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Abstract

The outcome of tissue engineered organ transplants depends on the capacity of the biomaterial to 

promote a pro-healing response once implanted in vivo. Multiple studies, including ours, have 

demonstrated the possibility of using the extracellular matrix (ECM) of animal organs as platform 

for tissue engineering and more recently, discarded human organs have also been proposed as 

scaffold source. In contrast to artificial biomaterials, natural ECM has the advantage of undergoing 

continuous remodeling which allows adaptation to diverse conditions. It is known that natural 

matrices present diverse immune properties when compared to artificial biomaterials. However, 

how these properties compare between diseased and healthy ECM and artificial scaffolds has not 

yet been defined.

To answer this question, we used decellularized renal ECM derived from WT mice and from mice 

affected by Alport Syndrome at different time-points of disease progression as a model of renal 

failure with extensive fibrosis. We characterized the morphology and composition of these ECMs 

and compared their in vitro effects on macrophage activation with that of synthetic scaffolds 

commonly used in the clinic (collagen type I and poly-L-(lactic) acid, PLLA).

We showed that ECM derived from Alport kidneys differed in fibrous protein deposition and 

cytokine content when compared to ECM derived from WT kidneys. Yet, both WT and Alport 

renal ECM induced macrophage differentiation mainly towards a reparative (M2) phenotype, 

while artificial biomaterials towards an inflammatory (M1) phenotype. Anti-inflammatory 

properties of natural ECMs were lost when homogenized, hence three-dimensional structure of 
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ECM seems crucial for generating an anti-inflammatory response. Together, these data support the 

notion that natural ECM, even if derived from diseased kidneys promote a M2 protolerogenic 

macrophage polarization, thus providing novel insights on the applicability of ECM obtained from 

discarded organs as ideal scaffold for tissue engineering.
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INTRODUCTION

Chronic kidney disease (CKD) has reached pandemic levels in the last decade [1]. 

Unfortunately, etiology and pathophysiology are unclear and treatment is often inadequate. 

Ideally, patients with CKD should receive therapies aimed at counteracting disease causes, 

as well as at enhancing endogenous repair mechanisms. However once patients reach end 

stage renal disease (ESRD) kidney transplantation is the optimal treatment option, but this 

opportunity is limited by an inadequate supply of transplantable grafts and by chronic 

toxicity of lifelong immunosuppression [2]. Therefore, many patients remain on dialysis 

instead of benefiting from a renal transplant, while the mortality rate of patients on the 

waiting list is progressively increasing [3].

Ex vivo organ/tissue bio-fabrication has been proposed as a strategy to increase the 

transplantable organ pool. So far, translation of tissue engineering technologies to clinical 

nephrology has been hampered – among other factors – by the lack of scaffolds capable of 

mimicking morphological and physiological characteristics of the kidney extracellular 

matrix (ECM) and securing a pro-healing response after transplantation [4].

In the past decade, acellular ECM scaffolds obtained from animal or human kidneys by 

decellularization have offered a valuable platform for kidney tissue engineering. The 

rationale for using natural scaffolds lies on the evidence that the ECM defines the physical 

and chemical interactions that control cellular physiology and fate and provides mechanical 

and structural support to cells and tissues [5]. While initial experiments focused on the 

rodent [4, 6–8], porcine [9,10]; and non-human primate ECMs [11–12], we proposed the use 

of human discarded kidneys as a source of acellular ECM scaffolds [4,13].

The ECM of human kidneys seems to be an extremely useful biomaterial for tissue 

engineering specifically because they maintain the framework of the innate vasculature 

intact, which is critical for implantation in vivo. Preliminary investigations have shown that 

such ECM can be successfully and consistently produced from discarded kidneys [4,13] that 

are devoid of immunogenic cell membrane proteins but retain their complex architecture, 

gross molecular composition and numerous growth factors (GFs) [14], which in turn provide 

a bioactive environment for stem cells cellular activity [15].

Shortly after implantation, scaffolds are infiltrated by immune cells that can modulate the 

inflammatory response via paracrine and autocrine signaling.
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Among them, macrophages are shown to be actively involved in the initial immune response 

[16–18]. In particular, the delicate balance between their pro-inflammatory (M1) and 

reparative (M2) phenotype is key for the fate of the graft and functional regeneration in vivo 

[16–18].

In this work, we first studied structure and composition of kidney matrices derived from WT 

mice and from mice affected by Alport Syndrome, where a mutation in the collagen IVα5 

gene causes an altered matrix deposition within the glomerulus with consequent renal 

fibrosis, chronic inflammation and kidney failure [19]. We investigated macrophage 

response induced by the healthy and diseased ECMs and compared with that obtained from 

artificial scaffolds of either collagen type 1 or poly-L-lactic acid (PLLA).

Overall, our data show that scaffolds derived from both healthy and diseased kidneys 

attenuate the pro-inflammatory macrophage phenotype when compared to synthetic 

material, providing the rationale for testing the use of scaffolds from discarded human 

donors as a preferred platform for tissue engineering.

RESULTS

Characterization of the mrECM in WT and Alport mice

Mice with Alport Syndrome used for these experiments start developing proteinuria, renal 

function impairment and renal fibrosis around 4 months of age and die on average at 7-8 

months of age due to end stage renal diseases [Supplementary Fig. 1]. Therefore, we used 

ECM from Alport mice and WT controls taken at 5 and 7 months of age to recapitulate the 

abnormalities observed in advanced and terminal phases of renal failure.

Perfusion with Triton X-100 and multiple washes successfully decellularized 5 and 7 months 

Alport and WT murine kidneys. At gross observation, decellularized WT kidneys appeared 

translucent with evident vasculature outlines while Alport kidneys appeared smaller in size 

and opaque (Fig. 1A). H&E, PAS and Masson Trichrome staining of the WT mrECM 

showed maintenance of renal morphology such as glomeruli, vasculature and renal tubules 

during the time of analysis (Fig. 1B,D; Supplementary Fig. 2). On the contrary, Alport 

mrECM (starting at 5 months) showed variation in deposition of matrix (Supplementary Fig. 

2B,F) and by 7 months demonstrated disorganized and fibrotic glomeruli with dense fibrotic 

depositions as shown by PAS and Masson Trichrome staining (Fig. 1C,E; Supplementary 

Figure 2D,H). The presence of fibrous proteins like collagen I, collagen IVα½ and 

fibronectin, is highly elevated in Alport mrECM compared to WT with predominant 

localization in the glomeruli (Fig. 2A–L; Supplementary Fig. 2I–J); indeed these mice 

present high glomerulosclerosis, interstitial fibrosis and macrophages infiltration as 

previously published [20]. Further analysis of ultra-thin epoxy resin by transmission electron 

microscopy (TEM) showed that the basement membranes (including the glomerular one) are 

highly modified in Alport mrECM compared to WT mrECM at 7 months of age (Fig. 3A–

B).
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Cytokines analysis in WT and Alport mrECM

To analyze cytokine expression of WT and Alport mrECM, we performed a cytokine array 

analysis (Fig. 3C–D, Supplementary Fig. 3). Both matrices presented cytokines that are 

involved in both pro- and anti-inflammatory processes. By and large, Alport mrECM 

expressed higher levels of cytokines, with Reg3G, resistin, TIM-1/KIM-1 and DPPIV/CD26 

being significantly different compared to the WT mrECM.

Macrophage survival and proliferation on WT and Alport mrECM and effect of 3D-structure 
of mrECM on macrophage differentiation

We compared the adherence, survival and proliferation of macrophages on WT and Alport 

mrECM. At 5 days after seeding, macrophages were present on both mrECMs and localized 

in various compartments including tubules, interstitial space, glomeruli and vasculature (Fig. 

4A–B). Intriguingly, the number of macrophages augmented from day 1 to day 5 in response 

to both mrECM, (Fig. 4C, Supplementary Fig. 4). Statistically significant number of 

macrophages adhered onto Alport mrECM after 5 days compared to 24hrs Alport mrECM, 

while no significant difference was observed between the number of cells on WT vs Alport 

mrECM after 5 days of seeding (Fig. 4C). Interestingly, macrophages seeded on both 

matrices presented high cellular turnover as indicated by increased staining for proliferative 

and apoptotic markers PCNA and BAX after 5 days compared to 24hrs after seeding 

(Supplementary Fig. 4).

To test the effect of 3D-structure of ECM on macrophage differentiation, we started by 

studying the expression profile of genes characteristic of M1/M2 in cells exposed to WT or 

Alport ECM, TCP, TCP plus INF-γ/LPS, collagen type 1 or PLLA for 48hrs. Compared to 

control macrophages seeded on TCP, macrophages seeded on mrECM or mrECM for 48hrs 

had lower expression of CD80 mRNA while CD80 in both collagen type 1 and PLLA did 

not decrease . Although the expression of mRNA for NOS2 was higher in macrophages 

seeded on both matrices compared to TCP, the mRNA level of NOS2 in macrophages seeded 

with mrECM was similar to that stimulated with INF-γ/LPS and significantly higher than 

macrophages seeded on mrECM (Fig. 4D). Macrophages cultured on TCP with INF-γ/LPS 

had significant higher levels of NOS2 mRNA (p<0.005) compared to that seeded on mrECM 

or collagen type 1 and PLLA. No significant differences were noted between macrophages 

seeded on Alport or WT mrECM.

Next we investigated if release of cytokines and growth factors embedded in the mrECM 

after homogenization impacts macrophage phenotype regardless of the 3D-structure of 

ECM. Homogenized Alport and WT mrECM had lower expression of CD86 mRNA but 

overall produced similar polarization effect to that stimulated by INF-γ/LPS and 

significantly different from that of macrophages exposed to non-homogenized ECM (Fig. 

4D). Interestingly, both collagen type 1 and PLLA caused a decrease in CD150 mRNA 

expression compared to natural matrices. Overall, these data support that both healthy and 

diseased mrECM promote M2 phenotype differentiation, but only when ECM structure is 

intact.
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Phenotypic profile of macrophages after exposure to mrECM or synthetic biomaterial

To evaluate the immune properties of mrECM (WT or Alport) or artificial biomaterials 

(collagen type 1 or PLLA) on macrophage differentiation, we evaluated their M1 (CD80 and 

CD86) and M2 (CD150 and IL10R1) marker expression, in addition to CD64, by flow 

cytometry at 48hrs and 72hrs after seeding (Fig. 5 and Supplementary Fig. 5–7). We used 

macrophages seeded on tissue culture plates (TCP) with no stimulation and macrophages 

stimulated with INF-γ/LPS as negative and positive control, respectively. Macrophage 

phenotype after 48 or 72hrs seeding on synthetic material did not differ from that of cells 

seeded on TCP. In contrast, mrECM (both WT and Alport) induced a loss of CD80 (M1 

marker) compared to unstimulated cells at 48hrs, which was more pronounced after 72hrs 

and was significantly lower compared to artificial biomaterials (Fig. 5E). Macrophages 

seeded on WT mrECM also had a significant increase in expression of M2 marker, CD150 

(Fig. 5F), compared to unstimulated cells and cells seeded on collagen type 1 after 72 hrs. 

Expression of IL-10R1 and CD64 did not change across different seeding conditions (Fig. 

5A–D and Fig. 5G). Altogether, these data provide evidences that macrophages seeded on 

either Alport or WT mrECM undergo a shift towards a M2 phenotype, as supported by 

reduced expression of M1 marker CD80 and increased expression of M2 marker CD150.

DISCUSSION

Acellular ECM scaffolds represent a valuable platform for the bioengineering of 

transplantable organs, including the kidney [10, 21–22]. We have previously demonstrated 

that human renal ECM scaffolds maintain the structural complexities and biochemistry 

similarly to kidneys before decellularization [13–15]. The innate ECM is very dynamic and 

unique in physical, biochemical and biomechanical properties; it is extensively remodeled 

during the entire life of the organism and plays a critical role in maintenance of tissue 

homeostasis [23–24]. In the present report we showed that, compared to synthetic material, 

ECM derived from both normal and diseased kidneys have anti-inflammatory effects that 

could be important for optimization of scaffold engraftment.

Any implantable biomaterial, including the ECM, has the capability of stimulating 

macrophage recruitment, activation and maturation [25]. Therefore macrophage biological 

activity is crucial in directing implant success. Macrophages present two major “activation” 

states [26–27]; classically activated M1 macrophages (expressing CD80, CD86, NOS2, 

CCL2) tend to elicit chronic inflammation and tissue injury whereas the alternatively 

activated macrophages M2 (CD150, IL10R1) tend to resolve inflammation and facilitate 

wound healing [28–29]. Even if this classification in M1 or M2 phenotype is without any 

doubts a simplification of the in vivo reality and different subclasses for M2 or M1 

phenotypes do exist and present different roles during repair and regeneration [30], the use 

of M1 and M2 is widely accepted as general distinction between macrophages with pro or 

anti healing capability.

Macrophages are responsible for inflammation resolution by production of high levels of 

matrix remodeling factors (MMPs, TIMPs) and are potent mediators of the immune-system 

activity through secretion of chemoattractants (such as IL-6, MCP-1, MIP-1b) to attract and 

recruit other inflammatory cells [31–32]. In general, during immune response there is 
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activation of all macrophage subtypes, initially driven by classically activated macrophages, 

which later subsides to alternatively activated (regulatory and wound-healing) macrophages 

for resolution [28, 33–35]. Improper activation of macrophage subtypes may lead to 

impaired wound healing with formation of excessive fibrosis and biomaterial encapsulation, 

thus causing rejection of the implant [16]. Therefore, the interplay of macrophage subtypes 

in a specific sequential temporal order is crucial for successful biomaterial implantation 

[30].

Previous studies showed that ECM obtained from healthy organs promote a M2 phenotype 

differentiation, while synthetic materials promote a M1 differentiation [36–38]. 

Interestingly, synthetic materials such as poly-propylene surgical meshes coated with ECM 

also show a reduced pro-inflammatory M1 response [37–38] since the coating alleviates the 

chronic inflammatory response and scar tissue formation characteristic of polypropylene 

[39].

In clinical setting, however, the human ECM that would be used for tissue engineering will 

be obtained from organs non suitable for transplantation. Therefore, it is of crucial 

importance to understand whether the same protolerogenic properties previously observed 

for healthy ECM extend to diseased ECMs. To this end, we used an established mouse 

model of chronic kidney disease (Alport Syndrome) with well-defined fibrosis and chronic 

inflammation to determine whether ECM derived from these kidneys would elicit different 

macrophage reactions compared to healthy ECM and synthetic scaffolds.

We first documented differences in structure and matrix composition between healthy and 

diseased ECMs. Thereafter, we compared cytokine and growth factor composition between 

healthy and diseased ECMs. Both the Alport and WT renal ECM expressed important 

pleotropic cytokines involved in tissue homeostasis and inflammation, including amongst 

others, chemokine (C-C motif) ligands (CCL3, CCL5, CCL6, CCL12) involved in the 

recruitment of immune cells [40], pro-/anti-angiogenic agents (VEGF, PDGF-BB, 

endostatin) [41], proinflammatory (IL1α, CD40, IL7) and anti-inflammatory molecules 

(IL4, IL10) [42,43], and mediators of matrix remodeling agents (MMP-2) [44]. In addition, 

both ECMs contained macrophage growth factors with anti-inflammatory and pro-

inflammatory effects (G-CSF, GM-CSF) [45,46,].

Though most analyzed cytokines trended higher in Alport ECM, only Resistin, TIM-1/

KIM-1, DPPIV/CD26, and Reg3G (regenerating islet-derived protein 3 gamma) reached 

statistical significance. Resistin, KIM-1 and DPPIV/CD26 have been associated with 

proinflammatory functions and are reported to be increased in chronic kidney diseases [47–

50]. Resistin is secreted mainly by adipose tissue and increases both the expression of 

ICAM-1 and VCAM-1 by endothelial cells and monocyte adhesion to endothelial cells via 

p38MAPK-dependent pathways [48]. TIM-1/KIM-1 is a type 1 transmembrane protein, 

associated with increased macrophage production of nitric oxide, pro-inflammatory 

cytokines like TNF-α and IL-6 along and anti-inflammatory cytokines like IL-10 [49]. 

DPPIV/CD26 is a co-stimulatory molecule as well as a protease highly expressed on T cells. 

It functions as a T cell activating molecule and its soluble form may originate from 

endothelial or epithelial cells and from circulating leukocytes [50–51].
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In contrast to the previous molecules, Reg3G has protolerogenic effects. Addition of Reg3G 

to prestimulated RAW 264.7 or primary macrophages has been shown to enhance M2 

polarization through the activation of STAT3 signaling pathway [52] . Reg3G is also 

implicated in angiogenesis and prevention of cell apoptosis, both significant functions for 

tissue engineering.

Importantly, despite the different expression of cytokines and growth factors with mixed 

immune function between healthy and diseased mrECM, no variation was observed in their 

capacity to promote M2 macrophage polarization compared to synthetic matrices. Of note, 

both healthy and diseased ECMs promoted macrophage proliferation and expansion, which 

could be of major importance in controlling the immune response in vivo.

We also tested the importance of 3D-structure of ECMs on macrophage polarization by 

exposing cells to intact versus homogenized ECMs. The expression of mRNA for markers 

typical of M1 polarization (NOS2) in macrophages that were exposed to homogenized 

mrECM, was significantly different from that obtained with non-homogenized ECMs and 

similar to the one of cells exposed to INF-γ/LPS. These data strongly indicate that 

maintenance of the 3D-structure of the ECM (or the reduced access to embedded cytokines 

which would be favored by homogenization) is vital for reduced macrophage activation in 

both, diseased and healthy ECM. When this 3D-structure is lost, M1 polarization is favored 

instead thus further indicating the importance and the use of structurally preserved ECMs for 

in vivo transplantation.

The difference in macrophages response between homogenized and intact ECM could also 

depend on the type of organ from which the ECM is derived [53]. Meng et al. have shown 

that diverse tissue sources promote different macrophage responses [54]. For example, 

solubilized bladder ECM that contains hyaluronic acid (HA), unlike brain ECM, suppresses 

the traditional pro-inflammatory response and promotes an M2 phenotype [54]. Even if 

kidney ECM, similarly to bladder ECM, contains an even distribution of HA within the 

cortex and medulla [55], when homogenized, it promotes a M1 macrophage response 

comparable to that observed after stimulation with INF-γ/LPS. Therefore, we speculate that 

within the renal ECM there might exist a diverse organization (and composition) of 

basement membranes that, when disturbed, can promote a stronger M1 response.

In the US, more than 2,600 kidneys initially procured for transplant purposes are discarded 

every year due to severe biopsy-proven damage, anatomical anomalies or prolonged 

ischemia time [13, 56]. Our data support the idea that these organs may become a valuable 

source of ECM scaffolds for organ bioengineering. Of note, the present experiments proved 

the concept that although differences in fibrous protein deposition or cytokine expression 

between healthy and diseased kidneys exist, these variations do not account for prompting a 

positive M2 phenotype when macrophages are seeded on a healthy ECM.

Interestingly, our data confirm that ECM scaffolds are remarkably bioactive. In fact, we have 

previously shown that ECM scaffolds obtained from human kidneys [13] and pancreas [57] 

do trigger a strong angiogenic response when seeded within the corion allantoic membrane. 

Petrosyan et al. Page 7

Matrix Biol. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Moreover, we have observed that pancreas ECM promotes conversion of naïve CD4+ T cells 

into Treg [57].

Our studies are limited by their in vitro nature and will need in vivo validation to understand 

the complexity of the host response to transplantable biomaterials. Herein, we utilized a 

genetic chronic kidney disease model, and it is difficult to assess if the same results apply to 

other diseased kidney models. Nevertheless, these results support the notion that discarded 

kidneys may serve as viable biomaterial capable of promoting a pro-healing immune 

response. Additionally, the use of ECM derived from diseased organs has the potential to be 

generalized beyond our current application to the kidney, since our findings can ultimately 

be applied to other organ systems, like for example the pancreas, lung and heart [58–59], so 

establishing new models for the treatment of organ failure by advancing the field of tissue 

engineering and scaffold fabrication.

MATERIALS AND METHODS

Kidney Decellularization

All animal studies were performed in adherence to the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals and according to the protocols and guidelines of 

the Institutional Animal Care and Use Committee at Children’s Hospital Los Angeles.

C57BL/6J WT and Alport mice (B6.Cg-Col4α5tm1Yseg/J, stock #006283) were purchased 

from Jackson Laboratory. Renal ECM was obtained from: 1. WT at 5 (n=23) and 7 (n=23) 

months of age and 2. Alport mice at 5 (n=23) and 7 (n=23) month. Decellularized kidneys 

were used for the following experiments: 1. Histology, homogenization, TEM analysis [WT 

(n=10) and Alport (n=10)], 2. RNA analysis [WT (n=4) and Alport (n=4)] 3. Cytokines 

[ WT (n=3) and Alport (n=3)] , 4. Flow cytometry analyses [WT (n=6) and Alport (n=6)].

To obtain kidneys, mice were anesthetized with ketamine–xylazine solution and perfused 

with PBS (Gibco/Invitrogen) through the left ventricle followed by 3% Triton X-100 

(Sigma-Aldrich). After removal, the kidneys were incubated in 3% Triton X-100 (Sigma-

Aldrich) at 4°C for 5 days and than placed in agitation for 14 days with continuous solution 

changes and 3 washes in DI water biweekly. Specimens were then incubated in 4% sodium 

deoxycholate (Sigma-Aldrich), and kept in agitation for 5 hrs followed by rinses. Thereafter, 

they were placed in sterile filtered 1 M NaCl (Sigma-Aldrich) with sterile 30 mg/mL porcine 

pancreatic DNase (Sigma-Aldrich, for 4 hrs at room temperature and rinsed. Following the 

final rinse, specimens were sterilized with 100 μg/ml Primocin (Invivo Gene) for 30 min in 

agitation followed by 2 hrs of washing with PBS. DAPI and H&E staining were used to 

confirm the absence of cellular and nuclear material.

Macrophage isolation and seeding on mrECM and synthetic biomaterials

Macrophages were isolated from C57BL/6J mice (n=25) as previously described [60]. 

Briefly, 1 mL of a 4% sterile thioglycollate solution (Brewer thioglycollate medium, 

DIFCO) was injected intra-peritoneally under isoflurane and mice were sacrificed with CO2 

administration after 4 days. After harvesting, macrophage were further purified using the 

magnetic activated cell sorting (Monocyte Isolation Kit (BM) Miltenyi Biotech) according to 
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the manufacturer’s instructions (purity >95%) and cultured in 94.8% complete RPMI, 5% 

heat inactivated FBS, (Gibco/BRL) and 0.02% Primocin (InvivoGen). Decellularized WT 

and Alport mrECM were cross sectioned to a thickness of 300 μm using a vibratome and 

approximately 1×106 macrophages were cultured in RPMI1640 Medium and 5% FBS in a 

24 well tissue culture plate for the in vitro cultures.

48hr and 72hr cell cultures (in triplicate) were established for the following groups: 1. Non-

activated macrophages, 2. INF-γ/LPS (150 U/ml Cellsciences, and 30 ng/ml, Sigma-

Aldrich)-activated macrophages, 3. Non-activated macrophages plus 7 months WT mrECM, 

4. Non-activated macrophages plus 7 months Alport mrECM, 5. Non-activated macrophages 

on collagen type I (rat tails, Corning in 0.02N acetic acid) coated plates, 6. Non-activated 

macrophages plus 1cm3 poly-L-lactic acid (PLLA, Biofelt; 83.5%. porosity 12.1uM mean 

size, provided by Dr Orlando, Wake Forest University) biomaterial. Whole WT and Alport 

mrECM were mechanically homogenized using a VWR® 200 homogenizer in 500 μl of 

media and frozen. After freezing samples were thawed and centrifuged at 300g for 10 min 

and used for in vitro experiments. Cells were primed with INF-γ for 12 hours prior to 

administration of LPS.

RNA isolation and Real-Time PCR

RNA was extracted from experimental groups using the Qiagen RNeasy kit (Qiagen) and 

following the manufacturer’s instructions.

Quantitative real-time PCR for NOS2, CCL2, CD80, CD86, CD150 was carried out using a 

Roche Light Cycler 480. Real-time PCR conditions were as follows: 90°C for 10 minutes, 

60°C for 10 seconds, and 72°C for 1 second with the analysis of the fluorescent emission at 

72°C. Thirty-five cycles were performed for each experiment. qRT-PCR

RT2 First Strand Kit [SABiosciences] was used to convert mRNA to cDNA. This cDNA was 

then added to the SA biosciences RT2 SYBR Green qPCR Master Mix. Each sample was 

used to perform quantitative gene expression analysis on specific genes (Supplementary 

Table 1) All steps were done according to the manufacturer’s protocol for the Roche Light 

Cycler 480. CP scores where collected and fold changes where calculated.

Paraffin embedding and staining

Samples were fixed with 10% formalin (Azer Scientific) in PBS and then dehydrated 

through alcohol gradients. Tissues were cleared through 2 changes of toluene (Sigma-

Aldrich) 30 min each and immersed in paraffin/toluene followed by two changes of 100% 

paraffin for one hour each and 100% paraffin O/N. Finally, samples were submerged in wax 

and embedded in a paraffin block stored in 4°C and further sectioned. 5 μm thick sections of 

mrECM (Rotary Microtome-Leica, Rotary Microtome RM2235) were deparaffinized and 

rehydrated in alcoholic gradients for histology.

Immunohistochemistry and Immunofluorescence

Haematoxylin and eosin (Sigma-Aldrich) staining was performed by 90 seconds of 

incubation in haematoxylin followed by 30 seconds of incubation in eosin. Trichrome 

Masson staining samples were fixed with Bouin’s solution (Sigma-Aldrich) for 15 min at 
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56°C followed by Wiegerts iron haematoxylin (Sigma-Aldrich) for 5 min, then a trichrome 

kit (Sigma-Aldrich) and finally incubated with 1% acetic acid for 2 min. A bright field 

microscope was used to take 10x & 20x images. Periodic Acid-Schiff reagent (Sigma-

Aldrich) was used to preform PAS staining following standard protocols.

Immunofluorescence analyses of cell count were visualized with DAPI (Vector Laboratories 

Burlingame). Minimum of 60 10x bright field microscopic images (Leica DM5500 B 

Microscope System) per experimental group were counted for positive expression of DAPI. 

ImageJ software determined cell count. Immunofluorescence analysis was conducted by 1hr 

incubation with primary antibodies collagen IVα1/α2, collagen I, fibronectin, PCNA and 

Bcl-associated X protein (Bax), followed by a 30 min incubation with secondary anti-mouse 

or anti-rabbit Alexa Fluor 555 (Life Technologies Grand Island, NY, 1:500) See 

Supplementary Table 2 for antibody dilution. DAPI mounting (Vector Laboratories) was 

used to visualize samples with a Leica DM5500 B Microscope System.

Evaluation of albumin and creatinine in WT and Alport mice

Urine samples from WT mice (n=5) and Alport mice (n=8) were collected overnight from 

single mice housed in metabolic cages (Hatteras Instruments, #CCS2000). Urine samples 

were collected at different time points during disease progression (2, 4 and 6 months of age). 

Blood samples (30 μL) from all experimental groups were collected into plasma separation 

tubes with lithium heparin. The urine albumin-to-creatinine ratio was determined using an 

ELISA for albuminuria (Mouse Albumin ELISA kit, # E-90AL Immunology Consultants 

Laboratory ) and quantitative colorimetric assay kit for urine and serum creatinine 

(QuantiChrom Creatinine Assay kit, #DICT-500 Bioassay Systems) was performed 

following manufacturers’ protocols.

Flow cytometry analysis

The expression of CD80, CD86, CD64, CD150 and IL 10R1 markers was analyzed by flow 

cytometry (Table 2). Flow cytometry analysis was performed in quadruplicate for all 

experimental groups at 48 hrs and 72 hrs, along with macrophages unstimulated or primed 

with INF-γ and activated with LPS). Data acquisition and analysis of all samples by flow 

cytometry were performed with BD FACSDiva 5.0.1 flow cytometry system and BD 

FACSDiva5.1.3 software.

Extracellular matrix cytokine analysis

mrECM from whole 3 WT kidneys and 3 Alport kidneys at 7 months were used to evaluate 

cytokine retention and experiments were performed according to manufacturer protocols. 

Samples were homogenized in 500 μl of PBS with protease inhibitors and stored at (−80°C). 

To perform cytokine measurements, samples were thawed and centrifuged for 5 min at 

10,000g. Supernatants were then collected and assayed immediately. Protein expression 

profiles were obtained using a Mouse XL Cytokine Array Kit, a membrane-based sandwich 

immunoassay that measures 111 mouse cytokines and growth factors simultaneously, 

following manufacturer protocols. Briefly, samples were incubated overnight with the 

nitrocellulose membranes after a blocking step, washed to remove nonspecific proteins, and 

biotin-labeled detection antibodies were added. The cytokine-antibody-biotin complexes 
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were visualized using chemiluminescent detection reagents. Average chemiluminescent 

intensity was obtained by measuring pixel density.

Transmission electron microscopy

mrECM from 7-month old WT (n=3) and Alport (n=3) animals were fixed with 2% 

glutaraldehyde (Sigma-Aldrich) in sodium phosphate buffer. Samples were then placed in 

1% osmium tetroxide (Sigma-Aldrich) for 1 hour and dehydrated in 50%, 70%, 90%, 95%, 

100%, ethanol and propylene oxide (Sigma-Aldrich) for 10 min each. Samples were then 

infused with an epoxy resin mixture (Eponate 12 resin) (TED PELLA Inc.). Ultra-thin 

sections were collected on copper grids (Electron Microscopy Science. Hatfield), and 

sections were stained using 10% uranyl acetate (Electron Microscopy Science) in 50% 

methanol (Thermo Fisher Scientific) and a modified Sato lead stain (Pathology Laboratory, 

Children’s Hospital Los Angeles,). A Morgagni 268 electron microscope (FEI) was used for 

picture acquisition with the assistance of the Pathology Laboratory, Children’s Hospital Los 

Angeles.

Statistics

All in vitro experiments were performed in triplicate at the minimum for all the experimental 

groups. Results are presented as mean ± SEM. Statistical differences between groups was 

assessed using a student T-test, One-Way Anova and Two-Way Anova using PRISM 7 

software. Tukey’s multiple comparison tests were used for flow cytometer, cell count and 

RNA multiple comparisons. Sidak’s multiple comparison tests were used for mouse XL 

cytokine array multiple comparisons. A p value lower than or equal to 0.05 was considered 

significant and expressed as * for p<0.05 , ** for p<0.005, *** for p<0.001 and **** for 

p<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Histological characterization of mrECM from WT and Alport mice
A. Representative images of WT and Alport kidneys at 5 and 7 months of age. Alport 

kidneys appear smaller in size and opaque while WT kidneys appear translucent 

(measurement in cm). B-E. Representative bight field images of H&E (B-D) and PAS 

staining (C-E) of WT mrECM at 7 months (B,D) and Alport mrECM at 7 months (C,E) 
showing differences in matrix deposition between later stage disease and WT matrices. 

Alport matrix showed disorganization of the glomerular structure (arrows) and vessels. 

Magnification 20x.
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Figure 2: Immune-fluorescent staining for collagen I, collagen IVα1/α2 and fibronectin of 
mrECM from WT and Alport mice
Representative immune-fluorescence images for collagen I (A-D), collagen IV α1/α2 (E-
H), and fibronectin (I-L) staining of WT mrECM at 5 months (A,E,I) and 7 months 

(C,G,K) and Alport mrECM at 5 months (B,F,J) and 7 months (D,H,L) of age. Full 

decellularization of mrECM from both WT and Alport mice is proved by the absence of 

DAPI signal. Glomeruli of Alport mrECM present strong expression of collagen I (D, arrow) 

and collagen IVα1/α2 (H, arrow) and fibronectin (L, arrow) which is very evident at 7 

months of age. Magnification: 10x, nuclei stained in DAPI, blue.
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Figure 3: Transmission electron microscopy evaluation and cytokine expression analysis of WT 
and Alport mrECM at 7 months of age.
A-B. Representative electron transmission microscopy images of WT mrECM at 7 months 

(A) and Alport mrECM at 7 months (B) showing ultrastructural differences in membrane 

deposition between WT and Alport (arrow) and severe thinning and splitting of glomerular 

basement membrane (B, arrow) in Alport mrECM. Scale bar is reported in A and B.
C-D. Mouse cytokine array analysis confirming the presence of numerous cytokines within 

WT and Alport mrECM at 7 months of age upon homogenization. Only 4 out of 111 
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cytokines (CD26, REG3G, resistin and KIM1) showed to be statistically significantly 

different between WT and Alport samples, with Alport showing higher expression for each 

of them (*p<0.05, **p<0.005, ***p<0.001, ****p< 0.0001).
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Figure 4: Macrophage interaction with WT and Alport mrECM
A-B. Representative immune fluorescence images of DAPI staining of macrophages (arrow) 

seeded onto 7 months mrECM derived from WT (A) and Alport (B) after for 5 days of 

seeding. C. Graph representing counting of number of macrophages adhering to WT and 

Alport mrECM at 24hrs and 5 days after seeding. A statistically significant increase in 

macrophages adhesion (quantitative expression) is observed from 24hrs to 5days in Alport 

but not in WT mrECM. Minimum of 60 images at 10x bright field microscopic per 

experimental group were counted for positive expression of DAPI (**p<0.005, 

****p<0.0001). D) Graphs representing fold differences in mRNA expression of CD80, 

NOS2, CD86, CCL2, CD150 derived from macrophages stimulated with INF-γ/LPS (black 

column), seeded on homogenized mrECM from both WT and Alport mice and on mrECM 

from both WT and Alport mice or seeded on PLLA or collagen type I after 48hrs normalized 

to basal expression of non-stimulated TCP (represented by the red dotted line).
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Figure 5: Phenotypical analysis of macrophages seeded on mrECM (WT and Alport) or 
synthetic biomaterial.
A-B. Graphs representing the percentage of cells positive for CD80, CD64, CD86, CD150 

and IL10R1 cultured and seeded in different conditions (non stimulated-TCP, INF-γ/LPS 

stimulated, WT mrECM, Alport mrECM, collagen I and PLLA) after 48hrs (A) and 72hrs 

(B). C-D. Table reporting n percentage of macrophages expressing M1/M2 markers for all 

samples analyzed at 48hrs (A) and 72hrs (B). All values are presented as mean ± SEM. E-G. 
Tables summarizing statistical significant differences for results represented in A-D between 

the different groups at 48hrs (light red cells) and 72 hrs (light blue cells) for CD80, CD150 

and CD86. No significance was evident for CD64 and IL-10R1 between the experimental 

groups , *p-value <0.05; **p-value <0.01; *** p-value <0.001.
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