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Mouse stem cells seeded into decellularized
rat kidney scaffolds endothelialize
and remodel basement membranes
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Introduction: To address transplant organ shortage, a promising strategy is to decellularize kidneys in a manner that the
scaffold retains signals for seeded pluripotent precursor cells to differentiate and recapitulate native structures: matrix-to-
cell signaling followed by cell-cell and cell-matrix interactions, thereby remodeling and replacing the original matrix. This
would reduce scaffold antigenicity and enable xeno-allografts.
Results: DAPI-labeled cells in arterial vessels and glomeruli were positive for both endothelial lineage markers, BsLB4

and VEGFR2. Rat scaffold’s basement membrane demonstrated immunolabeling with anti-mouse laminin b1. Labeling
intensified over time with 14 day incubations.

Conclusion: We provide new evidence for matrix-to-cell signaling in acellular whole organ scaffolds that induces
differentiation of pluripotent precursor cells to endothelial lineage. Production of mouse basement membrane supports
remodeling of host (rat)-derived scaffolds and thereby warrants further investigation as a promising approach for
xenotransplantation.
Methods: We previously showed that murine embryonic stem cells arterially seeded into acellular rat whole kidney

scaffolds multiply and demonstrate morphologic, immunohistochemical and gene expression evidence for differentia-
tion. Vascular cell endothelialization was now further tested by endothelial specific BsLB4 lectin and anti-VEGFR2 (Flk1)
antibodies. Remodeling of the matrix basement membranes from rat to mouse (“murinization”) was assessed by a
monoclonal antibody specific for mouse laminin b1 chain.

Introduction

The shortage of organs for transplantation has led to expanding
interest in the use of tissue regeneration technology. Rather than
de novo organ growth,1-3 there has been recent successful
repopulation of acellular scaffolds derived from a variety of non-
renal tissues.4-8 At issue, however, has been how to seed
decellularized complex organs with mature or precursor cells so
as to reproduce intricate architectures: multiple cell types properly
configured and with appropriate cell-to-cell alignment. We have
hypothesized that properly prepared scaffolds retain extracellular
matrix constituents that can signal pluripotent precursor cells for
appropriate site-specific differentiation. A key concept is that the
maturing cells would then produce their own matrices and signals
that would induce normal ontogeny. Thus, matrix-to-cell would
be followed by cell-to-cell, then cell-to-matrix signaling resulting
in a cycle of differentiation and tissue maturation. We have
predicted that this remodeling of the scaffold matrix would have a

secondary advantage of attenuating its original immunogenicity.
We believe this would be advantageous for the purposes of
transplantation in that rejection could be minimized when donor
scaffold antigens are replaced by precursor cells derived from the
patient in need of the allograft. The remodeling of the acellular
scaffold and resulting attenuation of donor tissue antigenicity may
thereby be particularly beneficial for xenotransplantation.

We have previously established9 that whole rat kidney organs
can be decellularized intact using a sequential protocol involving
ionic and nonionic detergents, mechanical, osmotic and enzyma-
tic steps. Pluripotent murine embryonic stem cells (ESCs) were
seeded arterially or retrograde (via ureters) and were shown to
adhere and multiply within the scaffold. We also have had
preliminary evidence that pumped pulsatile perfusion systems
facilitate the growth and, we believe, provide a mechanical shear
stress signal that is important for proper differentiation. ESCs
infused into the renal artery reached and then filled the small
vessels, arterioles and glomeruli. This was followed by apoptosis of
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cells in the core of the vessels, resulting in lumen formation. The
cells that remained were those that lined the scaffold basement
membranes and assumed an endothelial appearance. Much of our
earlier work focused on demonstrating that the ESCs not only
multiplied but also appropriately differentiated.10-12 Our previous
findings included: (1) gross histologic evidence for endothelializa-
tion, (2) immunohistochemical staining for PAX2, cytokeratins
and Ksp cadherin and (3) genetic evidence by PCR for expression
of PAX2 and Ksp cadherin.

In this study we sought to provide further evidence that
vascularly seeded pluripotent mouse ESCs were (1) differentiating
into endothelial cells and (2) producing their own basement
membrane matrix that remodeled the mature rat kidney scaffold.
Thus, we anticipated that endothelialization of mouse pluripotent
precursor cells would be associated with “murinization” of what
began as a rat scaffold. Specifically, we tested for the appearance of
immunohistochemical markers of endothelial differentiation and
evidence for rat basement membrane transformation by incorp-
oration of mouse laminin and type IV collagen.

Results

Similar to our previously reported findings (Fig. 1),9 the
decellularization protocol yielded an intact scaffold architecture
for the blood vessels, glomeruli and tubules by light microscopy.
This was consistent with arterially seeded cells staying within the

confines of the afferent vasculature and essentially all glomeruli in
the renal cortex without extravasation into the interstitium or
Bowman’s space. As previously described, with progressive
incubations these cells populated the vascular structures, extend-
ing from the afferent arterioles and glomerular tufts to the efferent
arterioles and peritubular capillary networks. Once the adequacy
of this seeding was verified by light microscopy, we proceeded
with the specialized studies characterizing the cells and scaffold as
described below.

Characterization of cells. Cells in the rat scaffold’s glomeruli
and blood vessels showed lectin-specific (BsLB4) staining for
murine endothelial cells (Fig. 2) and the presence of VEGFR2
(Fig. 3). These findings were increasingly intense for incubations
from approximately 4 to 14 d long (Fig. 3A and B). Notably, the
presence of these endothelial-specific differentiation markers were
found exclusively within the vasculature and glomeruli and areas
corresponding to tubular basement membranes were negative
(Fig. 3). Unstained parts of the sections (Fig. 2) confirm the
murine specificity of the immunolabeling.

Characterization of the scaffold. With regard to the remodel-
ing of the rat scaffold, there was progressively intense labeling
from day 4 to day 14 with the murine-specific monoclonal
antibody to the laminin β1 chain (Fig. 4, mAb 5A2) in patterns
that appeared identical to that seen for the endothelial
differentiation markers, BsLB4 and VEGFR2. Similarly, the
rat kidney scaffolds tested positive for the presence of mouse
a1a2a1 collagen IV (Fig. 5). Consistent with our hypothesis of a
recapitulation of normal ontogeny, these mouse basement
membrane proteins co-localized with the seeded cells, and were
not present in acellular areas of the mature rat scaffold.

Figure 1. (A and B) Distinct morphologies of ES cells delivered into
the renal artery of decellularized kidney scaffolds after 10 d of whole
organ culture (PAS stain) with (A) cells filling the glomerular capillary
tufts (400x) and (B) flat-appearing cells lining vascular structures (200x).
(C and D) Distribution of green fluorescent protein (GFP)-labeled murine
ES cells after thick section culture showing cell growth and migration
patterns into a vascular tree (C) at day 4 (100x) and formation of complex
branching networks (D) (40x) at day 6. Reproduced with permission
from reference 9.

Figure 2. Section of decellularized rat kidney scaffold seeded with ESCs.
(A) A differential interference contrast microscopy image of a glomerular
region of the scaffold. (B) Incubated with the nuclear label DAPI (blue),
showing a glomerular structure and several vascular profiles. Confirmation
of expression of vascular endothelial markers is shown in (C), in which
the endothelial-specific lectin, BsLB4 (green), binds to many of the same
cells marked by DAPI [see merged image in (D)].
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Discussion

Use of acellular scaffolds has shown great recent promise for tissue
regeneration and has been highlighted for cardiac, vascular,
urologic, esophageal and airway tissues.4-8 We have had concerns,
however, that simple applications of lineage-specific (i.e.,
endothelial or chondrocyte) cells would not be adequate for
complex organs. Kidney generation, for example, would require
multiple types of cells in intricate three dimensional hetero-
geneous arrangements. We believe it unlikely that there could be
practical engineering methods that would mechanically place so
many different types in a spatially appropriate architecture.
Instead we have proposed that an appropriately prepared
matrix13,14 will retain the signals to trigger site-specific differentia-
tion of pluripotent precursor cells, and thereby launch a cascade of
matrix-cell, cell-cell15 and cell-matrix events culminating in cycles

of organ differentiation and remodeling of the original scaffold.
The concept of matrix-induced cellular differentiation is not
new,16-21 and extends back to pioneering work by MJ Bissell.22 In
addition, and integral to our hypothesis, is that the ontogeny
of the differentiation of the seeded precursor cells will be
embryologically correct, as would be the subsequent changes to
matrix and basement membranes they produce.

Our study involving the use of matrix signaling has been
facilitated and supported by evidence from investigations over the
last two decades into kidney organogenesis,23-26 and in particular
the embryology of renal basement membrane formation.27-29 The
contribution of each of three major cell types (mesangial,
endothelial and podocytes) to basement membrane laminin30,31

and collagen has in large part been elucidated. In particular, it has
become clear that there is a well-defined temporal sequence of
collagen IV and laminin isoforms and that the sequential
replacement of immature proteins is required for the maturation
of normal adult glomeruli.32 Early in development, glomerular
basement membranes form from a fusion of a layer of immature
collagen IV a1a2a1 produced by the endothelial cells with
another from podocytes.25,33-36 This is subsequently replaced by
the more proteolysis-resistant collagen IV a3a4a5, which is
thought to be derived from the podocytes, as endothelial cells do
not synthesize a3. Basement membranes in the other compart-
ments of mature glomeruli are quite different: the mesangium
having collagen IV a1a2a1 and Bowman’s capsule both collagens
IV a1a2a1 and a5a6a5. Laminin undergoes analogous changes
with maturation, transitioning from a1β1c1 to a5β2c1.30,37,38

There is now compelling evidence that the lack of (or mutated)
matrix constituents, such as laminin a5,31 can be associated with
abnormal cell differentiation; again supporting the concept of the
importance of matrix-to-cell signaling. For example, polymerized
laminin not only has an essential role in membrane structural
integrity, but in models where laminin a5 is knocked out there

Figure 3. Decellularized rat kidney scaffolds after 4 d (A) and 14 d (B)
after seeding with mouse ESCs, immunolabeled with the endothelial
specific, anti-VEGFR2 IgG, and processed for horseradish peroxidase
immunohistochemistry. There were progressively increased levels of
anti-VEGFR2 labeling at the longer incubation time-point (micrographs
were taken using identical image capture settings). Intense peroxidase
reaction product can be seen along the intimal surface of a blood vessel
(arrows) and variable labeling among several glomerular structures (G).
Tubules (T) are negative.

Figure 4. Decellularized rat kidney scaffold seeded with mouse ESCs,
immunolabeled with the mouse specific, anti-laminin b1 IgG, and
processed for horseradish peroxidase immunohistochemistry. Mouse
laminin immunoreactivity can be seen in the arteriole (arrow) and
glomeruli (G). Tubules (T) are negative.
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was disarray of endothelial and epithelial cells that led to failed
glomerulogenesis.31 Thus, the ontogeny is so complex and so
dependent on the appropriate spatial orientation of multiple
maturing cell types that it would be difficult to craft a
methodology that depends on the insertion of the whole spectrum
of cells into their correct positions in a scaffold. Hence we have
chosen to use immature cells in this model, wherein the matrix
guides in situ differentiation. In addition we believe this approach
provides an opportunity to study ontogenesis limited to single cell
lines (i.e., just the endothelial cell precursors) vs. that occurring
with the more complex multi-cell line seeding (i.e., retrograde
methods that could simultaneously introduce podocyte pre-
cursors). It has also not been fully elucidated how growth factors
interact with this wide array of maturing cells and their associated
basement membrane chemical signals. Lastly, there may be
important non-chemical signals for differentiation. Our pumped
perfusion apparatus methodology would not only permit the
infusion of growth factors (i.e., VEGF, activin A, retinoic acid and
Bmp7),39 but also allow the study of signaling from mechanical
shear stress induced by pulsatile flow.40

In the present investigation we have extended our prior studies
and provide further evidence of pluripotent precursor cell
differentiation into endothelial cells in the scaffold’s glomeruli
and vasculature. In addition to our previous gene activation,
light and immunohistochemical findings, we now demonstrate
glomerular labeling for murine endothelial-specific lectins and also
for VEGFR2 (Flk1). The latter is a receptor now established to be
integral to normal endothelial and vascular development. It
identifies vascular progenitor cells that can further differentiate
into endothelial and mural cells, and are known to be responsive
to fluid shear stress. Specifically, signaling via the VEGFR2 (Flk1)
receptor appears to be needed for migration and differentiation of
endothelial lineage precursor cells and for the formation of
glomerular vasculature;27,41-45 hence our interest in testing for the
expression of these receptors by the cells growing in our model.
Demonstration of lectin (BsLB4) positivity confirms again that
the ESCs have indeed differentiated into endothelial lineage.
Consistent with the hypothesis that there is remodeling of the rat
scaffold, these lectin-characterized endothelial cells co-localized
with the basement membrane changes, namely progressive
labeling for murine-specific laminin. It was critically important
to demonstrate this cross-species protein binding, i.e., progressive
“murinization” of the rat scaffold, as the ultimate goal is
xenotransplantation. Indeed, the ability of murine laminins to
bind to rat basement membranes is supported by the literature:
injection of intact mouse laminin (but not proteolytic fragments)
binds to the mesangial matrices and glomerular basement
membranes of newborn rats.46 Whether there would be a
progressive decrease and ultimate replacement of the scaffold’s
rat matrix (and associated antigenicity) will require longer
incubations and were beyond the scope of these short-term
experiments. Lastly, in support of our inducing normal
embryologic development, the ontogeny results show that the

Figure 5. ESC-seeded scaffold immunolabeled with anti-collagen
a1a2a1 (IV) (A, green) and DAPI (B, blue). Merged image (C) shows direct
correspondence between the seeded cells with basement membrane,
type IV collagen.
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endothelially-differentiated cells produce the immature isoforms
of collagen IV, a1 and a2. This is also consistent with our
demonstration of the immature laminin a1 and β1 chain
isoforms; however, changes to the laminin isoforms would need
to be interpreted with caution since these transitions can depend
on the in vitro conditions.47

In conclusion, to succeed in regenerating kidneys using
acellular scaffolds it is imperative that seeded cells not only
adhere and multiply but also differentiate in a site-specific and
embryologically sequenced manner so as to produce the spatially
complex array of matrix constituents and multiple cell types. We
have now provided further evidence that pluripotent precursor
cells seeded into a decellularized scaffold vasculature differentiate
into endothelial cells, which in turn follow a normal ontogeny as
they remodel the laminin and collagen of their basement mem-
branes. Methodologies that involve the differentiation of patient-
derived precursor cells and subsequent remodeling of the donor
scaffold hold high promise for whole organ xenotransplantation.

Materials and Methods

Whole kidney scaffold preparation. As previously described,9,48,49

rat kidneys were rapidly harvested and decellularized over five days
using multiple sequential solutions that included Triton X-100
and SDS detergents, DNase, and deionized water rinses. All
animal procedures were approved by the Institutional Animal
Care and Use Committee (University of Florida) and involved
250–350 g male Sprague-Dawley rats. Briefly, during systemic
heparin anticoagulation, kidneys were perfused in situ with a
saline solution containing a vasodilator (nitroprusside) in order to
remove the blood. Arterial and ureteral cannulae were placed.
Once harvested, the kidneys underwent continuous gravity-based
perfusion at a constant physiologic fluid pressure of approximately
100 mmHg. The decellularization protocol used is the following:
(1) nonionic (Triton X-100, Sigma-Aldrich) and ionic (sodium
dodecyl sulfate, SDS, Sigma) detergents to solubilize and disrupt
cell membranes, thereby lysing cells; (2) a solution of 5 mM
calcium chloride and 5 mM magnesium sulfate to activate endo-
genous nucleases and digest bulky nuclear material; (3) 0.0025%
deoxyribonuclease 1 (DNase, Sigma) to enzymatically degrade
DNA and (4) 1M sodium chloride and deionized water to
osmotically disrupt cells, with the latter also used to rinse the
preparation.

Embryonic stem cell seeding and tissue culture. Using the
methodology previously detailed, approximately 2 � 106 murine
ESCs (B5/EGFP, courtesy of Andras Nagy)50 were manually
injected via the arterial cannula into the whole acellular scaffolds.
The incubation media consisted of Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 20% fetal bovine serum
(Atlanta Biologicals), 2 mM L-glutamine, 100 units/ml penicillin,
100 mg/ml streptomycin (GIBCO BRL), 0.25 mg/ml Fungizone1

antimycotic (Invitrogen) and 300 mM monothioglycerol.
Importantly, no growth factors were added to the media as we

chose to explore only the effects from potential decellularized
tissue signals. There were two incubation methods: one protocol
involved transverse sectioning of the pre-seeded organ and then
culturing the slices in a multi-well dish for up to 10 d at 37°C in
5% CO2. The other method kept the kidney scaffolds intact by
use of an automated whole-organ perfusion system. A peristaltic
pump was chosen to deliver a physiologically normal pressure
profile for up to 14 d. The resultant waveform was continuously
transduced and a pressure relief mechanism was incorporated so as
to maintain approximately 120/80 mmHg with a periodicity of
270 to 300 beats/min. The perfusion was accomplished in a
temperature-controlled incubator supplied by regulated medical-
grade sterile gasses, and the CO2 content was adjusted as necessary
to keep the media pH at 7.4.

Immunofluorescence microscopy and immunohistochemistry.
Tissue with and without seeded ESCs was prepared and stored
frozen, or fixed and embedded in paraffin blocks. Labeling
experiments were performed in (at least) triplicate and sum-
marized as follows. Cryostat sections of ESC-seeded scaffolds,
6 mm thick, were incubated with Bandeiraea simplicifolia lectin B4

(BsLB4) conjugated to fluoroscein isothicyanate (FITC) (Sigma
Chemical Co.) diluted 1:50 in phosphate buffered saline (PBS).
Sections were washed with PBS and coverslipped with Molecular
Probes Prolong Gold antifade reagent containing DAPI (Life
Technologies). Frozen sections from non-seeded scaffolds served
as controls. In other cases, frozen sections were incubated with
goat anti-collagen a1a2a1 (IV) (Southern Biotech) followed with
chicken anti-goat IgG-AlexaFluor-488 (Molecular Probes), before
coverslipping with the antifade reagent containing DAPI.

Paraffin sections from scaffolds seeded with ESCs for 4, 6, 10
and 14 d, and those that were not seeded with cells, underwent
the Vector antigen retrieval method in a microwave oven
following the manufacturer’s protocol (Vector Laboratories).
They were then immunolabeled for 1 h with 50 mg/ml anti-
laminin β1 chain monoclonal IgG 5A2,37 washed in PBS, and
then treated with 50 mg/ml goat anti-rat IgG-HRP (ICN/Capple)
diluted in Vector enhancer reagent. Slides were washed and
incubated with Vector ImmPACT DAB color development
reagent for 10 min. In other cases, paraffin sections underwent
the EMS Retriever 2100 antigen unmasking method using a
pressure cooker, following the manufacturer’s protocol (Electron
Microscopy Sciences). Sections were then incubated for 1 h with
50 mg/ml monoclonal anti-laminin β1 IgG 5A2 or 50 mg/ml
rat anti-mouse Flk1 IgG (VEGFR2) (BD PharMingen/BD
Biosciences) in Vector Enhancer solution. After washing, slides
were treated with goat anti-rat IgG-HRP in Vector enhancer solu-
tion for 1 h, washed, and developed with Vector ImmPACT DAB.
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