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Abstract

To overcome the scarcity of organs available for clinical transplantation, whole-organ engineering has been attempted in recent years. In this approach, cellular
components of an organ are totally removed through arterial perfusion with a detergent, and the resulting extracellular matrix scaffold serves as a template for
subsequent cell seeding to create a new organ. However, the low efficiency of recellularization impedes generation of a fully functioning organ by this method. To
improve the efficiency of recellularization, we decellularized murine kidneys and subsequently performed recellularization of the kidney scaffolds in a negative-
pressure environment. A pressure gradient was applied by placing the scaffolds in a custom-build device that could remove air to create a vacuum. Recellularization
was done antegradely via the arterial route or retrogradely wvia the ureteral route. After endothelial cells were seeded intra-arterially or tubular cells were instilled into
the ureter, we counted the cells in cross sections through the renal hilum. Cells were successfully seeded without damage to the scaffold. By applying different pressure
gradients that were determined in an empirical fashion, we observed an increase of engrafted cells in both the vessels and the parenchyma, although seeding of the
parenchyma seemed to be less efficient. Seeded endothelial cells survived and proliferated during 72-hour perfusion culture, and vascular resistance increased along
with increased cellularity of the kidney scaffolds. In conclusion, the present seeding method employing a pressure gradient is safe and effective. The strength of the
gradient applied should differ between the arterial and ureteral seeding routes. This method may be useful to improve seeding efficiency and assist progress towards

the ultimate goal of developing a functioning organ for clinical use.

Introduction

Organ transplantation has been performed to treat end-stage
disease of various organs with substantial success, but there is a limited
supply of donor organs that makes it impossible to treat every patient
in need of transplantation. In Japan for instance, about 12,000 patients
are currently waiting for kidney transplantation and more than 300,000
individuals are on hemodialysis with end-stage kidney disease [1].
However, only some 1500 patients undergo kidney transplantation
every year [2].

To deal with the scarcity of organs for transplantation, a novel
method of creating new organs has been investigated in recent years
[3-5]. In this new approach, the cellular components of a whole organ
are totally removed through arterial perfusion using a detergent, and
the resulting extracellular matrix (ECM) scaffold is employed as a
biological template for cell seeding. The ultimate goal is to achieve ex
vivo generation of a functioning organ.

This method has been applied for various organs, including the
heart, liver, kidneys, lungs, and others [6-13], but creation of a fully
functioning organ has not yet been achieved. Although there are a
number of hurdles to overcome, low efficiency of recellularization
is one of the crucial factors that need to be addressed. Therefore,
the present study was performed to investigate the improvement of
recellularization efficiency. After we decellularized whole murine
kidneys, recellularization of the kidney scaffolds was subsequently done
under a negative-pressure environment, and we examined whether this
facilitated the recellularization process. In addition, we perfused and
cultured recellularized scaffolds to determine whether recellularization
allowed the development of organ-specific functions.
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Materials and methods
Kidney decellularization

We used adult male Sprague-Dawley rats (Clea Japan, Inc., Tokyo,
Japan) weighing 300-500 g in accordance with our institutional
regulations. After anesthesia was induced by intraperitoneal injection
of pentobarbital (0.05 mg/g) and systemic heparinization (0.4 iu/g)
was done via the femoral vein, the left kidney was exposed by midline
laparotomy. The aorta was perfused with normal saline to remove
blood, and then the left renal artery was cannulated with a 24-gauge
cannula (Becton, Dickinson and Company) to allow perfusion. We also
inserted the same type of cannula into the ureter.

We isolated the kidney and performed decellularization by a
modification of the method of Uygun et al. [7]. In brief, after perfusing
the renal artery with normal saline at 50 cm H,O for 30 minutes to
remove residual blood, we infused increasing concentrations of sodium
dodecyl sulfate (SDS) at 1 ml/min in the following order: 0.01% for 12
hours, 0.1% for 12 hours, 1% for 24 hours. SDS was delivered via a
peristaltic pump (Perista™ Pump, Atto Corporation, Tokyo, Japan).
After decellularization, we washed the resulting kidney scaffold with
phosphate-buffered saline (PBS) for 30 minutes and with 1% Triton
X-100 for 30 minutes, and performed a final wash with PBS containing
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penicillin-streptomycin and 0.05% sodium azide for 60 minutes. We
then stored the scaffolds at -4°C.

Characterization of decellularized kidney scaffolds

For histological analysis, decellularized scaffolds were fixed in
formalin and sections were cut and stained with hematoxylin and
eosin (HE). Scaffolds fixed in 2.5% glutaraldehyde were also analyzed
by scanning electron microscopy (SEM). Immunohistochemistry for
type IV collagen, laminin was performed to evaluate the retention of
these basement membrane proteins by using anti-type IV collagen
antibody (Southern Biotech, Birmingham, USA), anti-laminin
antibody (Abcam™, Cambridge, UK). Nuclei were counterstained
with 4,6-diamidino-2-phenylindole (DAPI, ThermoFisher Scientific,
Massachusetts, USA).

Scaffold recellularization via the antegrade and retrograde
routes

We seeded the decellularized kidney scaffolds via two routes, which
were infusion of rat aortic endothelial (RAE) cells into the renal artery
(antegrade seeding) and infusion of rat epithelial tubular cells (NRK-
52E) into the ureter (retrograde seeding). RAE cells were purchased
from VEC Technologies, Inc. (New York, USA) and NRK-52E was
purchased from the European Collection of Cell Cultures. RAE cells
were suspended at 10 x 10° cells/ml in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco™), supplemented with 10% fetal bovine
serum, 1% non-essential amino acids, and 1% antibiotic-antimycotic,
while NRK-52E were suspended at the same concentration in CS-C
complete medium (Cell Systems Corporation).

Then 20 x 10° RAE cells suspended in 2 ml of medium were
manually injected into the renal artery. To prevent sudden elevation of
the intra-scaffold pressure, the cells were infused at the rate of 0.4 ml/
min or less. To enhance cell dispersion inside the scaffold, we applied a
transrenal pressure gradient (TPG) by using a custom-built device that
could reduce the air pressure, with the internal pressure being adjusted
to -100 mmHg for 60 min (Figure 1). We set the device at -100 mmHg
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Figure 1. A schematic diagram of the device capable of withdrawing air to create a negative
pressure environment. Internal pressure of the chamber can be accurately adjusted by
controlling air inflow through manipulating the external lever.
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because our preliminary study showed that a greater TPG was likely to
cause injury to the scaffold. The distal end of the arterial cannula was
placed in PBS outside the device to allow free flow of fluid, whereas the
ureteral cannula was left inside the device.

For retrograde seeding, we manually infused 1 x 10° RET cells
suspended in 0.1 ml of medium into the ureter over one minute. We
infused a larger volume of cell suspension in early experiments, but this
caused overexpansion and rupture of the renal pelvic wall, leading to
leakage of cells from the scaffold. Therefore, we reduced the volume to
0.1 ml. After manual bolus infusion of cells into the ureter, we applied
TPG in a similar way to antegrade seeding. The seeded scaffold was
placed in the device and the pressure was set at -20 mmHg for 60 min
(Figure 1), while the distal end of the ureteral cannula was placed in
PBS outside the device and the arterial cannula remained inside it.

Cellularity after recellularization

To evaluate the effect of TPG on cell seeding, we compared
cellularity between scaffolds repopulated with manual injection only
and those repopulated with manual injection + TPG. Immediately
after cell seeding, the repopulated scaffolds were processed for
HE staining and cell counting. Then we counted engrafted cells in
reconstructed images of cross sections through the renal hilum at x
200 magnification. Engrafted RAE cells were counted after antegrade
seeding, whereas NRK-52E was counted after retrograde seeding. After
antegrade seeding, we also counted the total number of glomeruli and
the number of engrafted glomeruli that contained at least a single cell
(cell-positive glomeruli), and then we calculated the percentage of cell-
positive glomeruli.

Perfusion culture of kidney scaffolds

To examine whether infused cells could survive and proliferate
in the kidney scaffolds, we performed perfusion culture experiments.
After seeding RAE cells with TPG, the repopulated scaffolds were
immersed in culture medium for 3-5 hours to allow cell attachment.
Then each scaffold was mounted in a bioreactor for culture with
continuous perfusion via the renal artery. We built a simple bioreactor
consisting of a culture medium reservoir, a Perista™ Pump, and
connecting tubes. This was used to recirculate 100 ml of supplemented
DMEM at 1 ml/min for 72 hour, after which the histology of the
perfusion-cultured scaffold was assessed. We exchanged the medium
at 48 hours and maintained constant culture conditions by placing the
system in an incubator. At the end of 72-hour perfusion culture, we
processed the scaffolds for HE staining and immunofluorescence for
KI-67 (ThermoFisher Scientific, Massachusetts, USA).

For analysis of organ function, we measured the arterial pressure
during perfusion of the renal artery in re-endothelialized scaffolds,
assuming that endothelial cells could potentially alter flow dynamics
inside the scaffold [14]. We used modified Krebs-Henseleit (KH)
solution [9] as a surrogate for blood, delivered it into the renal artery
(100 ml in total, over approximately 60 min), and then recorded the
arterial pressure to calculate the vascular resistance [arterial pressure
(mmHg)/flow rate (ml/min)]. We also recorded the volume of fluid
passively drained via the ureter.

Results

Assessment of decellularized kidney scaffolds

During continuous arterial perfusion with SDS, the isolated kidney
gradually became whitish, and was transparent after 48 hours (Figure 2A). By
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Figure 2. Evaluation of decellularized scaffolds. A: Appearance of decellularized rat kidney
after 48-hour continuous perfusion with SDS. The kidney becomes nearly transparent,
while retaining its gross appearance.

B: Infusion of dye into the renal artery (left) and the ureter (right). In acellular scaffolds,
tree-like vascular network (left) and pelvic spaces (right) are clearly visualized without a
major leakage of dye, indicating preservation of innate structures of extracellular matrix

C: A representative HE staining of decellularized rat kidney; cellular and nuclear contents
are absent, structures of glomerular and tubular basement membrane are well preserved.
Scale bar, 100 um

D: Immunohistochemistry for laminin (left) and collagen IV (right); a contiguous network
of laminin and collagen IV, primary constituents of renal basement membrane, is displayed
in glomerular and tubular compartments. Scale bar, 100 um. E: Ultrastructural analysis
with scanning electron microscopy; a complete removal of cellular contents and a well-
organized 3 dimensional architecture are shown. Tubular lumen (left) and glomerular
capillary lumen (right) are clearly identified.

infusing dye into the renal artery, we showed that the scaffolds retained
innate tree-like vasculature. Also, infusion of dye into the ureter
confirmed structural retainment of the renal pelvic spaces (Figure 2B).
When the decellularized scaffolds were stained with HE, we found that
cellular material and nuclei were completely removed while fibrous
structures remained (Figure 2C). DAPI staining did not detect cell
nuclei in the decellularized scaffolds. Immunofluorescence revealed
that type IV collagen and laminin were well preserved in the scaffolds
(Figure 2D). SEM showed a reticular structure, in which glomerular
and tubular compartments were clearly identified (Figure 2E). Thus, we
found that cellular components were adequately removed and innate
structures were well preserved in the decellularized scaffolds, which are
thought to be prerequisites for successful cell seeding.

Changes of cellularity after seeding

During antegrade cell seeding, we manually infused 2 ml of cell
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suspension (20 x 10° RAE cells) into the renal artery without any
changes in the appearance of the scaffold. More than 90% of the infused
cells remained inside the scaffold. While TPG was applied, there was
about 100 ml of PBS inflow through the arterial cannula. HE staining of
the scaffolds repopulated with manual injection only revealed moderate
spread of infused cells into the peripheral vasculature and glomeruli
(Figure 3A). Meanwhile, after repopulation of scaffolds with manual
injection + TPG, there were more cells counted per hilar cross-section,
although the change was not statistically significant (Figure 3A). Cell-
positive glomeruli showed a significant increase from 72% to 85% when
TPG was applied (Figure 3B), suggesting that TPG facilitated antegrade
dispersion of cells inside the scaffold.

With retrograde seeding, we infused 0.1 ml of cell suspension (1 x
10° NRK-52E) into the ureter without apparent trauma to the scaffold.
Histological assessment revealed that the pelvic wall was intact. NRK-
52E were not dispersed efficiently into the renal parenchyma after
manual infusion (Figure 3C). The cells only occasionally reached the
tubular spaces and never reached the glomerular spaces. We found
layers of viable cells on the renal pelvic wall, suggesting that the wall
was a barrier to cell dispersion. When we applied TPG with retrograde
cell seeding, there was no inflow of PBS, a phenomenon observed with
antegrade seeding. We found a significant increase of engrafted cells
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Figure 3. Changes of cellularity after antegrade (A, B) and retrograde (C) recellularization.
A: RAE cell number with and without TPG (-100 mmHg for 60 min). In cross sectional
images through the renal hilum, dispersed endothelial cells (by manual injection + TPG,
n=5) were greater in number, compared to the control (by manual injection only, n=5),
although it did not reach a statistical significance (p=0.2, Student’s t-test).

B: Cell positive glomeruli with and without TPG (-100 mmHg for 60 min). Cell-positive
glomeruli (by manual injection + TPG, n=5) were significantly more prevalent, compared
to the control (by manual injection only, n=5). (p<0.05).
C: Number of NRK-52E with and without TPG (-20 mmHg for 60 min). Dispersed tubular
epithelial cells (by manual injection + TPG, n=5) showed a significant increase (p<0.05),
compared to the control (by manual injection only, n=5).
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per hilar cross-section (Figure 3C), although the total cell count was
still much lower than after antegrade seeding. These results indicate
that TPG also facilitated retrograde cell seeding, but to a more limited
extent.

Structural and functional analysis of perfusion-cultured
kidney scaffolds

Repopulated kidney scaffolds underwent perfusion culture for 72
hours at the rate of 1 ml/min, with no obvious elevation of pressure
that could potentially damage the scaffolds. Histological examination
revealed that endothelial cells were retained and survived in the
vasculature and glomeruli (Figure 4A). We also found endothelial cells
proliferated in the vasculature, as indicated by positive KI-67 staining,
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Figure 4. Histological assessment of perfusion-cultured scaffold.

A: HE staining shows a wide distribution of re-endothelialized glomeruli and adjacent
vessels. Scale bar, 100 um. B: In a densely repopulated glomerulus, KI-67 positive cells
(indicated by arrowheads) are observed. Some of endothelial cells dispersed into peritubular
spaces beyond the nephron. Scale bar, 100 pm.
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and that some of them were present in the peritubular capillaries
beyond the glomerulus (Figure 4B).

When KH solution was perfused at a constant rate into the renal
artery of a scaffold that had undergone 72-hr perfusion culture, the
arterial pressure was stable at around 150 mmHg. When a non-seeded
scaffold was perfused at the same rate, the pressure was approximately
half the level in a seeded scaffold, showing that the flow resistance was
significantly higher in perfusion-cultured scaffolds (Figure 5A). The
results suggest that the engrafted endothelial cells altered the resistance
for the perfusate. During perfusion using 100 ml of KH solution,
perfusion-cultured scaffolds produced a tiny amount of effluent in the
ureter, whereas non-seeded scaffolds generated a larger volume (Figure
5B). It seems likely that engrafted cells prevented free filtration inside
the scaffold, leading to the reduced volume of effluent in the ureter.

Discussion

Two routes have commonly been used for repopulating
decellularized kidney ECM scaffolds, which are antegrade seeding of
the vascular network via the renal artery and retrograde seeding of the
parenchyma via the ureter, but the optimal seeding method for each
route has not yet been established [15].

Ross et al. [10] manually injected cell suspensions via the renal
artery and ureter, and reported considerable distribution of cells in the
vasculature but not in the renal parenchyma. They speculated that the
renal papilla acted as a barrier to uniform and efficient cell dispersion.
Song et al. [9] were the first to report that TPG facilitates cell dispersion
in the tubular spaces as well as the vascular network. They repopulated
the vasculature and parenchyma simultaneously with TPG.

To further explore the effects of TPG on recellularization, we
carried out experiments by applying different levels of TPG for the
two repopulation routes and quantified the number of engrafted cells.
We determined the strength of TPG for application in an empirical
fashion. When TPG was -200 mmHg or more in the vascular route,
the scaffold was likely to be damaged, while -50 mmHg or more caused
barotrauma in the ureteral route. Therefore, we set TPG at -100 and -20
mmHg, respectively, for the vascular and ureteral routes in this study.

We demonstrated that TPG facilitates cell dispersion in the vascular
network. While manual injection delivered a considerable number of
endothelial cells, more cells were counted after TPG was applied and we
observed a significant increase of cell-positive glomeruli. We speculate
that TPG delivers cells to more peripheral regions, leading to an increase
of cell-positive glomeruli. We also showed that TPG had an impact on
retrograde cell dispersion, but the seeding efficiency still seemed to be
insufficient for development of parenchymal function. The appropriate
strength of TPG seems to vary between different routes and should be
determined for a specific route. Even with application of specific TPG,
parenchymal recellularization seems to be highly challenging.

To address the challenges related to parenchymal recellularization,
Caralt et al. [16] tried a different approach. They infused tubular cells
antegradely into the renal artery at 25 ml/min (232 mmHg), and
observed efficient cellular translocation from the vasculature to the
parenchyma along with formation of tubular structures. Our findings
are in conflict with theirs, since we found that a high pressure is
likely to induce barotrauma and a leakage of cells from the scaffold.
To explain this discrepancy, we should take into account the fact that
decellularization and recellularization protocols vary among studies,
including differences of the decellularizing agent and duration of
perfusion, the cell seeding methods and cell types used, and bioreactor
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Figure 5. Functional assessment of perfusion-cultured scaffold. A:

Vascular resistance [arterial pressure (mmHg)/flow rate (ml/min)] significantly increased
(p<0.01, Student’s t-test) in re-endothelialized scaffolds (n=5) compared to acellular, non-
seeded scaffolds (n=4) when KH solution is arterially delivered. B: Effluent in the ureter
significantly decreased (p<0.05) in re-endotheliarized scaffold (n=5) compared to acellular,
non-seeded scaffold (n=4) when KH solution is arterially delivered.
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parameters that could potentially influence the results [17]. We believe
that these variations inevitably place limitations on comparison of
recellularization efficiency among studies.

In our functional analysis of scaffolds subjected to perfusion
culture, we found that vascular resistance increased after endothelial
cell engraftment. This result validated a simulation study by Laurence et
al. [14], which showed that increased cellularity due to recellularization
may be associated with decreased porosity and increased pressure in the
scaffold. We demonstrated that re-endothelialization increases arterial
resistance and reduces the volume of effluent in the ureter, suggesting
that these parameters could be used to evaluate recellularization
efficiency. As a more specific indicator of renal function, Song et al. [9]
analyzed the urinary effluent and determined the capacity for solute
clearance of recellularized scaffolds. However, our analysis of effluent
was not consistent, showing a wide range among scaffolds. Here also,
variation in the type of cell employed (they used highly proliferating
cells) and other parameters could lead to differences in the reported
results.

In conclusion, our TPG-based seeding method (bolus injection
+ application of TPG) is safe and effective, since it achieves a stable
intra-scaffold pressure and unintended elevation is unlikely. In
addition, it does not require a sophisticated and expensive bioreactor
with continuous pressure and flow monitoring. Further studies will
be required to achieve higher recellularization efficiency, and our
seeding method may be useful for research into development of a fully
functioning implantable organ.
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