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Constructing Kidney-like Tissues from Cells Based
on Programs for Organ Development: Toward a Method
of In Vitro Tissue Engineering of the Kidney
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The plausibility of constructing vascularized three-dimensional (3D) kidney tissue from cells was investigated. The
kidney develops from mutual inductive interactions between cells of the ureteric bud (UB), derived from the
Wolffian duct (WD), and the metanephric mesenchyme (MM). We found that isolated MMs were capable of
inducing branching morphogenesis of the WD (an epithelial tube) in recombination cultures; suggesting that the
isolated MM retains inductive capacity for WD-derived epithelial tubule cells other than those from the UB.
Hanging drop aggregates of embryonic and adult renal epithelial cells from UB and mouse inner medullary
collecting duct cell IMCD) lines, which are ultimately of WD origin, were capable of inducing MM epithelialization
and tubulogenesis with apparent connections (UB cells) and collecting duct-like tubules with lumens (IMCD). This
supports the view that the collecting system can be constructed from certain epithelial cells (those ultimately of WD
origin) when stimulated by MM. Although the functions of the MM could not be replaced by cultured mesen-
chymal cells, primary MM cells and one MM-derived cell line (BSN) produced factors that stimulate UB branching
morphogenesis, whereas another, rat inducible metanephric mesenchyme (RIMM-18), supported WD budding as
a feeder layer. This indicates that some MM functions can be recapitulated by cells. Although engineering of a
kidney-like tissue from cultured cells alone remains to be achieved, these results suggest the feasibility of such an
approach following the normal developmental progression of the UB and MM. Consistent with this notion,
implants of kidney-like tissues constructed in vitro from recombinations of the UB and MM survived for over 5
weeks and achieved an apparently host-derived glomerular vasculature. Lastly, we addressed the issue of optimal
macro- and micro-patterning of kidney-like tissue, which might be necessary for function of an organ assembled
using a tissue engineering approach. To identify suitable conditions, 3D reconstructions of HoxB7—green fluorescent
protein mouse rudiments (E12) cultured on a filter or suspended in a collagen gel (type L or type IV) revealed that type
IV collagen 3D culture supports the deepest tissue growth (600+8pm) and the largest kidney volume
(0.22+0.02mm?), and enabled the development of an umbrella-shaped collecting system such as occurs in vivo.
Taken together with prior work (Rosines et al., 2007; Steer et al., 2002),"* these results support the plausibility of a
developmental strategy for constructing and propagating vascularized 3D kidney-like tissues from recombinations
of cultured renal progenitor cells and/or primordial tissue.

Introduction shortage of transplantable kidneys is engineering of kidney-

like tissues for therapeutic purposes. This is a daunting task

WITH oVER 89,000 PEOPLE in the United States alone
awaiting a kidney transplant (as of April 2010), the
necessity for alternatives to allogenic renal transplantation is
clear.®> Currently, the alternative to transplantation in pa-
tients with chronic renal failure is dialysis; this is despite the
facts that this does not recapitulate all the functions of the
kidney, nor have improvements in the technique eliminated
the need for transplantation. A potential solution to the

because the human kidney is characterized by over two
dozen cell types and a complex three-dimensional (3D) ar-
chitecture, including structures such as the loop of Henle, the
juxtaglomerular apparatus, and a complex microvasculature,
critical to its many functions.

Embryonic kidney primordia represent a potential source
of transplantable organs.*® A strategy has been proposed by
us for in vitro propagation of nephrons and generation of
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many kidney-like tissues from a single primordium by ex-
ploiting the capacity of the UB to branch.” However, an ulti-
mate goal would be to construct kidney or kidney-like tissues
with the level of complexity seen in the adult organ from cul-
tured cells, which represent a seemingly unlimited resource
and which could potentially be derived from an individual
patient using stem cell technology. We recently described a
strategy for the constructing of kidney-like tissues through
in vitro reconstitution of developmental stages beginning with
renal progenitor tissues, ureteric bud (UB; the progenitor tissue
from which the renal collecting system is derived), or Wolffian
duct (WD; the embryonic tissue from which the UB is derived)
along with metanephric mesenchyme (MM; the tissue from
which the noncollecting duct portion of the nephron is ulti-
mately derived).1 In this study, we have examined the feasi-
bility of using rodent cultured renal cell lines to model kidney
progenitor tissues and evaluated the potential of constructing
kidney-like tissues from cultured cells.

Although many questions remain to be answered, the data
appear to support the concept that it may be possible to con-
struct renal progenitor tissues from cultured cells. Even
though the creation of functional renal tissue with appropriate
3D spatial relations from UB and MM cells alone has yet to be
achieved, the feasibility of such an approach for the generation
of both progenitor tissues was strongly supported using both
cells of WD/UB derivation (UB and inner medullary collect-
ing duct [IMCD] cells) and MM derivation (BSN and rat in-
ducible metanephric mesenchyme [RIMM]-18 cells). In vitro
recombinations of progenitor tissues and transplantation into
nude mice suggest that the strategy we propose can resultin a
vascularized kidney with long-term viability. To obtain ap-
propriate macro- and micro-patterning necessary for whole
kidney function, we propose a novel 3D culture approach
based on a type IV collagen-rich matrix. Together, the results
of this study represent important and necessary first steps in
the utilization of developmental approaches to de novo in vitro
constructing of kidney-like tissues from cultured cells.

Materials and Methods
Materials and reagents

Fibroblast growth factor-1 (FGF1) and glial-cell-derived
neurotrophic factor (GDNF) were obtained from R&D Sys-
tems (Minneapolis, MN). Mouse anti-E-cadherin antibodies
were from BD Biosciences Pharmingen (San Diego, CA) and
goat anti-mouse AlexaFluor 594 was from Molecular Probes
(Eugene, OR). FITC-conjugated Dolichos biflorus (DB) lectin
and rhodamine-conjugated peanut agglutinin (PNA) were
from Vector Laboratories (Burlingame, CA). Type I and type
IV collagens, and growth-factor-reduced Matrigel were from
BD Biosciences (San Jose, CA). Antibiotics, Dulbecco’s
modified Eagle’s medium (DMEM)/F12 1:1 (v:v), and
phosphate-buffered saline (PBS) were from Gibco-BRL
(Grand Island, NY). Unless otherwise noted, all other re-
agents were from Sigma (St. Louis, MO).

Embryonic tissue isolation

The urogenital tract was isolated from timed E13 Holtz-
man rat or E12 mouse embryos and WDs were dissected free
of surrounding tissue. The mesonephric tubules and inter-
mediate mesoderm were carefully stripped away leaving
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only the epithelial tube of the WD.”® Metanephric kidneys
were isolated and directly used in the kidney culture as de-
scribed below or further separated in to the UB and MM
tissues as described previously.'

Implantation of reconstructed kidney-like tissue

Recombinations of UB and MM were implanted into adult
male nude mice according to previously described methods."
The implanted tissue was inserted into a subcapsular tunnel
created on the right kidney, the incision was closed, and the
animal was allowed to recover from the anesthesia. After
37 days, the kidneys with implants were removed and pro-
cessed for histological and immunocytochemical analysis.

WD/MM coculture

A ~100 pm segment of WD was excised and suspended
within the isolated MM from one kidney in a 1 mg/mL type I
collagen solution (supplemented with DMEM and buffered
by HEPES and NaHCO; to a pH of ~7.2). Before the gel was
completely solidified, the WD segment was placed in the
crevice of the MM left behind from the removal of the UB.
The WD/MM tissue was cultured in the presence of a
DMEM/F12 medium supplemented with 10% fetal bovine
serum (FBS; Hyclone, Logan, UT) and 1% antibiotics for 7 or
12 days. All cultures were incubated at 37°C in a humidified
5% CO, and 100% humidity atmosphere.

Hanging drop cell aggregate/MM coculture

Confluent monolayers of mouse SV40 large-T-antigen-
transfected UB cells’ or IMCD cells'® were trypsinized and
suspended in DMEM/F12 (supplemented with 10% FBS and
1% antibiotics) at a concentration of 1x10° cells/mL. About
20 pL of the cell solution was placed on the bottom of a Petri
dish lid with 10mL of PBS in the Petri dish. The cells were
incubated as a hanging drop for 2 days at 37°C in a humidified
5% CO, atmosphere. The cell aggregates were removed from
the hanging drops and placed on a 0.4 um Transwell filter
surrounded by freshly isolated MM with 400 pL DMEM/F12
medium supplemented with 10% FBS and 1% antibiotics
placed below the filter and incubated for an additional 7 days.

Generation of the primary MM cell line

MMs isolated from day 13 embryonic kidneys as previ-
ously described''™* were placed directly onto a cell-culture-
treated plate and cultured for 5 days in the growth medium
supplemented with 50ng/mL of FGF2 and 10ng/mL
transforming growth factor-o, which support MM survival.”
The MM cells were then trypsinized and placed on new
plates and used for the experiments.

MM cell (BSN, RIMM-18 or primary) culture
and conditioned medium

To create conditioned medium (CM), BSN,'* RIMM-18,°
MM primary, or NTH/3T3' cells were cultured on plates
and allowed to reach confluence. After confluence was
reached, the medium was replaced with DMEM/F12 (no
antibiotics or FBS) and the cells were incubated for 3 days.
After 3 days the CM was removed and concentrated 5 times
with a 5000 MW cutoff Millipore (Billerica, MA) filter.
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FIG. 1. WD/MM coculture. (A) Schematic of the procedure followed in engineering kidney tissue from the WD and MM.
(B) Embryonic day 13 rat kidney; UB is outlined by dashed red line. (C) Kidney that has been separated into isolated UB and
isolated MM; light green oval indicates empty space in MM where the UB was removed. (D) Isolated MM from (C), in which
a piece of WD has been used to replace the UB; light green oval indicates empty space in MM where the UB was removed,
and dashed blue line demarcates the section of WD. (E) After 7 days, the WD/MM coculture grew similar to traditional
in vitro kidney culture. (F) After 7 days, the WD/MM coculture grew similar to traditional in vitro kidney culture (green=
Dolichos biflorus lectin, UB-derived tissues; red = E-cadherin, UB- and MM-derived polarized epithelial tissues). (G) After 12
days, peanut agglutinin lectin staining (red) revealed differentiation of glomerular podocytes. Scale bars =B-G 300 pm. UB,
ureteric bud; WD, Wolffian duct; MM, metanephric mesenchyme. Color images available online at www liebertonline.com/ten.

Isolated UB culture suspended UBs were then cultured for 7 days at which time

Isolated UBs were suspended in a growth-factor-reduced tips were counted.
Matrigel solution (1:1 Matrige:DMEM/F12), and cultured 3D kidney culture
with CM from the BSN, RIMM-18, MM primary, or 3T3 cell
lines supplemented with 10% FBS, 1% antibiotics, 125 ng/mL

Metanephric kidneys were isolated and suspended in ex-
FGF1, and 125ng/mL GDNF as described previously.'* The

tracellular matrix (ECM) solutions of type I collagen, type IV
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collagen, or growth-factor-reduced Matrigel at the noted
concentrations. All matrix solutions were supplemented with
DMEM and buffered by HEPES and NaHCO; to a pH of
~7.2. Kidneys were cultured in the presence of 600puL
DMEM/F12 supplemented with 10% fetal calf serum and 1%
antibiotics for 7 days.

Immunofluorescence and lectin staining

After the indicated number of days, kidney cultures were
fixed in 4% paraformaldehyde in PBS and processed for
immunohistochemical analysis as previously described.®"”
The localization of Flk-1, Pod, vW factor, E-cadherin, cyto-
keratin, and/or PAX-2 (1:500 in blocking solution) was
determined in the samples. For PNA staining, after the block-
ing step, the tissues were washed twice with Neuraminidase
buffer (150 mM NaCl and 50 mM sodium acetate, pH 5.5),
and incubated with Neuraminidase (1 unit/mL) for 4h at
37°C, and then with rhodamine-conjugated PNA (50 ng/mL)
and FITC-DB (1:500) for 24h at 4°C. Fluorescently stained
samples were imaged the Nikon EZ-C1 confocal system.

3D imaging and morphometric analysis

Kidney cultures from HoxB7-GFP mice were fixed for
30 min with 4% paraformaldehyde in PBS and rinsed thrice
for 5 min in PBS. Kidneys were then cleared with Focus Clear
(Cedarlane Laboratories, Burlington, NC) for 20min and
mounted on depression slides with Mount Clear (Cedarlane
Laboratories). Samples were imaged on the FV300 Olympus
2-photon microscopy system. 3D Reconstructions, isosurfa-
cing, and 3D measurements of fluorescent stacks were per-
formed using Image Pro Plus 3D Constructor 5.1 (Media
Cybernetics, Bethesda, MD). Tissue thickness was deter-
mined as being the minimum distance between two planes
(or Feret minimum). Length to thickness ratio was calculated
as the Feret maximum to Feret minimum ratio. Kidney vol-
umes were estimated as the volume of an ellipsoid with the
dimensions of half the length, depth, and width of a bound-
ing box around the branching structure. All samples were
analyzed with n > 3 and with errors reported as the standard
error of the mean.

Results

Over 50 years ago, Grobstein and colleagues demon-
strated that the isolated MM retained the ability to undergo
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morphogenetic changes similar to that seen in vivo when
cultured in the presence of an appropriate inducing tissue,
including the UB and other heterologous tissues."®° Sub-
sequent studies from a number of laboratories have lead to
the conclusion that the Wnt family of growth factors are in-
volved in this induction of renal epithelia from the MM.?'"*

Because the UB and MM are mutually inductive tissues,
initial studies were aimed at determining whether the UB
could be replaced by another tubular tissue with the poten-
tial to form collecting ducts in coculture with the MM. Be-
cause 3D tubular epithelial growth can be achieved with cells
of WD origin (UB and IMCD cells)'**4+%8 and because it is
the progenitor tissue of the UB and thus might be able to
respond to potential inductive signals arising from the whole
isolated MM, the WD was chosen. Thus, we examined the
ability of the E13 embryonic MM to induce the growth and
development of a portion of an isolated WD into a branching
UB-like structure. The isolated WD, when cultured within
the freshly isolated MM (in which the UB has been removed
via manual dissection), not only developed a branched col-
lecting duct system but also proved to be capable of inducing
the MM to differentiate in a manner similar to that of tra-
ditional in vitro metanephric kidney culture (Fig. 1E-G). Al-
though it is conceivable that some basement membrane
from the UB remains within the isolated MM, only those
MMs in which the entire UB was removed were used for the
experiments.

After 7 days of in vitro culture, convoluted, presumably
MM-derived epithelial structures expressing E-cadherin
were visible, suggesting the formation of nascent nephrons
(red-stained structures in Fig. 1F). After 12 days of in vitro
culture, in addition to increased growth of the collecting duct
system, a large number of developing glomeruli were evi-
dent by PNA staining (red dots in Fig. 1G). PNA lectin has
been shown to bind with high affinity to the podocyte coat
after neuramidase treatment and thus represents a conve-
nient marker of developing glomeruli.*’

Taken together, these results indicate that the MM, even
after some early morphogenetic events involved in kidney
development have occurred (i.e., induction of UB outgrowth,
UB penetration of MM, and formation of the T-shaped UB),
retains inductive capacity for early morphogenetic events in
kidney development (i.e., UB emergence from the WD).
Moreover, this raises the possibility that the post-UB out-
growth MM has the potential to serve as an inductive tissue
for studies aimed at engineering kidney-like tissues from

FIG. 2.

IMCD hanging drop cell aggregates. (a) An IMCD aggregate from the hanging drop. (b) After 6 days in the Matrigel
suspension culture, the IMCD cell aggregate protruded a tubule with a lumen. (¢, d) The tubule continued growing to form a
structure resembling a T-shaped UB (compare with e) after 8 days of culture. (e) Phase-contrast photomicrograph of a freshly
isolated rat E13 T-shaped UB. Scale bars =200 um. IMCD, inner medullary collecting duct.
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FIG. 3. Budding of IMCD cell aggregates. (a, b) IMCD cell aggregates from the handing drop method formed buds with
lumens in a manner like WD budding after 7 days in the Matrigel suspension culture. (c) An isolated clean WD. (d) Budding
of the clean WD after 5 days culture supplemented with a medium with glial-cell-derived neurotrophic factor and fibroblast
growth factorl. Scale bar =200 pm.

FIG. 4. UB cell aggregate coculture with MM. (a) Hanging drop aggregate of UB cells (outlined in red) surrounded by
numerous freshly isolated MMs. (b) Phase-contrast of coculture after 7 days. (c¢) Confocal fluorescent photomicrograph of
coculture tissue after 7 days of growth in culture (green = Dolichos biflorus lectin, UB-derived tissues; red = E-cadherin, UB-
and MM-derived polarized epithelial tissues). (d) Higher magnification examination of the recombined tissue showing that
the MM-derived tubule is continuous with the green UB cells. (e) UB-cell-derived multicellular extensions. Scale bars =a-c,
400 pm; d and e, 25 um. Color images available online at www .liebertonline.com/ten.
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FIG. 5. IMCD cell aggregate
coculture with MM. (a) After
7 days, the IMCD cells orga-
nized into epithelial tubules;
however, MM induction did
not appear very widespread.
(b—d) Cytokeratin staining
(green) demonstrates that the
IMCD cell aggregate formed
tubular structures with lu-
mens (noted by the asterisk).
(e) Occasional comma-shaped
bodies (evident by PAX-2
staining, red) were induced
by the IMCD cell aggregate.
Scale bars=a and b 400 pm;
d and e, 50 pm. Color images
available online at www
Jliebertonline.com/ten.

cultured cells that have the potential to form branching tu-

bular collecting duct-like structures (i.e., UB cells and IMCD
cells). 143435384041

Constructing an epithelial tube from cells

We attempted to construct an epithelial tube from a ho-
mogenous cell line possessing the potential to act as a UB or
WD. Although it is currently unclear what source of cells
(mature kidney cells or stem cells that are of embryonic,
amniotic, or adult derivations) will ultimately be best suited
for this purpose, it is, nevertheless, necessary to develop
strategies to construct tissues from cells should they become
available. Thus, in these studies, the process of constructing
an epithelial tissue from cells was simulated using an im-
mortalized mouse UB cell line”'* or an IMCD cell line de-
rived from the mouse adult collecting duct.'® Both of these
renal epithelial cell lines are capable of undergoing branch-
ing tubulogenesis in 3D ECM gels in response to either CM
from a MM cell line (BSN cell line)'* or medium containing
hepatocyte growth factor and/or an epidermal growth factor
receptor ligand,** respectively.
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The UB and IMCD cells were induced to form cell ag-
gregates in hanging drop cultures, and, when suspended in
ECM gels, these aggregates appeared to grow and develop
as a single mass of cells. Interestingly, a large hanging drop
aggregate of IMCD cells (Fig. 2a) formed a multicellular tu-
bule with a lumen after 6 days culture, in response to BSN-
CM with 125ng/mL GDNF and 250 ng/mL FGF1 (Fig. 2b)
(similar tubular structures with lumens were not seen in 3D
ECM cultures of the UB cell hanging drop aggregates). This
tubule eventually formed a structure (Fig. 2¢, d) remarkably
similar, in both size and shape, to the T-shaped UB (Fig. 2e).
In addition, IMCD cell hanging drop aggregates after 7 days
of culture in the 3T3-CM with 125ng/mL GDNF were also
able to form multiple buds with lumens (Fig. 3a, b) in a
similar manner seen with WD budding (Fig. 3d).

Coculture of the UB-like aggregate (constructed
from UB and IMCD cells) with MM

The hanging drop cell aggregates were then combined
with freshly isolated E13 rat MM (Fig. 4a). Although the UB
cell aggregate did not appear to branch within the isolated
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MMs (perhaps because a 3D ECM is not included in the
standard recombination), multicellular epithelial structures
with apparent apico-basolateral polarity were observed (Fig.
4e); however, it was difficult to identify tubules with patent
lumens. Nevertheless, not only did UB cell aggregates induce
mesenchymal-to-epithelial transition in patches of the MM
(Fig. 4b, c), but costaining with E-cadherin (a convenient
marker for the transition of MM cells to epithelial cells) and
fluorescently labeled DB (a marker of UB-derived tissue?)
suggested that the recombination of the MM with preformed
UB-like aggregates of UB cells results in the formation of an
apparently contiguous tissue segment (Fig. 4d), reminis-
cent of the recombination of cultured isolated UB with
MM.111343 Thys, cultured cells derived from the UB can, in
this system, induce a mesenchymal-to-epithelial transition
in the isolated MM. The E-cadherin-positive/DB-negative
MM-derived tubule appeared continuous with the DB-
positive/E-cadherin-positive UB-cell-derived structure. By
staining for both E-cadherin and DB, one can readily iden-
tify epithelial cells arising from the MM, as these epithelial
cells do not bind DB, whereas UB epithelial cells are both
E-cadherin and DB positive.

MM

BSN

RIMM18

Qs

£

Kk

f g
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In contrast to UB cell aggregates, IMCD cell hanging drop
aggregates with T-shaped UB-like structures were found to
be capable of self-organizing into tubules with lumens when
cocultured with isolated MM (Fig. 5a—c). Although the IMCD
cell aggregates did not induce the MM to develop nascent
nephrons to the same extent as that seen with UB cell
hanging drop aggregates (Fig. 4c, d), formation of some
small comma-shaped bodies was evident (Fig. 5e). Taken
together, these results suggest that when recombined with
MM, UB-like tissue constructed from hanging drop aggre-
gates of renal epithelial cell lines not only can form tubules
with lumens in response to the inductive signals from the
MM, but also can induce epithelialization and early tubulo-
genesis in the MM.

Coculture of isolated UB and WD
with cultured MM cells

For the purposes of constructing a kidney-like tissue from
cells alone (by co-opting the developmental program), one
would ideally like to perform equivalent experiments on the
MM side. Therefore, we investigated whether any of the

313
h

FIG. 6. Three MM-derived
cell lines tested for the ability
to induce isolated WD bud-
ding. (a—c) The BSN, rat in-
ducible metanephric
mesenchyme (RIMM)-18, and
MM primary cell lines are all
MM-derived cell lines that are
mostly vimentin positive and
cytokeratin negative or low.
(d) 3T3 fibroblasts are also
vimentin positive, cytokeratin
negative cells, but are not
MM derived. (e) Conditioned
medium (CM) from BSN cells
strongly induced isolated UB

30

] branching. (g) CM from pri-

25 4

mary MM cells only slightly
induced branching. (f, h) CM
from RIMM-18 or 3T3 cells

20 -

did not induce branching
morphogenesis. (i) Plot of tip
number versus cell-CM used

Tip Number

15 4

(analysis of variance,
p <0.00001); *p <0.05,

10 -

**p <0.00005. Scale bars =
a—d, 50 pm; e-g, 250 pm.
Color images available

RIMM18

BSN

MM

* online at www.liebertonline
.com/ten.
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currently available cultured MM cells possess the potential to
substitute for the native progenitor tissue. Three different
MM-derived cell types, the well-characterized BSN cell line,**
a conditionally immortalized metanephric mesenchymal cell
line (RIMM-18),"”> and a primary rat E13 MM cell culture
(verified to be vimentin positive and cytokeratin negative
[Fig. 6a—], along with NIH/3T3 fibroblasts [controls; Fig.
6d]), were tested (Fig. 6e-i). However, cell aggregates from
each of the three MM cell types (generated through the use of
hanging drop culture or via centrifugation) could not be
made to induce UB branching morphogenesis after recom-
bination with freshly isolated UB (data not shown). The cell
aggregates also lacked the ability to undergo mesenchymal-
to-epithelial transition after recombination with the freshly
isolated E13 rat UB (data not shown). This is despite the fact
that the medium conditioned by BSN cells'*'* and primary
MM cells was capable of inducing isolated UB branching
morphogenesis in a 3D ECM (Fig. 6e-i), the BSN-CM being,
somewhat surprisingly, even more potent than primary MM-
CM itself (Fig. 6i). Although the RIMM-18 and 3T3 condi-
tioned medium did not induce UB branching, the 3T3-CM
(known to contain the branch-promoting factor, pleio-
trophin,** and other branching factors) appeared to induce
slight globular growth of the isolated UB (Fig. 6h).
Moreover, budding of the WD occurred only when the
isolated WD was cultured in direct contact with RIMM-18
cells (Fig. 7e, f). BSN and 3T3 cells allowed for survival with

On Filter

FIG.7. Three MM derived cell BSN
lines were tested for the ability
to support isolated WD bud-
ding. (a, b) WD cultured on a
filter disintegrated. (¢, d) WD
cultured on a layer of BSN cells
appeared to survive, (e, f) but
WD cultured on RIMM-18 cells
underwent budding at multiple
sites along the WD. (g, h) 3T3
only supported WD survival.
(i, j) MM primary cells resulted
in WD disintegration. (Scale
bar =500 pm).

RIMM18

3T3
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an apparent increase in the width of the WD, whereas WDs
cultured on top of primary MM cells disintegrated (Fig. 7c, d,
g, and h). This suggests that the formation of a UB-like
structure from WD cell epithelial tube can be made to occur
when the tube is in contact with MM-derived cells.

Implantation of in vitro engineered
kidney-like tissue into nude mice

Whole embryonic kidney or kidney-like tissue (con-
structed in vitro from a recombination of cultured UB and
MM) has been previously implanted under the renal capsule
of a host animal leading to the development of glomeruli
with rudimentary vascular supplies."*** However, growth
and vascularization of the kidney-like recombinant implant
was severely limited beyond 2 weeks, possibly due to
chronic rejection as evidenced by a mononuclear cellular
infiltration." It is also possible that since the implant does not
have an outlet for the filtrate, the tissue degradation is due to
the accumulation of filtrate.*> To address this problem, rat
recombination cultures (of native UB and native MM) were
implanted under the renal capsule of an immunocompro-
mised host nude mouse. Their use as recipients of the im-
planted kidney-like tissues allowed for extended growth of
the implant, up to 5 weeks after implantation. Histological
examination of the implantation site revealed the presence of
multiple glomerular-like structures within the implanted

Day 4
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rat Pod

mouse Pod

tissue with little apparent necrosis (Fig. 8a—c). Immunocyto-
chemical and histocytochemical examination revealed that
these glomerular-like structures had a vasculature containing
an endothelial cell marker, Flk1 (Fig. 8d, e), and were ap-
parently derived from the host animal (Fig. 8f-i). Although it
remains to be determined whether or not the implanted
kidney-like tissue is capable of producing concentrated urine
or demonstrates other mature kidney functions, the results
described above do suggest that in vitro constructed kidney-
like tissue can continue to differentiate and grow into a more
histolomorphologically mature renal tissue in the proper
environment.

Achieving appropriate 3D spatial relationships in vitro

If renal progenitor tissues are to be constructed from cells
and these tissues then assembled to reproduce an embryonic
kidney-like structure as described in Figure 1, another po-
tentially important step would be to culture the early em-
bryonic kidney-like tissues in a system that allows for
recapitulation of 3D spatial relations within the kidney as
these relations are necessary for normal kidney function.
Metanephric kidney culture has traditionally been per-
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FIG. 8. Examination of en-
gineered kidney tissue 37
days after implantation under
the renal capsule of a kidney
in a nude mouse. (a, b). He-
matoxylin and eosin stained
section through the host kid-
ney and implanted kidney
tissue. (c—i) Confocal fluor-
escent micrographs showing
extent of implant vascular-
ization. (c) Dolichos biflorus
(green); Collagen IV (red). (d)
Flk-1 (green); Collagen IV
(red). (e) Higher magnifica-
tion examination of d. (f)
Specific staining for mouse
podocalyxin (red). (g) Specific
staining for rat podocalyxin
(red). (h) von Willebrand
factor (green); mouse podo-
calyxin (red). (i) Higher
magnification examination of
h. (Scale bar = a, 400 um; b,
150 um; ¢, d, h, 50 um; e, i,
10 um). Color images avail-
able online at www
Jiebertonline.com/ten.

formed by culturing the embryonic kidney rudiment in the
presence of a normal growth medium on a filter at the air—
medium interface. Kidneys cultured in this manner grow in
primarily in two-dimensions with little increase in its width
(Figs. 9a and 10A). Consequently, despite the fact that much
of early kidney development can be simulated in this setting,
this culture system does not accurately reproduce the 3D
structure important for renal function. Therefore, we investi-
gated whether an E13 rat embryonic kidney could undergo 3D
growth and branching morphogenesis when suspended within
an ECM gel. Type I collagen, type IV collagen, and Matrigel all
supported 3D kidney growth and development (Figs. 9 and
10), whereas artificial matrices of either alginate or puramatrix
did not support any appreciable growth (data not shown).
The increasing opacity of the kidneys imaged with
brightfield microscopy (type IV collagen = Matrigel > type I
collagen > filter) suggested a thicker, more 3D tissue (Fig.
10). Interestingly, type IV collagen and type I collagen pro-
moted different 3D growth patterns. Kidneys grown in type I
collagen only branched upward in the z-direction away from
the filter, whereas the branching of kidneys growing in type
IV collagen exhibited an umbrella-shape branching pattern
characteristic of the in vivo developing kidney (Figs. 9 and
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FIG. 9. Three-dimensional (3D) projection of the branching UB of E12 HoxB7-green fluorescent protein mouse kidneys
cultured for 7 days. (a, b) Kidneys in the traditional filter culture grew flat and along the filter. (c—e) Kidneys cultured in
type I collagen or type IV collagen grew much thicker and in a more 3D manner (units, pm). (e, f) Type IV collagen supported
the deepest tissue growth, but the least distance from the origin of branching. Color images available online at www

Jiebertonline.com/ten.

10), suggesting a fundamental difference in how the struc-
tural and/or morphogenetic properties of type I collagen
and type IV collagen gels affect the orientation of tissue
branching. However, to quantify the 3D growth and to ob-
serve the extent of 3D branching in the gel suspension cul-
ture, E12 kidneys from the HoxB7-GFP mouse were cultured
in three culture conditions: traditional filter culture, 1 mg/mL
type I collagen, and 0.65mg/mL type IV collagen. After
7 days of culture, the kidneys were imaged on a 2-photon
microscope, 3D reconstructions of the branching structures
were performed (Fig. 9a, ¢, e), morphometric measurements
taken, and idealized elliptical models were generated (Fig. 9b,
d, f). Culture of the kidney rudiment on a filter in two-
dimensions resulted in growth along the filter with little ap-
preciable growth or branching in the z-direction, whereas
kidneys grown in 3D gels in either type I collagen or type IV
collagen scaffolds exhibited extensive 3D branching growth
in the z-direction. Type I collagen cultures exhibited a tissue
depth, or Feret minimum (371 £7 pm), 4.7 times greater than
the filter cultures (79 £2 pm), and type IV collagen cultures
exhibited a tissue depth (600 =8 um) 7.6 times greater than
filter cultures. Total culture volume was larger in the thicker
tissues, although this difference is not as significant as the
difference in tissue depth because the branches of the kidneys
cultured in the collagen gels did not extend as far in the
horizontal x—y plane as kidneys grown on a filter.

Discussion

Studies by others have demonstrated that prevascular
embryonic kidneys implanted into animal hosts can vascu-
larize and exhibit some excretory function.**** In a recent
study, we demonstrated how one can create implantable
tissues in vitro from renal progenitor tissues,' and now we
have advanced the method by addressing the feasibility of
using cultured cells to construct the necessary renal pro-
genitor tissues (i.e., UB and MM) and recombining these cells
with freshly isolated embryonic kidney tissues. This repre-
sents another step toward cell-based strategies for tissue
engineering of the kidney. We have also provided evidence
for long-term vascularization and viability of a transplanted
kidney-like tissue reassembled from progenitor tissues and
suggested that more appropriate 3D structural relationships
necessary for normal renal function can be achieved in a
suitable 3D matrix (type IV collagen in our experiment). In
an earlier work, we also provided a method for in vitro
propagation of cultured embryonic kidney tissues by ex-
ploiting the power of UB branching to generate multiple
recombined kidney-like tissues.**

The ideal approach would be to create a kidney tissue that
would elicit little to no immune response when implanted.
As seen in Figure 8, the lack of an immune response allowed
implanted kidney-like tissue to grow and differentiate such
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that extensive glomerular vasculature (apparently of host
origin) was obtained. If the goal of constructing transplant-
able tissues from a source of either autologous cells or other
cells is realized, the ability to expand a cell line in vitro and
construct an organ from these cells could alleviate the
problem of finding sources of tissues or organs. There are
many potential sources of cells from which to construct
kidney-like tissues, including mature renal cells, cells created
by nuclear transplantation,*” embryonic stem cells,*® amni-
otic stem cells,*® or adult renal stem-like cells,®°®>° which
may be capable of differentiating into various renal pro-
genitor populations and forming tubules.®*°

Once a cell source is identified, the next step would be to
organize those cells into the renal progenitor tissues that
comprise the embryonic kidney: UB and MM. Here, the
process of constructing an epithelial UB-like tissue from cells
was simulated using renal epithelial cell lines that are ca-
pable of undergoing branching tubulogenesis in 3D ECM
gels.1#343638404L A number of studies suggest that branch-
ing tubulogenesis of UB and IMCD cell lines is a reasonable,
if not good, model of UB growth and branching morpho-

Type IV Collagen--3D Culture
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FIG. 10. (A-D) Phase-
contrast photomicrographs of
whole embryonic kidneys
cultured for 7 days directly on
the Transwell filter (A) or in
3D culture suspended in ei-
ther Matrigel (B, 25%), type 1
collagen (C, 1mg/mL), or
type IV collagen (0.65 mg/
mL). (E, F) Fluorescent pho-
tomicrographs of whole em-
bryonic kidneys from the
HoxB7-green fluorescent pro-
tein transgenic mouse grown
for 7 days in 3D culture sus-
pended in either type I colla-
gen (E) or type IV collagen
(F). Note especially
“umbrella-like” branching

of UB in F. Color images
available online at www
liebertonline.com /ten.

Matrigel--3D Culture

Type IV Collagen--3D Culture

genesis. Many of the growth factors that regulate in vitro UB
cell growth and branching similarly regulate the isolated UB
in vitro and, as is increasingly appreciated, in vivo.>>*>7/61,62
For example, two pathways (c-met and epidermal growth
factor receptor) initially postulated to be important for UB
branching based on data from 3D UB and IMCD cell
branching tubulogenesis studies are indeed necessary for
normal UB branching.'*3+3863

Hanging drop aggregates of the UB cell line were found to
retain the ability to induce mesenchymal to epithelial tran-
sition (MET) and early nephron formation in the isolated
MM, as well as apparently joining with the MM to form a
contiguous tissue segment. Although this is a very promising
finding, the UB cell hanging drop aggregates were unable to
organize into a tubular structure with a clearly patent lumen
or undergo branching morphogenesis. Unlike the UB cell
aggregates, mouse IMCD cell hanging drop aggregates (a
more differentiated renal cell type ultimately derived from
the WD and UB) were capable of forming tubules with lu-
mens and even T-shaped UB-like structures both in an iso-
lated system (Figs. 2 and 3) and after recombination with
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FIG. 11. Schematic of developmental approaches to in vitro engineering of kidney-like tissues. Note that methods for

propagation of WD buds and branched UBs are discussed elsewhere."> Color images available online at www.liebertonline

.com/ten.

MM (Fig. 5). However, while the IMCD cell aggregate was
able to induce some MM epithelialization (Fig. 5e), it did not
promote the formation of multiple long MM-derived tubules
as seen with the UB cell aggregates. Since IMCD cells were
isolated from the adult renal collecting duct and are thus
ultimately UB-derived, these results, together with those
from the UB cells, suggest that there exists a UB (or con-
ceivably WD) cell type that can form tubules similar to the
IMCD cell line, and induce MM similar to the UB cell line. It
also may be possible that a renal progenitor tissue could be
constructed from a mix of UB-like and IMCD-like cells,
thereby possessing both abilities. Although connections
formed with nascent MM-derived nephrons in our experi-
ments, the capacity for iterative UB-like branching beyond
the T-shape was low. Newer technologies such as cell mi-
cropatterning may be necessary to achieve the creation of a
luminal epithelial structure from cells retaining both the
MM-inductive capacity and UB branching capability.®*
Although it may seem that the MM tissue would be easier
to construct from cells than an epithelial tissue because there
appears to be no specific cell orientation or structure, this
was not the case, at least for the MM cell lines that were
utilized for these experiments. These data suggest that E13
rat MM tissue is not readily modeled as a tissue of homo-
geneous cells—which is not entirely surprising, as the em-
bryonic MM is likely to be heterogeneous in make-up. The
MM gives rise to at least 14 different epithelial cell types
found in the nephron; however, the fate of the cells is re-
stricted rapidly after induction.®® Thus, it is possible that the
MM cell lines used no longer possess the ability to induce UB
growth and branching in the type of in vitro setup used here.
In addition, since primary cell aggregates could not act as
primary MM tissue, perhaps the particular methods of ag-

gregation or cell suspension did not allow for the cells to act
as MM tissue. It also may be possible that only certain sub-
selected MM cells were proliferating when cultured on a
plate; thus, the primary MM cell line may have lacked all the
necessary MM cells in the cell aggregates. Perhaps an earlier
mesenchymal tissue potentially containing a less differenti-
ated population of cells would represent a better potential
tissue to reconstruct from cells.

The ability of the embryonic kidney to develop in vitro
when the UB was replaced by a WD (Fig. 1a), which can be
considered as an epithelial cell tube, suggests that renal
progenitor tissues constructed from cells could potentially be
assembled into an embryonic kidney-like structure that
could be cultured similar to traditional in vitro metanephric
kidney culture (Fig. 11). However, traditional kidney rudi-
ment culture occurs as a flat two-dimensional culture (Figs. 9
and 10) and does not accurately recapitulate the 3D growth
and structure of in vivo development. Here we demonstrated
that a kidney rudiment can recapitulate 3D growth and

TaBLE 1. MORPHOMETRIC MEASUREMENTS OF THE VOLUME
AND MINIMUM AND MaxiMuM Di1aMETERS (FERET) MADE
oN CULTURED EMBRYONIC KIDNEYS GROWN EITHER
DIrRECTLY ON A TRANSWELL FILTER OR EMBEDDED
WITHIN COLLAGEN I orR COLLAGEN IV

FERET
Volume, mm® Maximum Minimum Ratio
Filter 0.124£0.02 2100£250 79+2 274+4
Collagen I  0.184+0.008 1030+20 371+7 2.79+0.08

Collagen IV 0.22+0.02 910+40 600+8 1.51+0.07
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branching morphogenesis in an in vitro culture system when
it is embedded in a 3D matrix. Kidney growth varied de-
pending on the density of the matrix; less dense matrices
may have allowed for more growth because there was less
material to remodel and break down. This view is supported
by the observation that neither alginate nor puramatrix
substrates (both of which are nonremodelable artificial ma-
trices) supported significant growth.

The adult kidney contains three distinct axes of growth,
the medio-lateral axis (or cortico-medullary axis), dorso-
ventral axis (the shortest dimension), and the rostro-caudal
axis (longest dimension). However, it is currently unknown
whether the function of the kidney is dependent on the dif-
ferent lengths of those axes or what causes the different axes
of growth.®® The kidneys cultured in type IV or type I col-
lagen did not appear to distinguish dorso-ventral and rostro-
caudal axes of growth; rather, the kidneys appear round
when looking down upon the kidney culture (Figs. 9 and 10).
It may be that external factors during in vivo development,
such as space constraints or soluble factors from nearby de-
veloping tissues, not present in the in vitro systems are re-
sponsible for those different axes of growth. Nevertheless,
type IV collagen appeared to support the greatest tissue
depth and the largest kidney volume and only rudiments
cultured in this matrix possessed a 3D curvilinear branching
outline (Figs. 9 and 10), or “umbrella shape”, similar to the
in vivo developing kidney.67 However, while the total vol-
ume of the kidneys cultured in type IV collagen were larger
than kidneys cultured in type I collagen or those cultured on
a filter (Table 1), the volume of these kidneys only ap-
proached the volume of an E14.5 mouse kidney, reported to
be 0.25+0.02 mm®.*” Moreover, while the branching pattern
of the kidneys in type IV collagen appeared to grossly re-
semble the in vivo morphology, the branches were signifi-
cantly shorter than those seen in two-dimensional filter
kidney cultures. This maybe a result of the lack of nutrients
penetrating through the tissue and reaching the in-
ner branches of the kidney that normally elongate during the
development process. This potential explanation is sup-
ported by the observation that kidneys cultured on a filter,
which grew much further from the origin of branching, were
only 79 £2 pm thick (Table 1). However, it may be possible
for additional growth factors and known branching pro-
moters to be added to the culture and alleviate this problem.

Although animal-derived matrices may not be suitable for
use in human renal therapy because of a potential immune
response, these studies reveal that 3D rudiment culture is
possible when suspended in a compatible matrix. With the
advent of matrix metalloproteinase (MMP)-sensitive artificial
matrices, it may be possible to culture progenitor tissues in
an artificial scaffold that allows for 3D growth and is bio-
compatible. Additionally, hyaluronic acid, which is often
used in tissue engineering for creating artificial scaffolds,
has been demonstrated to enhance in vitro kidney growth
and development."” Thus, a hyaluronic-acid-based MMP-
sensitive scaffold may represent a potential artificial scaffold
that could simultaneously support and enhance 3D kidney
growth and development.

The goal of this type of research is to be able to construct
from cells a kidney or kidney-like tissue that can be im-
planted as a therapy for those with decreased renal function
and without causing rejection. The results described here
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support the hypothesis that it is ultimately possible to con-
struct in vitro engineered kidney tissues from cells alone
following the developmental strategy described here.
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