the 

immunogenic components of tissues including cellular proteins and DNA, while preserving 

the components and microarchitecture of the native extracellular matrix [8–10]. This results 

in a scaffold that is acellular and possesses inherent bioactivity due to the many ligands 

present on source tissue ECM macromolecules [11]. Upon implantation, these materials 

serve not only as a structural scaffold for cellular adhesion and a substrate for constructive 

remodeling [12], but also rapidly degrade, releasing bioactive molecules that have been 

shown to stimulate signaling in the tissue remodeling pathways [13–16]. Recent work has 

shown these bioactive constituents to include matrix-bound vesicles (MBVs) which carry 

unique protein and nucleic acid cargo that can affect the macrophage response [17]. 

Constructive remodeling responses from ECM scaffolds have been associated with a timely 

shift in macrophage polarization from pro-inflammatory (M1) to anti-inflammatory (M2) 

phenotypes [18–20]. The degradation of ECM scaffolds, which promotes the release of 

matricryptic peptides, has been shown to be a necessary event for this promotion of 

constructive remodeling [18, 21].
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While ECM and other natural scaffolds possess advantages of inherent bioactivity, they are 

often criticized for their variability. One potential source of variability is the age of the donor 

animal or cadaver from which the tissues are harvested. The extracellular matrix has been 

shown to vary in composition with the age of an organism [22]. For example, muscle ECM 

shows increased deposition of collagen I and decreased collagen III with age [23–25]. 

Collagen IV is increased whereas laminin decreases with age in the basal lamina [26], a key 

component of many ECM-based scaffold materials [27]. Increased deposition and reduced 

collagen turnover leads to accumulation of glycation end-products (AGEs) and associated 

crosslinks which can interfere with normal cell-tissue interactions [28, 29]. ECM changes 

may also lead to stem cell senescence or induced differentiation through stiffer matrix [23, 

30]. These aging-related changes have been suggested to affect the ability to regenerate 

tissue following injury.

It is logical, therefore, that differences observed in native tissues would persist in ECM 

scaffolds following decellularization and may have implications for their effectiveness 

following implantation. A recent study showed that small intestinal submucosa (SIS) derived 

from 52 week old pigs promoted less constructive remodeling and increased collagen 

deposition when implanted in to a rat abdominal wall defect model compared to SIS derived 

from 12 and 26 week old pigs [31]. This response was also associated with increased pro-

inflammatory (M1) macrophage polarization with increased source animal age, suggesting 

these poorer outcomes were due to alteration in macrophage phenotype.

The immune system also experiences age-related changes as well, becoming dysfunctional 

in activation and polarization of macrophages as well as changes in other cell types [32]. 

This phenomenon, termed “inflamm-aging,” is associated with increased levels of cytokines 

and reactive oxygen species (ROS) production which can lead to cellular and tissue damage 

[33, 34]. The aging immune system is also susceptible to “immunosenescence,” which 

results in alteration of normal immune cell circulation, migration and cell signaling [35]. 

While the exact mechanisms underlying these observations are not clear, recent studies have 

demonstrated that the local tissue microenvironment (i.e. ECM) may play an important role 

[36, 37].

The current study sought to examine the impact of changes in ECM scaffolds with different 

source animal age upon macrophage polarization responses. In order to accomplish this an 

in vitro primary cell model of macrophage polarization to ECM scaffolds was utilized to 

understand these age-related changes in ECM. Murine bone marrow-derived macrophages 

were chosen as a model system to reduce variability in the host immune responses due to 

genetic and/or environmental factors. As aging is a multifactorial condition, genetically 

similar mice with similar environments and diets were necessary to eliminate comorbidities 

associated with aging such as obesity, diabetes, and cardiovascular disorders that could be 

present in blood drawn from young and aged humans [38–41]. Additional studies can take 

advantage of murine genetic models in order to understand pathways involved in the 

macrophage response to biomaterials. Nevertheless, future studies involving human 

monocyte-derived macrophages will be necessary to assess the response to such materials in 

humans.
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To model the responses to extracellular matrix biomaterials, we used ECM degradation 

products to treat macrophages. Degradation of biomaterials has been shown to be important 

to the host response, with non-degrading scaffolds eliciting increased pro-inflammatory 

responses [18]. Extracellular matrix degradation products have been shown to be bioactive 

and elicit macrophage phenotypes similar to those observed to whole scaffolds in vivo [16, 

42, 43]. Macrophage response to biomaterials at acute time-points of 7-14 days, time when 

biomaterials are already being degraded and remodeled, has been correlated to functional 

downstream outcomes [16, 18, 44]. Therefore, the response to degradation products is 

relevant to the key timeframe of phenotypic shift necessary to alter downstream remodeling 

outcomes.

2. Materials & Methods

2.1 Scaffold Preparation

Jejunum were harvested from 12 week, 26 week, and 52 week-old Landrace pigs 

immediately following euthanasia (Tissue Source, Lafayette, IN). The animals were of 

similar genetic heritage, diet and immunization history. Small intestine submucosa (SIS) 

extracellular matrix biomaterials were prepared from these tissues as previously described 

[45]. Briefly, the tissues were rinsed with water and the mesenteric tissues were removed. 

Tissues were cut longitudinally then mechanically delaminated to remove the tunica serosa, 

tunica muscularis externa, and the luminal tunica mucosa, including most of the lamina 

propria. After delamination, the tunica submucosa and the basilar layer of the tunica mucosa 

including the muscularis mucosa and the stratum compactum of the lamina propria 

remained. The material was further decellularized using mechanical agitation with an orbital 

shaker at 300 rpm in a solution of 0.1% (v/v) peracetic acid (Rochester Midland 

Corporation, Rochester, NY). Tissues were then rinsed multiple times with saline and 

deionized water. Decellularized scaffolds were frozen at −80°C and then lyophilized. The 

resultant scaffolds were considered “intact ECM scaffolds.” Scaffolds were digested at a 

concentration of 10 mg/mL in an acid-pepsin solution (pH 2) under constant magnetic stir 

for 48 hours. These digested scaffolds were considered “ECM degradation products.”

2.2 Scaffold Characterization

Hydrated native tissue and decellularized scaffolds were fixed in 10% neutral buffered 

formalin (NBF) and then embedded in paraffin. Sections of these scaffolds were stained 

separately with hematoxylin & eosin or DAPI to confirm removal of nuclei. Proteinase K 

digests of native and decellularized scaffolds underwent phenol: chloroform: isoamyl 

alcohol (25:24:1) extraction for DNA and were resuspended in 1X TE buffer. DNA extracts 

were separated using electrophoresis on a 2% agarose gel in 0.5X TBE buffer to confirm 

reduction of DNA content and fragmentation of remnant DNA in decellularized scaffolds 

compared to native controls. DNA extracts were also quantified for double-stranded DNA 

content using a PicoGreen assay (Thermo) according to manufacturer’s instructions.

2.3 Growth Factor ELISA Quantification

Urea heparin extracts were performed on lyophilized native and decellularized SIS samples 

as previously described [46]. Briefly, 100 mg of lyophilized tissue was extracted using 3 mL 
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urea-heparin extraction buffer (2M urea, 50mM Tris Base, 5 mg/mL heparin, 10mM N-

Ethylmaleimide, 5mM benzamidine, 1mM PMSF in DI H2O). Samples were agitated 

overnight at 4°C. Samples were centrifuged at 10,000 xg for 10 min at 4°C. Supernatants 

were collected, volumes recorded, and stored at −80°C until time of assay. Extraction 

procedure was repeated once more to ensure complete extraction. Growth factor ELISAs 

were purchased from R&D Biosystems for basic fibroblast growth factor (bFGF), 

hepatocyte growth factor (HGF), and heparin-binding EGF-like growth factor (HB-EGF). 

Urea-heparin extracts were assayed for growth factor content using the ELISA assays above 

according to manufacturing instructions.

2.4 Cell Isolation

Bone marrow-derived macrophages were harvested from 2 month or 18-20 month-old 

C57/BL6 mice as previously described [16]. Briefly, femurs 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% PenStrep/2% MEM 

non-essential amino acids/1% HEPES/0.1% 55μM 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, changing differentiation media 

every 2 days.

2.5 Cell Treatment

Following 7 days of differentiation culture as described above, macrophages were treated 

with acute polarizing regimens to distinguish phenotypes over 24 hours. Naïve macrophage 

(M0) controls were treated with basal media for 24 hours. M1 (20 ng/mL IFN-γ and 100 

ng/mL LPS) and M2 (20 ng/mL IL-4) polarizing cytokines were used to create positive 

controls for classical pro- and anti-inflammatory macrophages. ECM degradation products 

were neutralized and diluted to 250 μg/mL in macrophage media to isolate biochemical 

effects of degradation products and prevent structural moieties from forming. Pepsin buffer 

(1 mg/mL pepsin in 0.01 M HCl) diluted in macrophage media was used as a control. 

Another set of treatment groups involved 24-hour exposure of ECM degradation products 

followed by 24-hour treatment with either the M1 or M2 treatment regimen.

2.6 Indirect Immunofluorescent Antibody Staining

Cells were fixed with 2% paraformaldehyde (PFA) for 30 minutes then washed in 1XPBS. 

Cells were incubated in blocking buffer (2% donkey serum, 1% bovine serum albumin 

(BSA), 0.1% Triton X-100, 0.1% Tween-20) for 1 hour at room temperature. Primary 

antibodies were diluted in this blocking buffer as follows and incubated overnight at 4 °C: 

F4/80 (1:200, Abcam 6640), iNOS (1:100, Abcam 3523), Arginase-1 (1:200, Abcam 

91279), Fizz1 (1:200, Peprotech 500-P214), CCR2 (1:200, Abcam 21667), CX3CR1 (1:200, 

Abcam 8021), MHC-II (1:100, Abcam). F4/80 is a marker of macrophage differentiation. 

iNOS and MHC-II are classical M1 macrophage markers whereas Arginase-1 and Fizz1 are 

classical M2 macrophage markers. CCR2 is a chemokine receptor associated with 

macrophage migration whereas CX3CR1 is a fractalkine receptor associated with tissue-

resident macrophages. Cells were washed in 1XPBS then incubated in the appropriate 
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fluorescently-labeled secondary antibody solution in blocking buffer for 1 hour at room 

temperature (donkey anti-rat Alexa Fluor 488, Invitrogen, 1:200; donkey anti-rabbit Alexa 

Fluor 488, Invitrogen, 1:300). Cell nuclei were counterstained with DAPI. Cells from five 

young (2 month) and aged (18 month) mice were imaged nine times in the center of each 

well at 10× magnification using automated position capture function to remove bias from 

subjective image location acquisition. This set of 9 images per well was counted as one 

biological replicate and was repeated in cells from n=5 mice for a total of 5 sets of 9 images 

per group. All imaging was performed on an Axio observer T1 microscope. Mean 

fluorescence intensity of cells was analyzed using Cell Profiler software (Broad Institute). 

Briefly, DAPI images were used by the program to identify cell nuclei then FITC images 

were used to identify cell borders around the identified nuclei. The mean fluorescent 

intensity was calculated by averaging the pixel intensities (scale of 0 to 1) across the entire 

cell area. Mean fluorescence intensity values were averaged for all imaged cells in each 

well.

2.7 Phagocytosis Assay

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

Assay Kit (Invitrogen). Cells were incubated in FITC-labeled dead E. Coli particles for 2 

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

30 minutes then washed with 1X PBS. Cells were counterstained with DAPI then imaged 

and analyzed as described above.

2.8 Taqman Gene Expression Analysis

Following treatments, macrophages (n=5 biological replicates from 5 young (2 month) and 5 

aged (18 month) mice) were harvested for RNA using Qiagen RNEasy MiniPrep RNA 

Isolation Columns following standard protocol. RNA was quantified using a NanoDrop Lite 

Spectrophotometer (Thermo). cDNA templates were created from 1 μg of RNA using 

Invitrogen High Capacity RNA-to-cDNA kits (Thermo). Taqman Gene Expression Assays 

(Thermo) were performed for the following commonly reported M1 and M2 macrophage 

genes: Nos2 (Mm00440502_m1), IL1b (Mm00434228_m1), IL12b (Mm01288989_m1), 

TNFa (Mm00443258_m1), MHC-II (Mm01181326_m1), Arg (Mm00475988_m1), Retlna 

(Fizz1) (Mm00445109_m1), Mrc1 (Mm01329362_m1), IL10 (Mm01288386_m1), and 

PPARg (Mm00440940_m1).

2.9 Nitric Oxide Assay

Following treatments, 50 μL of supernatant from macrophages were transferred into a fresh 

plate. Nitric oxide content was assayed using a Greiss Reagent system. Briefly, 50 μL of 

sulfanilamide (1% in 5% phosphoric acid) was added to supernatants for 10 minutes. Then, 

50 μL of 0.1% N-1-napthylethylenediamine in water was added to the mixture for an 

additional 10 minutes. The absorbance at 540 nm was measured using a BioTek SYNERGY 

HTX spectrophotometer.
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2.10 Statistical Analysis

Quantitative results were analyzed using a two-way ANOVA (treatment, age) with Tukey 

post-hoc analysis using GraphPad PRISM 7 software. Significance was determined at a p-

value less than 0.05.

3. Results

3.1 Confirmation of Decellularization

Hematoyxlin & eosin staining of native and decellularized small intestinal submucosa 

samples confirmed decellularization. Outer intestinal musculature and inner luminal mucosa 

were removed in decellularized samples as previously described [47]. Nuclear removal was 

confirmed through visual observation in H&E (Figure 1A) and DAPI staining (Figure 1B). 

DNA fragmentation was confirmed through DNA agarose gel electrophoresis (Figure 1C). 

DNA extracts from native samples show large continuous bands indicative of large DNA 

fragments. Extracts from decellularized samples show significant removal of DNA material, 

with remnant DNA existing as lower molecular weight (Figure 1D). This is indicative of 

effective removal and fragmentation of any remnant DNA. Results from PicoGreen DNA 

quantification (Figure 1D) showed that scaffolds were effectively decellularized [48]. 

Effective and similar levels of decellularization confirm that DNA content should not cause 

differences in immune responses between different source age samples.

3.2 Analysis of ECM Composition

SIS scaffolds of different source animal age were analyzed for content of major extracellular 

matrix structural proteins, specifically collagens and glycosaminoglycans. Hydroxyproline 

content was assessed to approximate collagen composition in SIS scaffolds (Figure 2A). In 

native small intestine submucosa, hydroxyproline content significantly increased with source 

animal age. However, in decellularized scaffolds, there was no significant difference in 

hydroxyproline content. Glycosaminoglycan content was assessed using dimethylmethylene 

blue dye (Figure 2B). Native small intestine submucosa showed a significant increase in 

glycosaminoglycan content with increasing source animal age. However, no trend appeared 

with glycosaminoglycan content in decellularized scaffolds of different source animal age. 

Endotoxin content was also assessed using an LAL Endotoxin Assay. However, our results 

show that endotoxin content did not differ in ECM degradation products (Supplementary 

Figure 1).

Growth factors laden within extracellular matrix scaffolds can contribute to the overall 

biochemical microenvironment created by the scaffold. Analysis of growth factor content 

change with source animal age is important to the overall characterization of ECM’s effect 

on macrophage phenotype. Due to previous work showing ECM scaffolds of different 

animal source age affected both skeletal muscle regeneration and macrophage phenotype, 

growth factors were selected that are known to affect both of these phenomena and have also 

been found in whole small intestine tissue [49–51]. Native small intestine tissue showed 

significant increases in bFGF and HB-EGF. However, no significant changes in content were 

observed following decellularization (Figure 2C–E).
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3.3 Immunofluorescent Antibody Labeling

Differentiation into a macrophage phenotype was confirmed with antibody immunolabeling 

for F4/80, a classical macrophage marker. All treatment groups displayed staining for F4/80 

with M1 treatment resulting in significant increases in F4/80 labeling (Figure 3A). 

Macrophages treated with ECM degradation products were stained for classical 

differentiation markers of macrophage phenotype. Staining for iNOS, a classical M1, pro-

inflammatory marker, showed upregulation in M1 controls and downregulation in M2 

controls (Figure 3B). Macrophages treated with ECM degradation products showed slight 

iNOS activation. Increasing source animal age resulted in significantly decreased iNOS 

surface marker expression with increasing age in macrophages from 2 month mice (Figure 

3B). Macrophages derived from 18 month mice did not have a significant decrease in iNOS 

expression between 12 and 52 week ECM but ECM groups in 18 month macrophages had 

significantly higher iNOS expression over 2 month macrophages (p<0.0001) 

(Supplementary Figure 2). Staining for Arginase-1, a marker for M2, alternative activation, 

showed large upregulation in M2 controls and slight downregulation in M1 controls (Figure 

3C). ECM-treated macrophages showed minor Arginase-1 surface marker expression. There 

were no significant changes in Arginase-1 immunoexpression with source animal age 

(Figure 3C).

Fizz1, a marker for alternative macrophage activation, showed upregulation in M2 controls 

and downregulation in M1 controls (Figure 3D). Fizz1 expression of ECM-treated 

macrophages was intermediate, neither pro- nor anti-inflammatory. Source animal age 

significantly decreased Fizz1 expression from 12 week to 52 week SIS. Fizz1 expression 

was significantly higher in macrophages derived from 18 month mice compared to 2 month 

old mice (p<0.0001) (Supplementary Figure 2).

CCR2, a chemokine receptor for CCL2, is classically a marker for invading macrophages. 

CCR2 showed decreased surface marker expression in M1 controls (Figure 3E). There were 

no significant differences in CCR2 immunolabeling based on source animal age of ECM. 

However, 18 month macrophages responded to ECM with increased CCR2 

immunoexpression compared to 2 month macrophages (p = 0.0463) (Supplementary Figure 

2). CX3CR1, a fractalkine receptor, is a marker for tissue-resident macrophages. There were 

no significant changes in fractalkine receptor expression in cytokine controls or ECM 

treatment (Figure 3F).

In order to determine whether ECM degradation product exposure altered the ability of 

macrophages to polarize, macrophages were treated with ECM degradation products for 24 

hours then treated with M1 or M2 cytokine regimes for the subsequent 24 hours. 52 week 

SIS significantly increased iNOS immunoexpression in ECM→M1 groups over IFN-γ/LPS 

treatments in 2 month old macrophages and 12 week SIS treatments in 18 month old 

macrophages (Figure 4A). Arginase-1 immunoexpression was significantly upregulated with 

12 week pre-treatment with subsequent IL-4 treatment compared to M2 controls (Figure 

4B). In 18 month macrophages, 52 week SIS caused a significant increase in Arginase-1 

immunoexpression over 12 week SIS with IL-4 post-stimulation. The only significant 

change in Fizz1 immunoexpression was a significant increase in Fizz1 in all ECM pre-

treatments with IFN-γ/LPS post-stimulation over M1 controls in the 2 month macrophage 
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group (Figure 4C). MHC-II immunoexpression was significantly decreased with 26 or 52 

week SIS pre-stimulation over M1 and 12 week SIS pretreatment samples in 2 month old 

macrophages (Figure 4F). SIS from 26 and 52 week SIS only decreased MHC-II expression 

compared to M1 stimulation in 18 month old macrophages.

3.4 Taqman Gene Expression Assays

Transcriptional levels of classical pro-inflammatory and anti-inflammatory markers and 

cytokines were assayed in 24 hour macrophage RNA extracts using Taqman gene expression 

assays (Figures 5). Pro-inflammatory markers NOS2, IL1b, IL12b, and Tnfa showed large 

increases in fold expression change in M1 treatment over naïve M0 macrophages 

(Supplementary Figure 3). The anti-inflammatory gene targets Arg1, Fizz1, IL10, and Mrc1 
showed significant increases in IL-4-stimulated M2 macrophages (Supplementary Figure 4). 

Fifty two week SIS treatment resulted in significant increases of IL-1ra expression over 12 

and 26 week SIS treatment in 2 month old macrophages (Supplementary Figure 3E). 

Eighteen month old macrophages treated with 52 week SIS resulted in significant increases 

in Fizz1 expression over 12 week SIS treatment (Supplementary Figure 4E).

Gene expression assays were also conducted in challenge experiments where macrophages 

were exposed to ECM degradation products for 24 hours then challenged with M1 or M2 

polarizing cytokines for an additional 24 hours (Figure 6). Pro-inflammatory (M1) controls 

showed large fold expression increase in iNOS, IL-12β, IL-1β, MHC-II, TNF-α, and IL-10 

(Supplementary Figure 3). Anti-inflammatory (M2) controls showed large fold expression 

increase in Arginase-1 and Fizz1 and smaller increases in Mrc1, PPARγ, MHC-II and IL-1β 
with decreases in TNFα and IL-10 (Supplementary Figure 4). ECM pretreatment did not 

alter expression of any genes following M1 or M2 treatment (Supplementary Figure 5 & 6).

3.5 Nitric oxide production

Nitric oxide was assayed in the supernatants of macrophages treated with ECM degradation 

products (Figure 7A). The stable form of nitric oxide, nitrite, was identified using the Greiss 

reagent system. Results showed an increase in nitric oxide production in M1 controls but no 

increase in M2 controls. ECM treatment showed limited levels of nitric oxide production. 

There were no significant differences in nitric oxide production from macrophages treated 

with ECM alone. ECM pre-treatment followed by M1 stimulus increased nitric oxide 

production in 12 week SIS samples compared to M1 controls and 52 week SIS pre-

treatment.

3.6 Phagocytosis

To assess phagocytic function, Vybrant Phagocytosis Beads produced from FITC-labeled E. 

coli bacteria particles were used. Phagocytic activity increased in pro-inflammatory controls 

but not in anti-inflammatory controls (Figure 7B). ECM degradation products did not 

significantly change baseline phagocytosis or phagocytosis following cytokine regimens.
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4. Discussion

The present study investigated the response of macrophages to extracellular matrix (ECM) 

degradation products within an aging context. Specifically, this study investigates porcine 

small intestine submucosa (SIS) scaffolds that differ in only the variable of source animal 

age (the age of the animal from which it was derived). Previous work has shown that these 

scaffolds, when implanted into a rat abdominal wall reconstruction model, elicited different 

potentials for muscle healing [31]. This previous study showed that increasing source animal 

age resulted in increased fibrosis and decreased skeletal muscle formation, which was 

related to increased pro-inflammatory macrophage phenotype at early time-points. In order 

to identify macrophages as being able to respond to these age-related changes, the present 

study utilized an in vitro model of macrophage response to ECM biomaterials. Results 

showed that ECM biomaterials caused the greatest shifts in macrophage phenotype when 

examined in combination with inflammatory cytokine polarization. The lack of robust 

macrophage response to ECM scaffolds alone is logical as the ECM is naturally occurring 

and involved in the homeostasis of tissues.

There are currently 69 extracellular matrix-based products registered with the FDA, many of 

which are derived from animal sources [70]. Due to known differences in composition of 

biologic materials due to individual organism variabilities, it is important to understand what 

characteristics of donor animals have effects on resultant biomaterial properties and their 

response upon implantation. Quality compliance of source animal facilities (SAFs) is 

regulated under FDA guidance “Source Animal, Product, Preclinical, and Clinical Issues 

Concerning the Use of Xenotransplantation Products in Humans” which ensures that 

animals used for clinical products are infection and disease free. However, factors such as 

age are not included in this guidance and could potentially have an effect on the performance 

of medical devices derived from aged animals. Understanding how changes in the 

extracellular matrix changes with source animal age could lead to reduced variability in 

xenogeneic biomaterials and improved outcomes.

It is well documented that there are changes with age in extracellular matrix composition of 

many tissues. Aged colon exhibits increases in collagen content and decreases in strength 

[71]. Macrophages have been shown to respond differently to different collagen subtypes 

with collagen I increasing CCL18, IL-1ra, CCL2, CD204 and p-Akt expression whereas 

collagen III only increased CCL18 and IL-1ra [72]. Therefore, changes in extracellular 

matrix composition with age could alter the macrophage response to biomaterials derived 

from different aged source animals, as shown in this study. This could compromise normally 

beneficial host responses and remodeling outcomes downstream of implantation. 

Furthermore, the influence of ECM on responses to inflammatory cytokines suggest the 

ECM environment may play a role in the nature and progression of the host inflammatory 

responses to injury and infection. Biochemical analyses for hydroxyproline and 

glycosaminoglycan content were unable to detect changes in decellularized ECM scaffolds. 

Therefore, more rigorous analysis including mass spectrometry is needed to understand 

changes in composition of specific components within aged ECM.
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The importance of changes in animal tissue product composition is most important with 

regard to how these changes effect the host response following implantation. A recent study 

has shown that aged animals elicited an altered macrophage response to polypropylene mesh 

implanted subcutaneously compared to young controls [73]. Results in this study show that 

bone marrow-derived macrophages from young and aged mice have similar abilities to 

polarize to M1 and M2 profiles in vitro. This suggests that changes in the macrophage 

response to implantable biomaterials cannot be explained by macrophage-intrinsic changes 

with age alone. It is logical to infer that the aged local microenvironment, consisting of the 

extracellular matrix and cellular signals, could be responsible for these changes in responses 

to biomaterials. These in vivo results further findings in this paper that aged ECM 

microenvironments affect macrophage phenotypes which could lead to altered immune 

responses.

There are documented changes in macrophage populations and phenotypes in aged 

organisms. Peritoneal macrophage populations increased in the percentage of monocyte-

derived and mature macrophages. Aged peritoneal macrophages also exhibited increased 

pro-inflammatory cytokine IL-1b and IL-6 expression when stimulated with GM-CSF or 

IL-4. Aged macrophages also exhibited a decreased nitric oxide/urea ratio [74]. Aged 

splenic macrophages exhibited decreased expression of IL-6, iNOS, IL-1b and TNFa when 

stimulated with LPS. Aged splenocytes also had reduced M2 markers when stimulated with 

IL-4 compared with young controls [75]. Aged macrophages have also been shown to have 

decreased MHC-II expression following IFN-y treatment, suggesting onset of 

immunosenescence [76]. Our results showed 52 week ECM reduced MHC-II 

immunoexpression following IFN-y/LPS suggesting aged ECM may contribute to this 

immunosenescent phenotype. Further elucidation of these mechanisms is necessary to 

determine how aged ECM causes changes in macrophage phenotype.

Treatment of macrophages with aged ECM in vitro results in similar alterations in 

phenotype compared to young ECM, reduced iNOS and Fizz1 immunoexpression. Aged 

ECM treatment with IFN-y/LPS stimulus increased iNOS immunoexpression and reduced 

nitric oxide production at 24 hours. This could suggest that aged ECM incites a delayed 

iNOS response as nitric oxide production is a result of the cumulative production in media 

over 24 hours whereas immunolabeling assays protein level at 24 hours only. This suggests 

that age-related changes in the ECM may contribute to the altered immune responses 

observed in aged wound healing. Increased numbers of M2a macrophages have been 

reported in aged muscle, which may be due to the influence of aged microenvironments 

[77]. These changes in aged muscle are corrected by transfection of nNOS, suggesting that 

reduced nitric oxide in aged muscle could be a factor in this macrophage phenotype shift. 

Our findings that aged ECM reduces the acute production of nitric oxide could be a cause of 

the increased fibrosis in aged muscle.

Previous studies have noted that the aging microenvironment is responsible for alterations in 

macrophage populations. Aging muscle exhibits an increase in M2a macrophage populations 

that could be the cause of increased fibrosis [77]. Transplantation of young bone marrow 

cells into aged muscle reduced the number of M2a macrophages, which could be caused by 

altered phenotypes in aged macrophages or be a result of the shift toward myeloid lineages 
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in aged bone marrow [77]. Blau et al. also suggest that the aging microenvironment impacts 

the function of muscle stem cells [36]. Some changes were attributed to intrinsic changes in 

MuSCs with age but others have been attributed to the local microenvironment. Age-related 

changes in the ECM microenvironment thus represents a cell-extrinsic mechanism of altered 

wound healing and regeneration in aged individuals.

Aging has an effect not only on macrophage phenotypes and populations, but also 

macrophage function. Linehan et al. showed that the aged peritoneal microenvironment 

significantly impaired phagocytic function of macrophages independent of intrinsic changes 

in bone marrow macrophage populations [82]. Some of these changes were attributed to 

changes in T and B cell populations and levels of IL-10. Reduced phagocytic function could 

lead to impaired responses to pathogens or delayed debris removal in wound environments. 

However, our results did not show any change in phagocytic function due to aged ECM 

exposure. Aged alveolar macrophages were also shown to have reduced production of nitric 

oxide [83]. This matches our findings that macrophages exposed to aged ECM produced less 

nitric oxide upon IFN-y/LPS exposure. This reduction in macrophage function could impair 

pathogen immunity and alter angiogenic responses.

The effects of aging have also been well documented in the area of wound healing. Wound 

healing in aged individuals is associated with delayed monocyte infiltration, increases in 

mature macrophages, and impaired macrophage function including reduced phagocytic 

capacity and increased secretion of pro-inflammatory mediators [37, 78, 79]. There are also 

delays in angiogenesis, collagen production and re-epithelialization, all of which are 

functions that are orchestrated by macrophages and their interaction with other cells of the 

injury response [80, 81]. In spinal cord injury, macrophages have been shown to have 

reduced IL-10 expression in aged individuals [84]. Macrophages in aged vascular injury 

exhibited increased IL-18 expression which was associated with higher fibrinogen 

deposition [85]. All these examples show the impact of shifts in aged macrophage 

populations and phenotypes upon normal wound healing. Aged microenvironments may be 

responsible for these shifts in maintained or recruited macrophage populations or alterations 

from expected phenotypic responses.

There were several limitations to the present study. This study only analyzed the effects of 

aging on porcine small intestine submucosa over the ages of 12 to 52 weeks. Not only does 

the extracellular matrix from different organs have different compositions but there are also 

organ-specific changes in this ECM makeup with age. Therefore, these results may not apply 

to ECM biomaterials derived from different sources. Furthermore, an in-depth assessment of 

what changed in these SIS scaffolds was not performed. More work would need to be done 

to understand the specific compositional changes and the signaling pathways which dictate 

changes in ECM-treated macrophage phenotype, which are currently unknown. Assessment 

of the presence and change in composition of matrix bound nanovesicles was also not 

completed. Changes in MBV content with age could be a potential mechanism for altered 

responses to these biomaterials. This study also focused on the effects of extracellular matrix 

biomaterials on the phenotypes of macrophages alone. Many other cells participate during, 

before and after the involvement of macrophages during wound healing and biomaterial 

remodeling, including neutrophils, fibroblasts, adaptive immune cells, endothelial cells and 
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stem cells. Little investigation has been performed on the synergistic roles of these cells 

during regenerative processes and further work is warranted in order to understand how 

these cells function together.

5. Conclusion

Extracellular matrix scaffolds vary significantly due to their biological origin, and age 

effects their properties significantly. These changes in ECM structure are recognized by 

macrophages which change both their expression and function in response. Aged ECM 

degradation products alter macrophage phenotype and function both alone and in the 

presence of polarizing cytokines. These findings suggest that age-related changes in the 

ECM microenvironment have direct effects on the immune system. This suggests that age-

related changes in wound healing and regeneration could be a result, in part, due to 

alterations in the extracellular matrix. This suggests further investigation into the ECM from 

aged individuals and its direct effect on immune and host response cells could help to 

elucidate mechanisms of altered healing responses in elderly populations.
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Highlights

• Age-related changes in ECM directly impacts macrophage phenotype and 

function

• 52 week old SIS causes decreases in iNOS immunoexpression in 2 month 

macrophages and Fizz immunoexpression in 2 and 18 month macrophages

• 52 week old SIS with IFN-y/LPS exposure causes increased iNOS in 18 

month macrophages and decreased MHC-II in 2 month macrophages

• 12 week old SIS causes enhanced nitric oxide production with IFN-y/LPS 

exposure

• 12 week old SIS causes increased arginase immunoexpression with IL-4 

exposure
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Figure 1. 
Confirmation of decellularization using hematoxylin & eosin (A) and DAPI (B) staining, as 

well as DNA agarose gel electrophoresis between native (N) and decell (D) samples (C) and 

DNA quantification (D). *p<0.05
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Figure 2. 
Compositional analysis of ECM scaffolds from different source animal ages for 

hydroxyproline (A) and sulfated glycosaminoglycan (B) content. Growth factor content 

assessed by ELISA for basic fibroblast growth factor (bFGF) (C), hepatocyte growth factor 

(HGF) (D), and heparin-binding EGF-like growth factor (HB-EGF) (E). *P<0.05, **p<0.01, 

***p<0.001, ****p<0.0001
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Figure 3. 
Mean intensity of indirect immunofluorescent antibody staining of macrophages treated with 

ECM degradation products for F4/80 (A), iNOS (B), Arginase-1 (C), Fizz1 (D), CCR2 (E), 

and CX3CR1 (F). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Figure 4. 
Mean intensity of indirect immunofluorescent antibody staining of macrophages treated with 

ECM degradation productions for 24 hours followed by 24 hours of M1 or M2 stimulus for 

iNOS (A), Arginase-1 (B), Fizz1 (C), CCR2 (D), CX3CR1 (E), and MHC-II (F). *p<0.05, 

**p<0.01, ***p<0.001, ****P<0.0001.
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Figure 5. 
Heat map of Taqman gene expression analysis on bone marrow macrophages compared to 

M0 GAPDH. Gene expression analysis performed on 2 month (Young) and 18 month (Old) 

macrophages. Color for heat map normalized to highest values within all samples for a gene 

target and color based on a logarithmic scale for fold expression change values. Green 

indicates increased fold expression change and red indicates reduced fold expression change.
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Figure 6. 
Taqman gene expression analysis on young (2 month) bone marrow macrophages compared 

to M0 GAPDH. Color for heat map normalized to highest values within all samples for a 

gene target and color based on a logarithmic scale for fold expression change values. Green 

indicates increased fold expression change and red indicates reduced fold expression change.
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Figure 7. 
(A) Nitrite production from macrophages exposed to different source animal age SIS. (B) 

Mean intensity of macrophages exposed to FITC-labeled E. Coli particles for phagocytic 

analysis.
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