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ABSTRACT
Background: In the attempt to develop a clinically relevant platform for kidney bioengineering, we have previously demonstrated that
human renal extracellular matrix scaffolds
(hrECM) can be successfully and consistently
produced from discarded kidneys. The hrECM
are shown to maintain intricate architecture of
macromolecules and vasculature. One of the
main roadblocks in the bioengineering of transplantable kidneys is the incomplete understanding of how the extracellular matrix influences
cellular behavior and response.
Materials and Method: In the present study, we
established a 3D in vitro model useful to investigate the interactions between stem cells and the
extracellular matrix. Human amniotic fluid stem
cells (hAFSC) were seeded on multiple samples
of hrECM and cultured for up to 6 weeks. Histological examination of seeded scaffolds, analysis of secretomes, cell viability assessments, and
PCR were carried out at different time points.
Results: We observed that hAFSC attach and
proliferate when seeded on the matrix. hAFSC
synthesize and secrete various chemokines and
growth factors involved in angiogenesis (VEGF,

TGF-alpha, IL-8) and inflammation, as well as
mediators of matrix remodeling (MMP-2,
TIMP-2). Ultrastructure analysis of cell-matrix
interaction identified variation in cellular morphology based on renal compartment localization. Early kidney developmental markers, PAX
and LIM1B, were expressed after 2 weeks of culture by hAFSC.
Conclusions: These results suggest that hrECM
seeded with hAFSC behave as an effective and
viable biosystem. Furthermore, this in vitro
model may be used to study cell-matrix interactions and the mechanisms of tissue regeneration
or repair occurring in the kidney.
INTRODUCTION
Despite significant advances in transplantation surgery, a limited supply of transplantable kidneys has
increased the mortality of patients on waiting lists1.
The ideal scenario in all of organ transplantation is
one involving an inexhaustible source of transplantable tissues without the need for immunosuppression2. Recently, seminal advances in organ
bioengineering and regeneration have allowed for
the production and implantation of several different
constructs including bone, cartilage, skin, the
cornea, vessels, the vagina, and segments of the urinary tracts and upper airways in more than 200 patients1. Importantly, no immunosuppression was
1
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administered at any time post-transplantation because these constructs were manufactured from autologous cells in combination with synthetic or
natural scaffolds. However, the bioengineering of
highly complex organs, such as the kidney, requires
the reconstitution of the intricate architecture of
macromolecules and vasculature necessary for
proper function and survival. Thus, the choice of
scaffold is crucial for ex vivo, in vitro fabrication.
Extracellular matrix (ECM) scaffolds obtained
from organs of human or non-human origin, recapture the complexities absent in their synthetic counterparts3,4. In fact, innate ECM produced by resident
cells present a vast array of bioactive ECM-bound
proteins which modulate cellular adhesion and communication throughout development and disease5.
Moreover, ECM scaffolds are a biochemically, geometrically, and spatially ideal platform for organ
bioengineering. Innate ECM scaffolds retain basic
structural proteins and polysaccharides, matrixbound growth factors, and cytokines6,7. Furthermore, they exhibit an intact and patent vasculature
capable of sustaining physiologic blood pressure
when implanted in vivo8. Underscoring the potential of these scaffolds, ECM is able to drive differentiation of progenitor cells into an organ-specific
phenotype9-12.
We have previously demonstrated that human
renal ECM scaffolds (hrECM) can be produced
successfully and consistently from kidneys initially procured for transplantation but eventually
discarded due to severe damage, anatomical
anomalies, or excessively long ischemia time13.
Such hrECM are completely acellular, maintain
their architecture and molecular composition, and
lack cell membrane molecules such as HLA antigens. Furthermore, hrECM possess remarkable
angiogenic properties demonstrated by their ability to induce vessel formation when implanted in
ovo (chorioallantoic membrane assay)13. We assessed the ability of hrECM to sustain cell function and survival by designing an in vitro model in
which they were seeded with human amniotic
fluid stem cells (hAFSC). We opted for hAFSC
due to their remarkable ability to modulate important molecular pathways which come into play
during kidney disease progression, in both acute
and chronic models14-16. The present study showed
that hrECM seeded with hAFSC behave as an efficient “biosystem” in which cells adhere and proliferate within the framework of the matrix.

Cellular activity evaluated via proteomic analysis
demonstrated that seeded cells have the ability to
secrete numerous cytokines, chemokines and
growth factors involved in critical pathways, like
inflammation, angiogenesis and matrix turnover
and remodeling.
MATERIALS AND METHODS

PROCUREMENT, PREPARATION AND

DECELLULARIZATION OF DISCARDED HUMAN KIDNEYS

To obtain hrECM, we used renal grafts procured
within the designated service area of our local
organ procurement organization (Carolina Donor
Services) and of the organ procurement organization in Charlotte, NC (LifeShare of the Carolinas).
In all cases, organs were refused by all local, regional, and national transplant centers. After exhaustion of the national list, kidneys from donors
with research consent were offered for research
purposes to the transplant team of Wake Forest
School of Medicine and processed at the Wake
Forest Institute for Regenerative Medicine. The
study was approved by the IRB of the Wake Forest School of Medicine and kidneys were prepared
and processed as previously described13. For the
specific purposes of the present study, we added
two steps to additional steps. First, after decellularization with SDS (USB Corporation, Cleveland,
OH, USA), 1000 mL of DNase solution (0.0025
w/w% DNase (Sigma-Aldrich, St. Louis, MO,
USA DN25) and 10 mM magnesium chloride
(Sigma-Aldrich, St. Louis, MO, USA M4880) in
1× PBS at neutral pH) was circulated through the
hrECM overnight to allow digestion of residual
DNA; thereafter, hrECM were rinsed with PBS for
5 days at a flow rate of 6 mL/min (43,320 mL
total). The so-obtained hrECM were stored in PBS.
Subsequently, hrECM were irradiated with cobalt
gamma (JL Shepherd and Associates, Inc., San
Fernando, CA, USA) at a dose between 20 to 25
kGy for 6-8 hours, depending on the scaffold size,
with a temperature of 20°C to achieve sterilization.
ISOLATION, CULTURE, AND LABELLING OF HAFSC.
Discarded samples of human amniotic fluid from
male fetuses (12-20 weeks of gestation) were provided to our laboratory at Children’s Hospital Los
Angeles by Labcorp (Monrovia, CA, USA). IRB
exemption was obtained since no written or verbal
consent was required as samples were not identified. Cells were isolated and characterized as pre-

viously described14-16. Briefly, hAFSC were positively selected for the surface marker c-kit (Santa
Cruz Biotechnology, Dallas, TX, USA) by magnetic
activated cell sorting (MACS, Miltenyi Biotech,
Auburn, CA, USA), cloned and cultured in Petri
dishes in Chang medium composed of α-MEM,
20% Fetal Bovine Serum, 1% L-Glutamine and 1%
antibiotics (pen-strep) (Gibco/BRL, Rockville, MD,
USA) supplemented with 20% Chang Medium B
and 2% Chang Medium C (Irvine Scientific, Santa
Ana, CA, USA).
The selection of c-kit positive cells from the total
population of amniotic fluid cells using the
MACS/FACS techniques is very well established in
our laboratory. C-kit positive cells are shown to be
pluripotent, they do not form teratoma in vivo, they
can be easily cloned and expanded without any genetic transformation and they present maintenance
of normal karyotype14-17. Most importantly, we have
established that these cells are able to protect organs
from damage in animal models of acute and chronic
renal and lung failure, and diabetes15-16,18-20. Therefore, in order to be consistent with our previous experiments and publications, in this Manuscript we
used the same cloned-c-kit population we have
deeply characterized as a new platform to study
stem cells – ECM interaction.
For labelling experiments, hAFSC were detached using trypsin (Life Technology, Grand Island, NY, USA), counted, and re-suspended for 5
min at 37°C in a solution of 500 µl of PBS
(Gibco/Invitrogen, Carlsbad, CA, USA) and 10 µl
of cell surface marker CM-Dil (Invitrogen, Carlsbad, CA, USA). They were then held at 4°C for 15
min before being washed twice with PBS and then
seeded on hrECM.

SEEDING OF HAFSC ON HRECM.
An approximately 1.8 cm diameter section was cut
from hrECM and then cross-sectioned to a thickness of 300 µm using a vibratome (Leica, VT1000S
Vibratome). Cross sections were reduced to approximately 1 cm² in size. These sections were
stored for up to 2 weeks in a solution of PBS with
2% pen/strep and 0.02% Primocin (InvivoGen, San
Diego, CA, USA). Prior to cell seeding, matrices
were washed in PBS for 2 hours followed by FBS
(Gibco/BRL, Rockville, MD, USA) for 2 hours at
37°C. 1x106/cm2 CM-Dill labelled hAFSC next underwent 24 hrs of static seeding at 37°C in 5% CO2
using 500 µl of Chang’s media in 25 cm² ultralow
attachment culture flasks (Corning, Inc., Tewksbury,
MA, USA). After 24 hrs, 5 ml of Chang’s media
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was added and changed every 48 hrs. In addition,
after 3 days of static seeding samples were placed
on an orbital shaker at 110 rpm, at 37°C in 5% CO2,
for the remaining time of the culture. Fifteen culture flasks each containing 6 sections were used to
collect data. Three to 7 randomly selected samples
were collected for histology on each of time point
(days 14, 28 and 35). Eighteen randomly selected
sample sections were collected for PCR on each of
days 14 and 28.

FIXATION AND HISTOLOGY
Acellular hrECM and hrECM seeded with hAFSC
were fixed in 10% formalin (Azer Scientific, Morgantown, PA, USA) for 2 hrs. After fixation, samples were dehydrated in alcohol gradients and
placed in toluene (Sigma-Aldrich, St. Louis, MO,
USA) for 30 min. Samples were kept overnight in a
50:50 toluene paraffin mixture. They were next
moved into paraffin for 2 hrs and later embedded. 5
µm thick sections (Rotary Microtome-Leica, Rotary
Microtome RM2235) were deparaffinized and rehydrated in alcoholic gradients for histology.
Haematoxylin and eosin (Sigma-Aldrich, St. Louis,
MO, USA) staining was performed by 90 seconds
of incubation in haematoxylin followed by 30 seconds of incubation in eosin. Sirius Red/Fast Green
FCF (Sigma-Aldrich, St. Louis, MO, USA) staining was performed with 1 hr of incubation in Sirius
Red solution and a 2 min wash in 0.1N hydrochloric acid (Sigma-Aldrich, St. Louis, MO, USA).
Trichrome Masson staining samples were fixed with
Bouin’s Solution (Sigma-Aldrich, St. Louis, MO,
USA) for 15 min at 56°C followed by Wiegerts iron
haematoxylin (Sigma-Aldrich, St. Louis, MO,
USA) for 5 min, then a trichrome Kit (SigmaAldrich, St. Louis, MO, USA), and finally incubated with 1% acetic acid (Sigma-Aldrich, St.
Louis, MO, USA) for 2 min. A bright field microscope was used to take 20x images. DAPI mounting
(Vector Laboratories Burlingame, CA, USA) was
used to visualize hAFSC seeded on hrECM with a
Leica DM5500 B Microscope System.

IMMUNOHISTOCHEMICAL (IHC).
IHC analysis of apoptosis and proliferation was conducted by 1-hour incubation with primary antibodies
PCNA (ABCAM, Cambridge, MA, USA 1.5:1,000)
and Bcl-associated X protein (Bax) (Santa Cruz
Biotechnology, Dallas, TX, USA 1:100), followed
by 30 minute incubation with Immune Pres Reagent
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Kit Anti-Rabbit (Vector Laboratories Burlingame,
CA, USA). Samples were visualized with Impact
DAB Kit (Vector Laboratories Burlingame, CA,
USA) followed by counter-staining with haematoxylin. A minimum of 30 20x bright field microscopic images (Leica DM 1000) per time point were
counted for positive expression of PCNA and Bax.
ImageJ software determined cell count.

PCR
RNA was extracted from hAFSC cultured on petri
dishes (control before seeding) and hAFSC seeded
on hrECM at 14 and 28 days. RNA was also extracted from un-seeded hrECM as a control. mRNA
for PCR analysis of seeded and un-seeded hrECM
at 14 and 28 days in culture was collected from represent pooled samples, n=6. All RNA extractions
were conducted using the Qiagen RNeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. PCR was performed under
40 Cycles with REDTaq® ReadyMix™ PCR Reaction Mix (Sigma-Aldrich, St. Louis, MO, USA)
using an Eppendorf AG 22331 (Eppendorf, Hamburg, Germany). Genes tested along with primer
sequences are listed in Table 1. PCR was performed
in triplicate for all experimental groups and visualized by 2% Agarose Gel (EMD Millipore. Billerica, MA, USA).
Table 1. List of human primers used in the experiments
GENE
GDNF (617bp)

Primer sequence (5’→3’)
TATGGGATGTCGTGGCTGT
ACACCTTTTAGCGGAATGCTT
β-actin (395bp)
AGAAAATCTGGCACCACACC
CTCCTTAATGTCACGCACGA
LMX1B (627bp)
AAGAGCGAGGATGAAGATGG
TCAGGAGGCGAAGTAGGAAC
PAX-2 (738bp)
AGGATGAGGGACCAACTGC
AACGACAGAACCCGACTATGTT
Nephrin (568bp)
ACACGGAGCACACATACCAC
ATTGGAGAGGAGCAGAAG
WT1 (131bp)
GAGAGCCAGCCCGCTATTC
CATGGGATCCTCATGCTTG
PODXL2 (187bp) TACGCAGGTGATCTGCAAGG
GCTCAGAGAGATGTGCCAGG
VEGFA (124bp)
GCGGAGAAAGCATTTGTTTGT
CGGCTTGTCACATCTGCAA
SYNPOL2 (619bp) TGGGGACACTGTTCAAACTCC
GAGGGCCAGGGATAGTAGGT

LUMINEX ANALYSIS
Secretion of matrix metalloproteases (MMPs), tissue inhibitor of metalloproteases (TIMPs), cytokines, growth factors, and interleukins was
determined in hAFSC prior to and throughout seeding on hrECM. At days 4, 7, 14, and 28, a minimum
of 3 samples of media was collected and protein concentration measured using DC™ Protein Assay
(Bio-Rad Laboratories Hercules, CA, USA). Expression of the proteins was assessed using MILLIPLEX MAP Human Cytokine/Chemokine Magnetic
Bead Panel-Premixed 42 Plex, MILLIPLEX MAP
Human MMP Magnetic Bead Panel 2, and MILLIPLEX MAP Human TIMP Magnetic Bead Panel 2
(EMD Millipore, Billerica, MA, USA) according to
the manufacturer’s instructions and analysed using
the Luminex Multiplex System (EMD Millipore,
Billerica, MA, USA).

TRANSMISSION ELECTRON
MICROSCOPY (TEM)
hrECM seeded with hAFSC and cultured for 28
days (n=3) were fixed with 2% glutaraldehyde
(Sigma-Aldrich, St. Louis, MO, USA) in sodium
phosphate buffer. Samples were then placed in 1%
osmium tetroxide (Sigma-Aldrich, St. Louis, MO,
USA) for 1 hour and dehydrated in 50%, 70%, 90%,
95%, 100%, ethanol and propylene oxide (SigmaAldrich, St. Louis, MO, USA) for 10 min each.
Samples were then infused with an epoxy resin mixture (Eponate 12 resin) (TED PELLA Inc. Redding,
CA. USA). Ultra-thin sections were collected on
copper grids (Electron Microscopy Science. Hatfield, PA, USA), and sections were stained using
10% uranyl acetate (Electron Microscopy Science.
Hatfield, PA, USA) in 50% methanol (Thermo
Fisher Scientific, Waltham, MA, USA) and a modified Sato lead stain (Pathology Laboratory, Children’s Hospital Los Angeles, LA, USA). A
Morgagni 268 electron microscope (FEI, Hillsboro,
OR, USA) was used for picture acquisition with the
assistance of the Pathology Laboratory, Children’s
Hospital Los Angeles.

STATISTICAL ANALYSIS.
Results are presented as mean ± SEM. Data were
tested for normality using the Shapiro-Wilk test.
Statistical differences between groups were determined using unpaired t test (Figure 1), repeated
measures ANOVA (Figures 2, 3 and 4; Table 2) as
appropriate. Non-parametric data were analysed
using Kruskal-Wallis one-way ANOVA on Ranks. A
Holm-Sidak post-hoc test was used for multiple
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Figure 1. hAFSC proliferation and apoptosis after seeding on human renal extracellular matrix (hrECM) at day 14, 28 and 35.
PCNA (B-D) and BAX (F-H) staining for hAFSC seeded on hrECM at 14, 28 and 35 days. At day 14 it is evident an increase of
proliferation (B, arrow) compared to apoptosis (F). In Figure A and E is represented hrECM alone and no expression of BAX or
PCNA is present. I. Graph showing the quantitative expression of PCNA and BAX at different time points after seeding (*p<0.05).
A-H: scale bar: 100 µm.

comparisons when appropriate. A p values less than
or equal to 0.05 were considered significant and expressed as *p<0.05; **p<0.001.
RESULTS

HAFSC-HRECM INTERACTION

(FIGURE 5).
In order to investigate whether hAFSC attach
throughout the hrECM, H&E (A-D), Sirius Red (EH), Masson Trichrome (I-L) and DAPI (M-P) staining were performed. H&E staining was used to
reveal hrECM morphology and in particular of
glomeruli, Serious Red and Masson Trichrome
were used to identify possible scar formation
within the hrECM while DAPI was used to detect
cell presence before and after seeding. It is clear
that no cells were present within the hrECM before
seeding (Figure 1A,E,I) since no cellular staining

was detected; these data are also confirmed by absence of DAPI staining as shown in Figure 5M.
After seeding, cells attach to the matrix and spread
ubiquitously throughout the 3D framework of
hrECM as presented in Figure 5B,F,J,N. Moreover,
hAFSC labeled with cell surface marker CM-Dil
localize near and within large vacant spaces (possibly, capillaries) at 14 days (Figure 5N, arrow). 14
days is also the time point in which cells seem to be
highly concentrated (Figure 5J,N). By day 28,
hAFSC are visually more dispersed and adherent
throughout the hrECM (Figure 5H, arrow). As expected, our matrices demonstrated histologically
significant damage as revealed by the presence of
fibrotic scarring; accumulation of collagen fibers is
shown by Sirius Red and Masson Trichrome (Figure 5F,J). The presence of this scar tissue is the
main reason for discard.
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Figure 2. Secretome analysis of proteins expressed by hAFSC over 4, 7, 14 and 28 days after seeding on human renal extracellular matrix (hrECM). Comparison of secretome by Luminex analysis of hAFSC before seeding versus hAFSC seeded on hrECM
revealed early expression of total (active and inactive) MMP-2 and MMP-7 along with TIMP-1 and TIMP-2. It is evident a significant expression of MMP-2 on days 4 and 7 while TIMP-2 is significantly expressed on day 7 (A, B, Table 2). VEGF, TGFα, Il-8, PDGF-α and PDGF-β are highly expressed during the first days of seeding. The expression of these proteins is very low
when cells are not seeded on the hrECM and cultured in basic media (C). * = p<0.05; ** = p<0.001. For clarity of the data the
multiple comparison between different time points and its statistical significance is reported in Table 2. D. RNA analysis demonstrated expression of VEGFA by hAFSC up to 35 days of culture with a decrease in the expression as time progresses. β-actin
is used as housekeeping gene. Media was collected from 3 samples and analysis repeated in triplicate.
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Figure 3. Secretome analysis demonstrated secretion of various growth factors and chemokines by hAFSC over 4, 7, 14 and 28 days
after seeding on human renal extracellular matrix (hrECM). Comparison of hAFSC before and after seeding on hrECM (A-B). It is
evident by the Luminex analysis that hAFSC seeded on hrECM present high metabolic activity; cells secrete different molecules
like Rantes, TNF-α and TNF-β. A general trend is noticeable: cells are very active within the first two weeks after seeding compared to cells before seeding. * = p<0.05; ** = p<0.001. For clarity of the data the multiple comparison between different time
points and its statistical significance is reported in Table 2. Media was collected from 3 samples and analysis repeated in triplicate.
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Figure 4. Secretome analysis demonstrated secretion of various cytokines by hAFSC over 4, 7, 14 and 28 days after seeding on
human renal extracellular matrix (hrECM). Comparison of hAFSC before and after seeding on hrECM. It is evident by the Luminex
analysis that hAFSC seeded on hrECM present high metabolic activity; cells secrete different molecules types of cytokines including IL1a, IL1Ra, IL12p40. A general trend is noticeable: cells are very active within the first two weeks after seeding compared to
cells before seeding. * = p<0.05; ** = p<0.001. For clarity of the data the multiple comparison between different time points and
its statistical significance is reported in Table 2. Media was collected from 3 samples and analysis repeated in triplicate.

CELL PROLIFERATION AND DEATH (FIGURE 1).
In order to assess hAFSC proliferation and cell
death, we performed immunohistochemical analysis
for PCNA (proliferation) and BAX (apoptosis). On
day 14, a high number of cells are present within the
seeded matrix as shown by the PCNA staining (Figure 1B) and also confirmed by PCNA/BAX ratio as
demonstrated (Figure 1I). On day 28, however, not
only are less cells are visible, but they stain strongly
positive for BAX in all renal comportments (Figure

1G), while the PCNA/BAX ratio flips in favor of
apoptosis (Figure 1I). After 28 days in culture it was
difficult to perform cell counting; the limitation of
the in vitro culture setting (like for example absence
of growth factors that might promote cellular survival or the use of more sophisticated bioreactors)
might not allow to extend further life span of hAFSC
on hrECM. Nevertheless, the survival of hAFSC on
a hrECM for 28 days is already an evident improvement compared to available literature1,3,4.
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Figure 5. Histological analysis of hAFSC distribution over 14, 28, and 35 days after seeding on human renal extracellular matrix
(hrECM). Representative bright field images of H&E (A-D), Sirius Red (E-H), Masson Trichrome (I-L) of hAFSC seeded on hrECM
(B-D, F-H J-L) and hrECM alone (A,E,I). Discarded hrECM demonstrated noticeable accumulation of various fibrotic scars as
shown in Figure F, arrow. hAFSC are detectable within different structures such as the glomerulus (H, arrow), the interstitial space
(C, arrow). M-P are representative immune fluorescence DAPI staining of seeded cells. In Figure N it is evident the presence of
hAFSC labeled with CM-Dil (red fluorescence, nuclei is stained with DAPI, arrow). A-L: scale bar: 100 µm; M-P: scale bar: 50 µm.

TRANSMISSION ELECTRONIC MICROSCOPY (TEM)
EVALUATION OF SEEDED HRECM (FIGURE 6).
To assess ultrastructural morphology of seeded
hrECM, the samples were studied with TEM before
seeding and at day 28 post seeding with hAFSC.
Presence of cells in all the different compartments
of the decellularized kidney was assessed by histological analysis (H&E) of ultra-thin epoxy resin
samples; after 28 days hAFSC were localized in all
the renal compartments including glomeruli and interstitial space (Figure 6A). As previously described13, acellular hrECM present a well preserved
ultrastructure of the glomerular basement membrane (Figure 6B). Ultrastructure analysis confirmed that cells acquire a specific morphology
based on their integration in glomerulus (Figure 6CD), tubules (Figure 6E), interstitium (Figure 6F) and

capillaries (Figure 6G), where for example hAFSC
assume an elongated shape in the interstitial space
compared to a more rounded morphology in the
glomerulus. These results might suggest high plasticity and ability to adapt to the different decellularized renal compartments. Moreover, after 28
days, hAFSC seeded on hrECM show signs of functional activity; TEM revealed extensive expression
of Golgi apparatus, endoplasmic reticulum, secretory granules and vacuoles within the cells: indicative of cellular activity and secretion and a normal
nuclear morphology (Figure 6C-G). Interestingly,
multiple junctions were observed between the cells
and the matrix (Figure 6D). These findings are of
great relevance as junctions are essential for intraand inter-cellular signaling, and ultimately for cell
proliferation, apoptosis and differentiation21.

Figure 6. Evaluation of cell
morphology by H&E and
transmission electron microscopy of hAFSC after 28
days after seeding on human
renal extracellular matrix
(hrECM). Morphological
analysis of ultra-thin epoxy
resin samples of cells seeded
onto decellularized matrix
after 28 days confirmed the
presence of cells in all the
distinct compartments of the
renal ECM. Interestingly,
cells acquired a specific
morphology depending on
their localization within the
decellularized matrix, like
glomerulus, vasculature,
tubules, interstitial space
and renal capsule (A, arrows, 20X). TEM analysis
of samples after decellularization, confirms that
hrECM ultrastructures are
preserved (B); capsule of
Bowman, CB, and glomerular basement membrane,
GBM (arrows) maintain
their structure. Moreover,
TEM analysis confirmed the
vastly diverse morphological ultrastructure of cells localized
within
the
glomerular compartment
with formation of junctions
between hAFSC and the
matrix (C, arrows; D),
tubules (E), interstitial space
(F) and vasculature (G). Independently from their localization, all cells showed a
marked expression of endoplasmic reticulum and Golgi
apparatus, along with multiple secretory granules and
vacuoles and normal nuclear
morphology.
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HRECM INDUCE THE EXPRESSION OF GENES

(FIGURE 7).
To determine whether hrECM are able to induce
renal differentiation by hAFSC, we evaluated the
expression of different genes involved in kidney development as well as markers expressed in mature
renal cells such as Wilms tumor WT-1, PAX2,
LMX1B, glial cell derived neurotrophic factor
GDNF, podocalyxin like-2, nephrin and synaptopodin like-2 (Table 1). mRNA was collected from
represent pooled of 6 samples for hAFSC after seeding and for hrECM alone. PCR was repeated in triplicate for all experimental groups, including hAFSC
before seeding.
The vital early kidney developmental markers
PAX2 and LMX1B were newly expressed after 14
days of seeding (Figure 7A), while WT1, GDNF and
podocalyxin like-2 were expressed by hAFSC before seeding (Figure 7C). Later developmental markers such as nephrin and synaptopodin like-2 were not
expressed, not even at day 28. Importantly, as
hAFSC were not cultured in any specific renal differentiation media, we can speculate that the matrix
itself is able to guide hAFSC differentiation towards
a renal lineage commitment, in agreement with previously reported observations by Remuzzi’s group11.

OF KIDNEY DEVELOPMENT

HAFSC SEEDED ON HRECM SECRETE

VARIOUS PROTEINS

Luminex analysis was conducted on media harvested from samples of hAFSC seeded on hrECM at
day 4, 7, 14 and 28 days. Significance of expression
(p*<0.05, p*<0.001) was determined through the
comparison of the secretion of various proteins (like
VEGF, MMPs, TIMPs, etc.) by hAFSC before and
after seeding on hrECM (Figures 2, 3 and 4) and
also between different time points (Table 2).
Luminex analysis demonstrated secretion of various MMPs and TIMPs in the media collected from
seeded hrECM (Figure 2A-B, Table 2). In the study
group, secretion of MMP-2 and MMP-7 in the
media began early after seeding, peaked on day 4,
but dropped to baseline levels from the second week
onward (Figure 2A); MMP-1 was not highly expressed. TIMPs, which are modulators of MMPs,
were also expressed significantly alongside MMPs.
In the study group, TIMP synthesis and release in
the culture media occurred very early, peaked on
day 4, remained significant through day 7, but
dropped thereafter (Figure 2B, Table 2). Moreover,
TIMP-2 expression correlated with MMP-2 expres-

Figure 7. Analysis of hAFSC on hrECM on day 14 revealed
expression of early renal markers. WT1, GDNF, podocalyxin
like-2, Pax 2, and LMX1B were expressed by hAFSC seeded
on hrECM after 14 days (A), while hrECM alone did not show
any expression of renal genes (B). hAFSC before seeding expressed GDNF, WT1, Pax2 and podocalyxin like-2 (C).
Nephrin and synaptopodin like-2 were not expressed by
hAFSC before or after seeding on hrECM. β-actin is used as
housekeeping gene. mRNA was collected from represent
pooled of 6 samples for hAFSC after seeding and for hrECM
alone. PCR was repeated in triplicate for all experimental
groups, including hAFSC before seeding.

sion. Importantly, both MMP-2 and TIMP-2 are
highly expressed when compared to the cells before
seeding thus indicating that cells are stimulated by
the hrECM to induce expression of matrix modulators.

Growth factors such as VEGF and TGF-α are key
players in different tissue remodeling processes, including angiogenesis. On day 4, hAFSC in hrECM
express high levels of VEGF and TGF-α compared
to hAFSC prior to seeding (Figure 2C). Furthermore,
hAFSC show high activity at day 4 for IL8 and
PDGF-AA when seeded on hrECM; this expression
decreases overtime as shown in Table 2. Expression
of VEGFA by hAFSC was also confirmed by mRNA
(Figure 5D), showing that hrECM induces high
stimulation of this particular growth factor.
Numerous chemokines could also be detected in
the culture media, at significant concentrations and
at different time points (Figure 3A-B, Table 2). In
particular, growth-regulated oncogene (GRO),
which, like many other cytokines, is involved in multiple processes including inflammation, angiogenesis, wound healing, tumor invasion, and metastasis22,
was highly expressed by hAFSC seeded on hrECM
on day 4 and day 7 compared to hAFSC before seeding. Significant elevation in the expression of granulocyte colony-stimulating factor (G-CSF) and
granulocyte-macrophage colony-stimulating factor
(GM-CSF) was also observed in hAFSC in hrECM
on day 4 in comparison to hAFSC before seeding. In
addition, TNF-α, a well-known activator of angiogenesis, was highly expressed on day 4 but dropped
drastically thereafter. Finally, as shown in Figure 4
and Table 2, hrECM induces high levels of different
cytokines such as IL1a, IL1Ra and IL12p40, especially during the first week after seeding.
Altogether, these data provide evidence that,
when seeded on hrECM, hAFSC are functionally
active, as demonstrated by their ability to synthesize key molecules involved in critical pathways for
tissue and organ homeostasis such as inflammation,
angiogenesis and matrix remodeling.
DISCUSSION
In organ bioengineering and regeneration, the seeding of specific cell types on acellular ECM scaffolds
produced from animal or human organs seems to offer
the quickest route to clinical application. Thus far, numerous studies from different laboratories have produced interesting data mainly from non-clinically
relevant animal models23, yet the production of a fully
regenerated and functional bioengineered complex
organ such as the kidney has yet to be reported. As
the technology currently stands, numerous obstacles
need to be overcome before a viable and functioning
kidney-like structure can be manufactured and transplanted into patients. These include the inadequate understanding of the mechanisms of interaction between

Understanding the bioactivity of stem cells

13

ECM and cells, and the choice of cell type to use to reconstitute the cellular compartment of acellular scaffolds1,3. The innate ECM in disease, development, and
healthy tissue exhibits a dynamic interplay of biochemistry and three-dimensional architecture. Hence,
the utilization of ECM as a biomaterial may facilitate
the engineering of a “human bioactive system” for directing cellular behavior and function.
As highlighted in the introduction, our study
builds on successful previous investigations demonstrating that hrECM obtained from discarded kidneys
may represent an ideal platform for kidney bioengineering and regeneration13. In this work, we established an in vitro model with which, by seeding stem
cells on sections of hrECM, we aimed to assess a)
cellular adhesion and viability and b) cellular function and metabolic activity. The study was designed
to specifically address the effect of matrices on stem
cell biology and did not focus primarily on the repopulation of hrECM nor the determination of renal
lineage commitment by stem cells. Thus, cells were
seeded at a defined concentration and not by any inducible renal differentiation media. Notably, the
choice to use hAFSC was made due to their ability to
modulate disease progression in both acute and
chronic kidney diseases15,16, as well as to release different growth factors (e.g. VEGF), cytokines, and
matrix modeling proteins including MMPs and
TIMPs19, which are essential in kidney remodeling
and regeneration. Importantly, no study has described
how a decellularized matrix can influence the secretome profile of stem cells. Investigating the role of
ECM in changing the protein secretion of stem cells
while transitioning from a basic two-dimensional culture to a relevant three-dimensional culture system
may contribute to the improvement of tissue engineering in the near future.
Our data demonstrate that hrECM seeded with
hAFSC behave as a “biosystem” wherein cells attach and proliferate throughout the 3D framework
of the matrix. Functionally, cells are extremely active as demonstrated by their ability to synthesize
and release into the environment numerous growth
factors, chemokines, and cytokines (Figures 2 to 4,
Table 2). In vivo, it is well known that during a regeneration process, important molecular signaling
pathways are strongly activated24. For example, angiogenic inducers such as VEGF, TGF-α, and
platelet-derived growth factors (PDGF) are upregulated which induces neo-angiogenesis25,26. hAFSC
secrete these factors at a high level, especially dur-
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ing the first two weeks after seeding. It is reasonable to speculate that hrECM are capable of inducing hAFSC to release these factors, especially when
we compare the secretome profile of hAFSC in a
two-dimensional culture before seeding. Importantly, hAFSC are highly stimulated to produce a
variety of interleukins such as IL-6, IL-1, and IL1ra which are involved in different regeneration
processes27,28 as well as chemokine signaling molecules such as G-CSF and GM-CSF which are involved in the recruitment and activation of
endogenous cells29 during organ repair.
Importantly, MMPs are secreted or anchored to
the cell surface, and exert a myriad of functions
spanning from the control of the homeostasis of
ECM to the regulation of the innate immune response and numerous other pathways. They do so
via the mobilization of growth factors and/or the
cleavage and release of cytokines, chemokines, surface proteins, and receptors30. In addition to their inhibitory role against most of the known MMPs,
TIMPs promote cell proliferation in a wide range of
cell types, have shown anti-apoptotic function, and
are synthesized in response to several different cytokines and hormones28,31 TIMPs are critical to the
maintenance of tissue homeostasis by suppressing
the proliferation of quiescent tissues in response to
angiogenic factors, and by inhibiting protease activity in tissues undergoing remodeling of the
ECM28,31. Induction of signals for ECM turnover by
hAFSC secretion was observed through production
of MMPs and TIMPs during the first 2 weeks after
the seeding. Notably, the activity of MMP-2 is correlated with TIMP-2 and TIMP-1 as it is during various phases of renal development32.
In our biosystem, cells were extremely active immediately after seeding and their proliferative and
synthetic capacities peaked during the second week
post-seeding. On the contrary, from the beginning
of the 3rd week, secretory and proliferative capacity
degraded to an eventual nadir at the end of the study
period. These findings are possibly explained by the
low number of cells that we used for our seeding
experiments and by the adopted culture conditions,
which did not include a dynamic perfusion system
since the purpose of the present study was not, in
fact, to achieve full repopulation of the scaffolds.
Lastly, we also concluded that hrECM were able to
stimulate hAFSC toward renal lineage commitment
because the cells were able to induce the expression
of two important renal developmental genes, Pax2

and LMX1B after 14 days of seeding, even though
they were cultured in basic media without the addition of renal stimulation lineage commitment factors. This result is very intriguing because it
underscores the capabilities of matrix alone in guiding renal stem cell differentiation.

CONCLUSIONS
This is the first study describing the long-term culture of stem cells seeded on hrECM. The significant
increase in the secretion of growth, hematopoietic,
angiogenic, and extracellular remodeling proteins
suggests an innate remodeling response in hAFSC
during the initial interaction with discarded kidney
extracellular matrix. Our model provides critical information which may be of importance in both kidney bioengineering and regeneration, as well as
repair given the characteristics of our matrix.
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