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The lack of engineering systems able to faithfully reproduce complex kidney structures in vitro has made it diffi-
cult to efficiently model kidney diseases and development. Using polydimethylsiloxane (PDMS) scaffolds and a
kidney-derived cell line we developed a system to rapidly engineer custom-made 3D tubules with typical
renal epithelial properties. This system was successfully employed to engineer patient-specific tubules, to
model polycystic kidney disease (PKD) and test drug efficacy, and to identify a potential new pharmacological
treatment. By optimizing our system we constructed functional ureteric bud (UB)-like tubules from human in-
duced pluripotent stem cells (iPSCs), and identified a combination of growth factors that induces budding mor-
phogenesis like embryonic kidneys do. Finally, we applied this assay to investigate budding defects in UB-like
tubules derived from a patient with a PAX2mutation.
Our system enables the modeling of human kidney disease and development, drug testing and discovery, and
lays the groundwork for engineering anatomically correct kidney tissues in vitro and developing personalized
medicine applications.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The ability to engineer key functional units of living kidneys in vitro
faithfully and reproducibly could revolutionize experimental nephrol-
ogy and pharmacology [1, 2]. Engineered tissues could be used to inves-
tigate the basic processes underlying kidney development, function and
disease, for drug discovery and toxicology studies, and potentially even
as therapeutic replacements for diseased organs. To this end, a plethora
of 3D culture systems have been developed over the last 50 years, using
embryonic kidney cells [3–5], tissue fragments [6, 7], and primary cells
or immortalized cell lines [8–13], as well as whole proximal tubules
[14], and these are now considered classical tools for studying kidney
development and pathophysiology. However, despite producing epi-
thelial structures that are somewhat similar to their in vivo counter-
parts, most methods still have significant limitations. Because they
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rely exclusively on cell-driven self-assembly and are not controlled spa-
tiotemporally, the resulting structures are heterogeneous in size, shape
and composition. Other drawbacks include the need for extensive cell
culturing, ranging from several days to weeks [9, 11] and the presence
of other cell types [9], tissues [7, 12] or conditioned media [11], all of
whichnegatively affect the reproducibility, cost-effectiveness, and over-
all applicability of these methods. Finally, these methods have not been
tested using human cells, which is essential for studying human kidney
organogenesis and pathophysiology.

Recently, the generation of kidney organoids, starting with human
induced pluripotent stem cells (iPSCs), has created significant opportu-
nities for disease modeling and toxicology studies in human tissue
[15–19]. However, the usefulness of organoids generated through self-
organization processes is still limited by major technical problems.
One is that engineering methods cannot accurately replicate organo-
genesis in vitro, due to the kidney's intricate morphology and themulti-
ple interactions between different cell lineages -of renal and extra-renal
origin- during kidney development. In fact, several anatomical deficien-
cies are present in self-organizing tissues, such as the complete lack of
the ureteric epithelium or random formation of ureteric buds (UB),
nephron-nephron connections and branching nephrons [16, 17, 19]. Al-
though important steps toward generating more realistic kidney
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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organoids have recently been made by making branch-competent UB
[20, 21], tissues that can be applied in biomedical research have not
been generated yet. For the moment, apart from toxicity tests, there is
no engineering technology that can be used to model human kidney
disease quantitatively and test therapeutic drug efficacy. One possible
approach to bridge this methodological gap would be to directly engi-
neer kidney-specific units with predefined shapes and cell types that
could be used for biomedical screening or combined with organoid
technologies to generate more realistic mini-organs.

Engineering systemswith these abilitieswould be particularly useful
for personalized drug testing and studying human diseases that affect
developmental processes, which cannot currently be studied because
of the scarcity of suitable human samples.

To meet these methodological needs we developed a practical 3D
engineering system that enables the generation of custom-made kidney
tubules, which can actually be used for disease modeling, drug testing,
and studying human kidney development. First, using 3D printing
technology and PDMS prototyping, we fabricated single, branched and
fractal-like moulds, into which we seeded MDCK cells to grow into
tubules, with structural and functional features typical of renal epithe-
lium. By inducing cyst formation in engineered tubules pharmacologi-
cally, we modeled polycystic kidney disease (PKD) and tested
different drugs' effects on cyst regression, demonstrating that 2-
deoxy-D-glucose (2DG) and berberine -a compound never tested in
PKD models before- displayed a robust effect on cyst regression and
restored tubular lumen and epithelial organization. To confirm that
our setting can be used for pre-clinical testing in human disease, we
engineered tubules using epithelial cells that were derived from an au-
tosomal dominant polycystic kidney disease (ADPKD) patient and dem-
onstrated that 2DG and berberine had a strong anticystogenic effect in
patient-specific polycystic tubules.

By further optimizing our original protocol, we generated functional
humanUB-like tubules using different iPSC lines that could grow in vitro
and undergo budding morphogenesis when co-cultured with embry-
onic kidneys. Finally, we identified a combination of growth factors
that induces human tubules to bud and ramify, and applied this assay
to study developmental defects in tubules derived from a patient carry-
ing a heterozygous PAX2mutation.

This engineering system is a robust, quick and efficient tool for gen-
erating custom-made, complex functional tubules, modeling PKD, and
discovering newdrugs, and is also useful for studying human kidney de-
velopment and individual patient's genetic defects. It also lays a solid
methodological groundwork for engineering anatomically correct
human kidney tissues or organoids in vitro.

2. Materials and Methods

2.1. PDMS Scaffold Fabrication

Polydimethylsiloxane (PDMS) scaffolds (Sylgard 184 Silicone elasto-
mer kit, Dow Corning, Midland, MI) were fabricated using a 3-step
prototyping approach: design, 3D printing and replica molding. First,
scaffolds were designed by using Computer Aided Design (CAD) soft-
ware (Autodesk 123D® Design ©2014 Autodesk Inc.) with different ge-
ometries: (i) three scaffoldswithwidth and depth of 1mm: a linear one
with a straight cavity, a bifurcated one with terminal 80° branching and
an asymmetrical one with two 30° lateral branches extending from the
central trunk; (ii) two more complex ramified and tree-like scaffolds,
the latter containing a fractal-like pattern, both 0.7 mm in depth, and
ranging in width from 0.7 to 0.5 mm, respectively; (iii) a multichannel
scaffold containing 11 linear microchannels that were 0.4 mm in
depth × 0.4 mm in width × 9 mm in length, within a miniaturized cul-
ture chamber (1 mm in depth).

3D printing technology (Professional Pico Plus39 stereolithographic
3D printer, Asiga, CA, USA) was applied to build plastic masters (Asiga
PlasWhite photopolymer resin). The printer uses an upside-down
systemwith nominal XY pixel resolution down to 39 μm and servo res-
olution of 250 nm. The masters were printed at 0.5 s of exposure time,
with a printing speed of 0.33 cm/h and 10 μm vertical step size. After
printing, masters were cleaned by rinsing with isopropyl alcohol for
5 min, washed in distilled water, dried and exposed to UV light
(365 nm) (Bio-Link-BLX-365 nm, 80 W, Vilber Lourmat) for 40 min to
complete curing. To facilitate the de-molding of the polymeric replicas,
masters were functionalized with an oxygen plasma treatment (Tucano
plasma reactor Gambetti Kenologia) and with the deposition, from
vapor phase, of an anti-sticking layer of Trichloro (1H,1H,2H,2H-
perfluorooctyl) silane (FOTS, 448931-10G, Sigma-Aldrich, Saint Louis,
Missouri, USA). Subsequent REplica Molding (REM) steps provide sev-
eral polymeric replicas starting from a single master as previously de-
scribed [22]. The PDMS base and curing agent (10:1 w/w) mixture
(PDMS prepolymer) was poured onto the 3D-printed masters. PDMS
was then degassed using a vacuum desiccator for 20 min, and cured in
an oven at 60 °C for 2 h. Next, the cured PDMS was peeled off from
the master resulting in a freestanding perforated PDMS stencil (with
the pattern of the master). To control the thickness of the bottom
layer of the scaffold, the PDMS stencil was placed on a 20 μm-thick
PDMS prepolymer layer spin-coated on a glass cover slip, and then
bonded together by thermal curing. The PDMS scaffold was obtained
by detaching the assembled PDMS from the glass slide. This procedure
results in scaffolds with intruded patterns, open at the top, in the form
of linear, ramified, and fractal-like channels with rectangular cross-
sectional geometry. Before use, PDMS scaffolds are placed in a Petri
dish, with the open side facing up. To take advantage of the optical prop-
erties of PDMS for microscopy [23] and enable imaging of the forming
tubules during culture inside the PDMS scaffold, the thickness of the
bottom layer was maintained around 20 μm. Scaffold hydrophobicity
was preserved to avoid cellular attachment [24, 25] and facilitate tissue
recovery from scaffolds. Scaffolds were re-used multiple times after
standard sterilization.

2.2. Cell Line and Human Primary Cell Culture Conditions

Madin-Darby Canine Kidney (MDCK) type II cell line (Cat#00062107,
RRID:CVCL_0424, European Collection of Cell Cultures, Salisbury, UK)was
maintained in Minimum Essential Medium Eagle (MEM) (Cat#M5650,
Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum (FBS)
(Cat#10270, Invitrogen Corporation, Carlsbad, CA, USA), 1% L-glutamine
(Cat#25030024, Invitrogen), 1% penicillin and streptomycin (Pen-Strep)
(Cat#15140122, Invitrogen), and cultured in standard conditions (37 °C,
5% CO2, 20% O2). When 80–90% confluent, MDCK were harvested using
0.25% (w/v) Trypsin–0.53 mM EDTA (25,200,056; Invitrogen) for 2 min
at 37 °C and seeded at a dilution of 1:8.

Primary single cyst-derived huADPKD cells isolated from an individ-
ual donor patient were purchased from Discovery BioMed (Discovery
BioMed Inc., Birmingham, AL, USA) and cultured following the
provider's recommendations. Briefly, huADKD cells were grown on per-
meable, clear polyester filter supports (Cat#3450, Corning) in DBM
RenalCyte Specialty Medium (Discovery BioMed Inc.). When 90% con-
fluent, huADPKD cells were harvested using 0.05% (1×) Trypsin-EDTA
(Cat#15400054, Invitrogen) for 2 min at 37 °C and seeded at a dilution
of 1:6. Culture medium was changed every 3 days. The huADPKD cells
were used for no N6 passages.

Human iPSC lines used in our experimentswere derived fromhealthy
donor somatic cells by different technologies and characterized as previ-
ously described [26, 27]. Specifically, iPSC clone IV (RRID:CVCL_IT61)
was obtained from neonatal fibroblasts using STEMCCA lentivirus [27]
and iPSC#16 cells were derived from peripheral blood mononuclear
cells (PBMCs) through non-integrative Sendai virus [26]. Cells were
maintained in mTeSR1 (Cat#05850, StemCell Technologies, Vancouver,
Canada) enriched with mTeSR1 5× Supplement (StemCell Technologies)
and cultured in standard conditions (37 °C, 5% CO2, 20% O2) on
Matrigel hESC-qualified Matrix (Cat#354277, Corning, NY, USA)-coated



Table 1
List of TaqMan probes.

Catalogue
number

Gene
symbol

Description

Hs00742896_s1 OCT4 H. sapiens POU class 5 homeobox 1
Hs00602736_s1 SOX2 H. sapiens SRY (sex determining region Y)-box 2
Hs02387400_g1 NANOG H. sapiens NANOG homeobox
Hs00610080_ml T H. sapiens T, brachyury homolog
Hs00232144_m1 LHX1 H. sapiens LIM homeobox 1
Hs01057416_m1 PAX2 H. sapiens paired box 2
Hs00231122_m1 GATA3 H. sapiens GATA binding protein 3
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plates. When 80% confluent, hiPSCs were harvested using Accutase
(Cat#a1110501, Invitrogen) for 4min at 37 °C and seededwith a concen-
tration of 4.5 × 104 cells/cm2 in fresh mTeSR1 complete medium supple-
mented with 10 μM Y27632 dihydrochloride [Rho-associated protein
(ROCK) inhibitor; Cat#Y0503, Sigma-Aldrich] for the first 24 h. Culture
medium was changed daily. MDCK cells and hiPSC lines were tested for
mycoplasma and found to be negative (N-GARDE Mycoplasma PCR
Reagent set; Cat#EMK090020, EuroClone S.p.A., Milano, Italy). The
huADPKDprimary cellswere tested formycoplasma byDiscoveryBiomed
Inc. and were negative.
Hs04187556_m1 HOXB7 H. sapiens homeobox B7
Hs99999909_m1 HPRT1 H. sapiens hypoxanthine phosphoribosyltransferase 1
Hs02758991_g1 GAPDH H.sapiens glyceraldehyde-3-phosphate dehydrogenase
2.3. Patient iPSC Generation and Characterization

Focal segmental glomerulosclerosis (FSGS)-derived iPSCs of
one consenting patient were generated from PBMCs through Sendai
virus-mediated reprogramming using CytoTune-iPS 2.0 Sendai
Reprogramming kit (Cat#A16517, Thermo Fisher Scientific) following
the manufacturer's instructions. Briefly, cells were cultured in PBMC
medium upon transduction with hKOS hc-Myc and hKLF4 viral
vectors. After 7 days on mouse embryonic fibroblasts, culture medium
was changed to iPSC medium until the appearance of the first colonies.
The iPSC colonieswere adapted to grow onMatrigel hESC-qualifiedMa-
trix (Corning) in mTeSR1 complete medium (StemCell Technologies)
and cultured as described above.

To characterize patient-derived iPSCs we performed immunofluo-
rescence analysis and qRT-PCR for pluripotency marker expression,
embryoid bodies (EBs) formation, and karyotype analysis. For immuno-
fluorescence analysis, cells were fixed in 4% paraformaldehyde (PFA)
(Cat#157-8, Electron Microscopy Sciences, Hatfield, PA, USA), perme-
abilized with 0.3% Triton X-100 (Cat#93418, Sigma-Aldrich) for
10 min, blocked with 5% bovine serum albumin (BSA) (Cat#A2153,
Sigma-Aldrich) for 1 h, and incubated with the following primary anti-
bodies: rabbit anti-NANOG (Cat#sc-33759, RRID:AB_2150401, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA, 1:100), mouse anti-
OCT4 (Cat#sc-5279, RRID:AB_628051, Santa Cruz Biotechnology,
1:100), mouse anti-TRA 1-60 (Cat#MAB4360, RRID:AB_2119183,
Merck-Millipore, NJ, USA, 1:200),mouse anti-TRA 1-81 (Cat#MAB4381,
RRID:AB_177638, Merck-Millipore, 1:200), rat anti-SSEA3 (Cat#sc-
21703, RRID:AB_628288, Santa Cruz Biotechnology, 1:100) and mouse
anti-SSEA4 (Cat#sc-21704, RRID:AB_628289, Santa Cruz Biotechnology,
1:100) over night at 4°C. Next, samples were incubated with the appro-
priate Alexa Fluor®-conjugated secondary antibodies (Thermo Fisher
Scientific, 1:300) for 1 h at room temperature, followed by nuclear
staining with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI)
(Cat#D9542, Sigma-Aldrich, 1 μg/ml) for 10 min. Specification into the
three germ layers was evaluated by immunostaining the EBs for
mouse anti-β-Tubulin III (ectoderm marker; Cat#CBL412X, RRID:
AB_1977541, Merck-Millipore, 1:100), mouse anti-α-SMA (mesoderm
marker; Cat#C6198, RRID:AB_476856, Sigma-Aldrich, 1:100) and rabbit
anti-GATA4 (endodermmarker; Cat#sc-9053, RRID:AB_2247396, Santa
Cruz Biotechnology, 1:50). Digital images were acquired using
AxioImager Z2 microscope and AxioVision 4.8 imaging software (Carl
Zeiss). All images were analyzed with ImageJ.

Gene expression level of pluripotency markers was analyzed using
TaqMan probes (Thermo Fisher Scientific) specific to OCT4, NANOG
and SOX2 genes (Table 1) as described below. Gene expression
levels were normalized to the housekeeping gene hypoxanthine
phosphoribosyltransferase 1 (HPRT1).

For karyotyping, metaphase spreads were prepared after treatment
with 10 mg/ml Colcemid (Cat#10295892001, Roche, Basel, Switzerland)
and processed for karyotype analysis, which was performed in collabora-
tion with the Genetic Medicine Laboratory of Azienda Ospedaliera
Papa Giovanni XXIII, Bergamo (Italy). Signed informed consent was ob-
tained from the patient in accordance with the Declaration of Helsinki
guidelines.
2.4. Differentiation of iPSCs toward Ureteric Bud (UB) Progenitor-like Cells

Human cells were induced to differentiate toward UB-like cells as
previously describedwithminormodifications [28].When 70–80% con-
fluent, iPSCs were treated with Dispase (Cat#07913, StemCell Technol-
ogies) for 4 min at 37 °C. Next, the colonies were dispersed to small
clusters (~200–400 cells per cluster), and split onto growth-factor-re-
duced Matrigel (Cat#356231, Corning)-coated plates at a ratio of 1:4.
After 24 h-recovery in mTeSR1 supplemented with 10 μM ROCK inhib-
itor (Sigma-Aldrich), cells were grown in a chemically defined basal
medium [DMEM/F12 + GlutaMAX (Cat#31331028, Invitrogen),
17.5 mg/ml BSA fraction V (Cat#126579, Merck-Millipore), 17.5 μg/ml
human insulin (Cat#I9278, Sigma-Aldrich), 275 μg/ml human holo-
transferrin (Cat#T0665, Sigma-Aldrich), 450 μM 1-thioglycerol
(Cat#M6145, Sigma-Aldrich), 0.1 mM non-essential amino acids
(Cat#11140050, Invitrogen), 1% Pen-Strep (Invitrogen)] supplemented
with 50 ng/ml human fibroblast growth factor 2 (FGF2) (Cat#100-18B,
Peprotech, NJ, USA) and 30 ng/ml humanbonemorphogenetic protein 4
(BMP4) (Cat#120-05, Peprotech) for 2 days. For the next 2 days, cells
were exposed to basal medium supplemented with 1 μM all-trans
retinoic acid (Cat#R2625, Sigma-Aldrich), 10 ng/ml human Activin A
(Cat#120-14E, Peprotech) and 100 ng/ml human bone morphogenetic
protein 2 (BMP2) (Cat#H00000650-Q01, Abnova Corporation,
Taiwan). Differentiation medium was changed daily.

2.5. RNA Isolation and Real Time qRT-PCR Analysis

Total cellular RNA was extracted by using Trizol Reagent
(Cat#15596026, Invitrogen) following the manufacturer's recommenda-
tions. Following treatmentwith RNase-free DNase (Cat#M6101, Promega
Corporation, Madison, WI, USA) for 1 h at 37 °C, purified RNA (2.5 μg)
was reverse-transcribed using SuperScript VILO cDNA synthesis kit
(Cat#11754050, Invitrogen) adhering to the manufacturer's instructions.
No enzymewas added to reverse transcriptase-negative controls. Expres-
sion of pluripotency, early renal andUB-relatedmarkerswas evaluated by
TaqMan gene expression assay on ViiA 7 Real Time PCR system (Applied
Biosystems, CA, USA) using TaqMan probes (Thermo Fisher Scientific)
specific to NANOG, T, LHX1, PAX2, GATA3 and HOXB7 genes (Table 1)
according to the supplier's instructions. Gene expression levels were
normalized to the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The ΔΔCt technique was adopted to calculate
cDNA content in each sample using cDNA expression of the pluripotent
state (d0) as a calibrator. Three independent experiments for each iPSC
line were performed and samples were analyzed in triplicate. Data are
expressed as mean ± standard deviation (SD).

2.6. Tubule Engineering

Sub-confluent MDCK cells, huADPKD cells, and differentiated iPSCs
were harvested using 0.25% (w/v) Trypsin–0.53mMEDTA (Invitrogen),
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0.05% (1×) Trypsin-EDTA (Invitrogen), and Accutase (Invitrogen), re-
spectively. Cell aliquotswere centrifuged at 300 x g for 3min (huADPKD
cells and differentiated hiPSCs) or 4 min (MDCK cells). Pellets were re-
suspended in 2.4 mg/ml rat tail collagen type I (Cat#354236, Corning,
Corning-Costar, NY, USA) on ice, and finally seeded in the PDMS
scaffold's channels by manual pipetting. In another set of experiments,
huADPKD cells were resuspended in a mixture of 3.1 mg/ml Matrigel
(Cat#354234, Corning) (diluted in DBM RenalCyte Specialty Medium)
and 1.5 mg/ml collagen on ice, and finally seeded into the PDMS scaf-
folds' cavities.Optimal cell concentrationswere set-upat1.2×105 cells/-
μl collagen and 2 × 105 cells/μl collagen for macro- and micro-scaffolds,
respectively. After collagen polymerization, the appropriate cultureme-
dium was added on the scaffold surface. Tubules were cultured under
static conditions for up to 2 days in a standard incubator at 37 °C with
5% CO2 and 20%O2; as previously shown, these conditions allow oxygen
to reach the collagen-embedded cells through passive diffusion from
ambient air throughout the collagen [29]. Culture media were:
DMEM/F12 + GlutaMAX supplemented with 1% FBS (Invitrogen), 1%
Pen-Strep and 40 ng/ml hepatocyte growth factor (HGF) (Cat#100-39,
PeproTech) for MDCK tubules; DMEM/F12 + GlutaMAX supplemented
with 1% FBS (Invitrogen), 1% Pen-Strep and 40 ng/ml HGF, or DBM
RenalCyte Specialty Medium for huADPKD tubules; basal medium sup-
plemented with 1% FBS, 40 ng/ml HGF and 100 ng/ml glial cell-derived
neurotrophic factor (GDNF) (Cat#ab73450, Abcam, Cambridge, UK) for
iPSC-derived tubules. Bright-field images of cultured tubules were ob-
tained using Leica ZOOM 200 stereomicroscope (Leica) and Primo Vert
inverted microscope (Carl Zeiss).

2.7. Histological and Immunofluorescence Staining

For histological analysis, engineered tubuleswere fixed in 4% PFA for
10 min, submerged in a solution of 1:6 diluted hematoxylin (Cat#05-
M06012, Bio-Optica, Milan, Italy) for 5 min, washed in distilled water
and soaked in a solution of 1:9 diluted eosin (Cat#05-M10002, Bio-
optica) for 1 min. Subsequently, samples were washed and mounted
with Ready-to-use Dako Faramount Aqueous Mounting Medium
(Cat#S3025, DAKO Corporation, Carpinteria, CA, USA), and observed
by light microscopy. Concerning cross-sectional histological analysis,
fixed tubules were stained with hematoxylin as previously described
with minor modifications [4, 5]. Briefly, tubules were embedded in Op-
timal Cutting Temperature (OCT) compound (Cat#4583, Tissue-Tek,
Sakura Finetek, Japan) and frozen. Next, 3-μm tubule cryosections
were stained with Harris's hematoxylin (Cat#05-M06004, Bio-optica)
for 2 min, mounted and observed by light microscopy. Digital images
were acquired using AxioImager Z2 microscope and AxioVision 4.8 im-
aging software (Carl Zeiss).

Immunofluorescence analysis was performed as previously de-
scribed [4, 5]. Briefly, after permeabilization in 100% cold methanol for
10 min, tubules were incubated with the following primary antibodies:
mouse anti-E-cadherin (Cat#610182, RRID:AB_397581, BD Biosciences,
CA, USA, 1:100), rabbit anti-podocalyxin (Cat#NB110-41503, RRID:
AB_805568, Novus Biologicals, Littleton, CO, USA, 1:80), rabbit anti-
PKC-ζ (C-20) (Cat#sc-216, RRID:AB_2300359, Santa Cruz Biotechnol-
ogy, 1:100), rabbit anti-cleaved caspase-3 (Asp175) (5A1E)
(Cat#9664, RRID:AB_2070042, Cell Signaling Technology, MA, USA,
1:200), rabbit anti-PAX2 (Cat#71-6000, RRID:AB_2533990, Thermo
Fisher Scientific, 1:50), rabbit anti-Ret (C31B4) (Cat#3223, RRID:
AB_2238465, Cell Signaling Technology, MA, USA, 1:100), mouse anti-
HOXB7 (Cat#MAB8040, RRID:n/a, R&D Diagnostic Systems, MI, USA,
1:50), rabbit anti-Claudin 7 (Cat#E10590, RRID:AB_1660949, Spring
Bioscience, CA, USA, 1:80), and goat anti-GATA3 (Cat#AF2605, RRID:
AB_2108571, R&D Diagnostic Systems, 1:40) overnight at 4 °C. After
washing, tubules were incubated with the appropriate secondary
antibodies (Jackson ImmunoResearch Labs, West Grove, PA, USA,
1:50–1:80) overnight at 4 °C. Washed samples were soaked in DAPI
(Sigma-Aldrich) for 10 min to label cell nuclei and mounted with
Dako FluorescenceMountingMedium (Cat#S3023, DAKO Corporation).
For the immunostaining of 3-μm cross-sections, samples were perme-
abilized with 0.3% Triton X-100 for 5 min, blocked with 1% BSA for
30min, and incubated overnight at 4 °Cwith primary antibodies. Subse-
quently, sections were incubated with the appropriate secondary anti-
bodies (Jackson ImmunoResearch Laboratories, Inc., PA, USA, 1:50) for
2 h at room temperature, followed by nuclear staining with DAPI for
10 min. In some cases, samples were further labeled with wheat germ
agglutinin-lectin (WGA-lectin) (Cat#FL-1021, Vector Labs, Burlingame,
CA, USA, 1:400) for 15 min or peanut agglutinin-lectin (PNA-lectin)
(Cat#RL-1072, Vector Labs, 1:80) for 90min. Negative controlswere ob-
tained by omitting primary antibodies on adjacent sections. Finally,
slides were mounted and examined. For immunofluorescence analysis
of cross-sections of microtubules, fixed samples were permeabilized
with cold 100% methanol for 10 min, washed and incubated in DAPI
containingWGA-lectin for 15min. After washing, tubules were embed-
ded in OCT compound and frozen in dry ice. Next, 3-μm tubule cryosec-
tions were observed. Digital images were acquired using the LS 510
Meta inverted confocal laser scanning microscope and LSM Image
browser (Carl Zeiss) and only for data shown in Fig. 4a–c and e–g,
Fig. 5i,j, and for Supplementary Fig. 4a–c, Supplementary Fig. 6b and
Supplementary Fig. 7c digital images were acquired using a Nikon
Eclipse Ti A1 inverted laser scanning confocal microscope (Nikon,
Tokyo, Japan). Images were analyzed with ImageJ or Fiji.

For functional studies, tubules were soaked in phosphate buffered sa-
line (PBS) containing 25 mg/ml 10-KDa fluorescence isothiocyanate-
conjugated (FITC)-conjugated dextran (Cat#FD10S, Sigma-Aldrich) or
2 mM 6-Carboxyfluorescein (6CF) (Cat#C0662, Sigma-Aldrich) alone or
in combination with 2 mM probenecid (Cat#P8761, Sigma-Aldrich) for
1 h at 37 °C. Following washes with ice-cold PBS, tubules were fixed
and processed for immunofluorescence analysis as described above.

2.8. Tubule 3D Reconstruction

Digital z-stack images of WGA-lectin-labeled microtubules were ac-
quired with the LS 510 Meta inverted confocal laser scanning micro-
scope (Carl Zeiss) and were reconstructed into a 3D image through
AxioVision 4.8 imaging software (Carl Zeiss).

2.9. Cyst Formation and Drug Testing in 3D Culture Systems

2.9.1. MDCK Cell-Derived Tubules
At 2 days, microtubules were harvested from PDMS scaffolds, and

transferred onto polyester Transwell membranes (0.4 μm pore size;
Cat#CC3460, Corning-Costar, MA, USA) containing 200 μl of 2.4 mg/ml
rat tail collagen type I. Following collagen polymerization (45 min at
37 °C), 1.5 ml of culture medium, composed of MEM supplemented
with 10% FBS (Invitrogen), 1% L-glutamine and 1% Pen Strep, was
added. Samples were cultured for 7 days in the presence of the follow-
ing agents at doses that were selected on the basis of previous studies:
10 μM forskolin [30] (Cat#F6886, Sigma-Aldrich), then for another
7 days with 102 μM Octreotide acetate (OCTR) [31] (Cat#0239950, To-
ronto Research Chemicals, Brisbane Rd., North York, Canada), 102 μM
Pasireotide diaspartate (PAS) [31] (kind gift from Novartis Farma S.p.
A., Varese, Italy), 104 μM 2-Deoxy-D-glucose (2DG) [32] (Cat#D6134,
Sigma-Aldrich), 10 μg/ml berberine chloride [33] (Cat#B3251, Sigma-
Aldrich), 0.5 μM Rapamycin [34] (Cat#R0395, Sigma-Aldrich), or 10−2

μM Arginine Vasopressin (AVP) (Cat#V9879, Sigma-Aldrich) alone or
in combination with 10−2 μM Tolvaptan [35] (Cat#T7455, Sigma-
Aldrich). For OCTR and PAS dosing, we based this on data fromMasyuk
et al. [31] to optimize the best dosage for our system. Control samples
were maintained in culture medium alone for 14 days.

2.9.2. HuADPKD Cell-Derived Tubules
At 2 days, huADPKD microtubules engineered in (i) collagen or (ii)

collagen and Matrigel mixture were harvested from PDMS scaffolds,
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and transferred onto polyester Transwell membranes containing 200 μl
of 2.4 mg/ml rat tail collagen type I or 6.2 mg/ml Matrigel, respectively.
For the condition (i), following collagen polymerization (45 min at 37
°C), 1.5 ml of culture medium (DMEM/F12+ GlutaMAX supplemented
with 1% FBS) was added. Samples were cultured for 2 days in the pres-
ence of 10 μM forskolin and for another 2 days in the presence of 104 μM
2DG or 10 μg/ml berberine chloride. Control samples were stimulated
with forskolin for 2 days and thenmaintained in culturemedium for ad-
ditional 2 days.

For the condition (ii), following Matrigel polymerization (45 min at
37 °C), 1.5 ml of culture medium (DBM RenalCyte Specialty Medium)
was added. Samples were cultured for 2 days with the culture medium
alone, and for another 3 days in the presence of 104 μM2DG or 10 μg/ml
berberine chloride. Control samples were maintained in culture me-
dium alone for 5 days.

Culturemedia were changed every 2 days. Finally, tubules were har-
vested, fixed in 4% PFA and processed for immunofluorescence analysis
or hematoxylin and eosin staining as described above. The number of
cysts of hematoxylin and eosin-stained tubules were quantified. The
area of each field was calculated using AxioVision 4.8 software. Data
are expressed as number of cysts/mm2. Forskolin, rapamycin, Tolvaptan
and berberine chloride were reconstituted in dimethyl sulphoxide
(DMSO) (Cat#D2650, Sigma-Aldrich). OCTR and PAS was reconstituted
in sterile saline solution. AVP and 2DG were resuspended in sterile dis-
tilled water. Once in solution, the compounds were diluted in culture
medium. The final DMSO concentration never exceeded 0.1%.

2.9.3. Preliminary Experiments for the Optimization of Spontaneous
Cystogenesis

In a first set of experiments, huADPKD cells were resuspended in
6.2 mg/ml Matrigel, seeded into the PDMS microscaffolds and cultured
for 2 days with DBM RenalCyte Specialty Medium. Tubules were then
cultured in the 3D Matrigel system with the same medium for 5 days.
In a second set of experiments, huADPKD cells were resuspended in
2.4 mg/ml collagen, seeded into the PDMSmicro-scaffolds and cultured
for 2 dayswith DMEM/F12+GlutaMAX supplementedwith 1% FBS and
40 ng/ml HGF. Tubules were then cultured in the 3D Matrigel system
with the same medium for 8 days.

2.10. 3D Culture Experiments for Human Developmental Study

At 2 days, fragments of about 0.6mm inwidth × 4.0mm in length of
iPSC-derived macrotubule were transferred to polyester Transwell
membranes as described above. Embryonic day (E) 13.5 CD1 mouse
(Charles River Italia S.p.A., Calco, Lecco, Italy) kidneys were freshly iso-
lated as previously described [4, 5]. For co-culture experiments, four
E13.5 kidneys were placed in close proximity to - but not in contact
with - each tubule and, after collagen polymerization, culture medium
[Advanced DMEM (Cat#12491023, Invitrogen) supplemented with 2%
embryonic stem cell FBS (Cat#16141079, Invitrogen), 1% L-glutamine
and 1% Pen-Strep] was added. Other samples were cultured in Ad-
vanced DMEM supplemented with 1 μg/ml heparin (VERACER, Medic
Italia S.r.l., Roma, Italy) and different combinations of the following
growth factors: 40 ng/ml HGF (Cat#100-39, PeproTech), 100 ng/ml
GDNF (Cat#ab73450, Abcam), 200 ng/ml FGF1 (Cat#100-17A,
PeproTech) and 100 ng/ml FGF7 (Cat#100-19, PeproTech). Cultures
were monitored by light microscopy for up to 2 days without changing
themedium. The overall budding events were quantified in bright-field
images of UB-like tubules. Data are expressed as percentage of ramified
buds over total buds that emerged from human tubules.

The IRCCS – Istituto di Ricerche FarmacologicheMario Negri adheres
to the principles set out in the following laws, regulations, and policies
governing the care and use of laboratory animals: Italian Governing
Law (D.lgs 26/2014; Authorization n.233/2010-A issued December 21,
2010 by Ministry of Health); Mario Negri Institutional Regulations and
Policies providing internal authorization for persons conducting animal
experiments (Quality Management System Certificate – UNI EN ISO
9001:2008 – Reg. N° 6121); the NIH Guide for the Care and Use of
Laboratory Animals (2011 edition) and EU directives and guidelines
(EEC Council Directive 2010/63/UE). The Statement of Compliance
(Assurance) with the Public Health Service (PHS) Policy on
Human Care and Use of Laboratory Animals has been recently
reviewed (9/9/2014) and will expire on September 30, 2019 (Animal
Welfare Assurance #A5023-01).

2.11. General Methods and Statistical Analysis

The sample size was estimated to be at least 3 samples per group to
detect the expected differencewith an 80%power (unpaired t-test, two-
sided;α=0.05), based on a previous study [36] showing that forskolin
induced 150 ± 30 (mean ± SD) cysts/well compared to control. Sam-
ples were randomly allocated to the experimental groups and no inclu-
sion or exclusion criteria were used. Quantification analyses were
performed in a double-blind fashion by two investigators. Statistical
analysis was performed using GraphPad Prism software (GraphPad,
San Diego, CA, USA). When two conditions were compared, two-tailed
Student's t-test [t = 6.209, DF = 11 (for cyst quantification); t =
12.06, DF = 4 (for ramified over total buds quantification)] was used.
When more than two conditions were compared, one-way ANOVA
with Tukey's multiple comparisons test [F = 38.17, F (DFn, DFd):
3.536 (5, 50) (for cyst quantification in MDCK experiments); F =
49.24, F (DFn, DFd): 7.727 (2, 33) and F = 200.6, F (DFn, DFd): 1.722
(2, 62), for cyst quantification in huADPKD experiments (Fig. 4D and
H, respectively)] and Holm-Sidak's multiple comparisons test [F =
8.889, F (DFn, DFd): 0.5217 (4, 10) (for ramified over total buds quanti-
fication)] were used. Differences were considered to be significant
when P b 0.05. Data are expressed as means ± standard error of the
mean (SEM). See figure legends for details on number of replicates
and n values used.

3. Results

3.1. Design and Fabrication of 3D-Printed Scaffolds

Based on the structure of the UB tree [37], we developed three basic
patterns shaped to resemble UB segments: a straight line (Fig. S1A) for
UB trunks, a terminal 80° bifid branch (Fig. S1B) and asymmetric lateral
30° branches (Fig. S1C) for UB ramifications. To mimic segments of UB
branches in advanced stages of development, we merged the basic 80°
and 30° schemes into a ramified pattern (Fig. S1D). Next, to quickly
and routinely design fractal-like ramifications similar to those observed
in early kidney development [37], we developed a ‘golden fractal tree’
(GFT) formula (Fig. S1E) that, unlike previously described GFTs with
constant amplitude [38, 39], allows progressive narrowing of bifurca-
tions an infinite number of times, avoiding branch overlapping
(Fig. S1F). Finally, to engineer numerous tubules simultaneously,we de-
signed a linear multichannel pattern (Fig. S1G).

Then we converted custom-designed patterns into plastic masters
using rapid prototyping technologies and 3D printing, and used them
as moulds to produce PDMS replicas (Figs. 1A S1H and S1I). We refer
to the replicas with bigger, linear and ramified shapes as ‘macro-scaf-
folds’, and those with multichannels as ‘micro-scaffolds’.

3.2. Engineering Differently Shaped Tubular Structures by Seeding PDMS
Scaffolds with Epithelial Cell Suspensions

To construct epithelial tubules, 0.7–6.5 × 105 MDCK cells/μl collagen
were cultured in PDMS moulds for up to 2 days (Figs. 1B and S2A, and
Methods Videos 1 and 2). To stimulate tubulogenesis, we supplemented
culture medium with 40 ng/ml HGF, a strong inducer of in vitro
branching tubulogenesis [9–11].
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The seeding conditions with the highest rate of tubule formation
(94% of total seeded scaffolds) were 1.2 × 105 and 2 × 105 cells/μl colla-
gen for macro- and micro-scaffolds, respectively (Figs. 1C–F). Other cell
concentrations resulted in cells clustering inside the scaffolds without
developing tubules (Figs. S2B and S2C).

Three hours after seeding, dispersed cells self-organized to form tu-
bular structures corresponding to the size and shape of themould cavity
(Fig. S2D). At 1 day, single and branched structures shrankmarkedly and
began detaching from the moulds (Fig. 1C). At 2 days, whole intact
branches emerged autonomously from the cavity (Fig. 1C). Remarkably,
a luminal space was visible through bright-fieldmicroscopy as a translu-
cent region delimited by darker edges at bifid branching points, suggest-
ing a common cavity between tubular structures was forming (Fig. 1C).

Depending on scaffold size, we refer to the tubular structures gener-
ated in Figs. 1C–F as ‘macrotubules’ (both single and in networks) and
‘microtubules’, respectively.

3.3. Engineered Tubules Undergo Rapid Lumen Formation and Epithelial
Polarization and Exhibit Macromolecule and Organic Anion Transport
Capacity

Lumenogenesis is a critical step in tubule formation and involves ep-
ithelial rearrangement and polarity establishment [40]. Confocal z-stack
images of engineeredmicrotubules from the surface to the inner region
revealed a single lumen surrounded by a monolayer of cells positive for
E-cadherin, a transmembrane glycoprotein that plays an important role
in the establishment of cell-cell adherent junctions and renal epithelial
polarity [41] (Fig. 2A). Three-dimensional reconstructions of z-stack im-
ages and cross-section analysis further confirmed the presence of a lu-
minal cavity delineated by WGA-lectin-positive cells (Fig. 2B and C).
As in microtubules, branches from macrotubular systems had well-
established epithelial structures with a coalesced lumen. A monolayer
of cells positive for E-cadherin in the lateral membrane, and WGA-
lectin in the basement membrane, lined the tubular walls (Fig. 2D).
Some cells were also positive for PNA-lectin [42] and podocalyxin –an
integral membrane protein expressed by epithelial cells in apical mem-
branes [43] (Fig. S3A). These data indicate that tubuleswith apical-basal
polarized epithelia had formed.

The formation of tubes from unpolarized single cells, either in vivo or
in artificial engineering systems, can occur through cavitation or
hollowing [42, 44, 45]. To provide insight into the mechanism underly-
ing lumen formation we examined tubules at an earlier stage. At 1 day,
macrotubules had a major lumen enclosed by peripheral cells that had
changed morphology and displayed nuclei aligned along the tubular
walls. Cells in the centre of macrotubules showed chromatin condensa-
tion (Fig. S3B) and immunoreactivity for cleaved caspase 3 –both clear
signs of apoptosis. In contrast, peripheral cells showed no signs of apo-
ptosis (Fig. S3C). These data showed that in our system the mechanism
is apoptosis-mediated cavitation. In controlled experiments without
HGF, phenotypically compact tubules did form, but could not develop
a lumen (Fig. S3D).

To test whether engineered microtubules had functional properties,
like absorbing macromolecules and transporting organic anions, we
soaked them in solutions containing FITC-dextran (10 kDa) or 6-
carboxyfluorescein (6CF) [46, 47]. Dextranwas internalized abundantly
in the central areas of the microtubule (Fig. 2E). Otherwise, no 6CF was
Fig. 1. Engineering tubular structures starting from MDCK cell suspensions. (A) Schematic rep
using stereolithography. Subsequently, extruded patterns of the master are replicated in the
FOTS silane to prevent the PDMS from sticking; (ii) the PDMS prepolymer is poured on the m
the masters, and bonded to a 20 μm-thick prepolymer layer by thermal curing in order to c
sterilized and used. The same technical steps are followed to generate linear or branched open
MDCK cells are resuspended in collagen, seeded into PDMS scaffold by pipetting, and cultur
containing cells fills the scaffold channel completely (day 0). At 1 day, tubular aggregates show
(middle panel, asterisk) bordered by darker edges (middle panel, arrows) is visible. (D) Rami
microtubules at 2 days. Scale bars: 2 mm (C–E), 500 μm (F).
found in central lumen areas, while E-cadherin-positive cells, confined
to the tubules' surfaces, internalized 6CF and retained it in their cyto-
plasm (Fig. 2F). When we cultured tubules in the presence of both 6CF
and the organic anion transporter (OAT) inhibitor probenecid [48], no
fluorescence was detected in the cells (Fig. 2G), indicating that 6CF in-
ternalization is transporter-mediated.

3.4. Using Engineered Tubules for Polycystic Kidney Disease Modeling, Drug
Testing and Discovery

To testwhether engineered tubules could be used for diseasemodel-
ing and drug discovery we chose to model PKD, a genetic disease in
which numerous fluid-filled cysts develop within the kidney and for
which there is no effective therapy [49]. To this aim we transferred mi-
crotubules to a 3D collagen culture system and treated them with
forskolin, a molecule that has previously been shown to increase intra-
cellular cAMP levels and induce cyst development, and used extensively
to study cystogenesis mechanisms in various PKD models [15, 30, 50]
(Fig. 3A). At 14 days, forskolin-treated tubules had numerous translu-
cent spheroidal cysts distributed homogeneously throughout the tubule
(Fig. 3B), resulting in the lumen loss (Fig. 3C). Cystswere surrounded by
a monolayer of cells positive for E-cadherin in the basolateral mem-
branes, and podocalyxin in the apical membranes, demonstrating the
presence of polarized cysts within tubules (Fig. 3D). For drug testing
and discovery studies, we compared the effect of compounds with dif-
ferent mechanisms of action on cyst regression. We therefore treated
forskolin-stimulated tubules with: (i) rapamycin -an mTOR inhibitor
[51]; (ii) Tolvaptan -a highly selective arginine vasopressin (AVP) re-
ceptor antagonist [52]; (iii) octreotide (OCTR) and (iv) pasireotide
(PAS) -both somatostatin analogues that decrease intracellular cAMP
levels, cell proliferation and cystogenesis in vivo [31]; (v) 2-deoxy-D-
glucose (2DG) -a glucose analogue that inhibits glycolysis [53]; and
(vi) berberine -an isoquinoline quaternary alkaloid that has an anti-
proliferative effect on various cell lines mainly by arresting the G0/G1

phase of the cell cycle [33, 54] but has not been studied in a PKDmodel.
Rapamycin treatment had no significant effect on cyst numbers

compared to controls (Fig. 3E and K). To test the effect of Tolvaptan,
we treated forskolin-stimulated tubules with AVP alone, or in combina-
tion with Tolvaptan [35]. Treatment with AVP alone increased cyst
numbers as expected [35], while the combination of AVP and Tolvaptan
significantly reduced the size and number of cysts (63%) (Fig. 3F and L).
OCTR and PAS decreased cyst numbers significantly (58% and 43%, re-
spectively) compared to forskolin-treated tubules (Fig. 3G, H and K),
while 2DG and berberine were the most effective drugs for cyst regres-
sion, reducing the number of cysts by 71% and 72%, respectively
(Figs. 3I–K), and restricting cysts to the peripheral areas of tubules. Al-
though Tolvaptan- OCTR- and PAS-treated tubules showed a reduction
in cyst numbers to various extents, the tubular structures and lumen
were still severely damaged. In contrast, 2DG and berberine restored
both the central lumen and epithelial organization (Fig. 3I and J). To-
gether these data demonstrate that engineered tubules model PKD effi-
ciently and respond to drug treatment in a quantifiablemanner, making
this systema viable tool for drug testing anddiscovery. Furthermore,we
revealed the anti-cystogenic properties of berberine in polycystic kid-
ney tissue, making it a promising new drug with therapeutic potential
for PKD treatment.
resentation of PDMS fabrication. Designed patterns are converted into 3D plastic masters
PDMS scaffolds through replica molding in four basic steps: (i) masters are treated with
asters and allowed to cure, forming PDMS replicas; (iii) replicas are then peeled off from
lose the bottom side; (iv) after cutting and demolding, PDMS scaffolds are ready to be
-top PDMS scaffolds with rectangular cross-sectional geometry. (B) Experimental design.
ed in the presence of HGF for up to 2 days. (C) Immediately after seeding, the collagen
marked shrinkage. At 2 days, branches emerge from the cavities, and a translucent area

fied and (E) tree-like tubular structures at 2 days. (F) A multichannel scaffold containing



Fig. 2. Engineered tubules display lumen formation and transport function at 2 days. (A) Z-stack images of themicrotubule with a single lumen (l) in the central region. E-cadherin (red) is
expressed by peripheral cells of themicrotubule. (B) Three-dimensional reconstruction of z-stack images of anMDCKmicrotubule labeled withWGA-lectin. Two distinct z-stack series of
captures from the top of the tubule to its centre and from the top to the centre of the other sidewere reconstructed andmerged into the 3D composite image. The dashed line indicates the
plane of image merging. (C) Cross-section of engineered microtubule showing the lumen (Lu) enclosed by epithelial cells with aligned nuclei and positive for WGA-lectin. (D) A branch
from the macrotubular system with an extended lumen (Lu) enclosed by a monolayered epithelium positive for E-cadherin (red) and WGA-lectin (green) in the lateral and basal
membranes, respectively (inset). (E–G) Microtubules showing (E) dextran (green) internalization and (F) 6CF (green) anion transport in the absence or (G) presence of the organic
anion transporter inhibitor probenecid. WGA-lectin, wheat-germ agglutinin-lectin; 6CF, 6-carboxyfluorescein; DAPI, blue-stained nuclei. Scale bars: 10 μm (A, E–G insets), 100 μm (D,
E), 50 μm (C,F,G), x,y, 500 μm, and z, 100 μm (B).
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3.5. Engineering Tubules from PKD Patient for Drug Testing and Discovery

Currently there are no patient-specific 3Dmodels of PKD in vitro. To
test whether our system could be used for PKDmodeling and drug dis-
covery in a patient-specific manner, we set out to generate polycystic
tubules using single cyst-derived primary cells that were isolated from
an individual huADPKD donor. Following identical conditions as in
MDCK experiments, we engineered tubular structures (Fig. S4A) that
could be cultured in 3D collagen matrix and induced by forskolin to
formquantifiable cysts. Notably, after only 2 days of forskolin treatment,



Fig. 3.MDCK-derived tubules model PKD and respond to treatment with different compounds. (A) Schematic representation of 3D collagen culture system. (B) A forskolin-stimulated
microtubule showing many large spheroidal cysts stained with hematoxylin and eosin (insets). (C,D) Cysts are delimited by a monolayered epithelium positive for E-cadherin (white)
in the basolateral membranes and (D) podocalyxin (green) in the apical membranes (insets). The tubular lumen is lost. (E–J) Forskolin-stimulated tubules after 7 days' treatment with
(E) rapamycin, (F) Tolvaptan in combination with AVP, (G) OCTR, (H) PAS, (I) 2DG or (J) berberine. (I,J) 2DG and berberine treatments restore tubular lumen. (K,L) Quantification of
cyst number/mm2: No treatment (forskolin; 1205 ± 48.81); rapamycin (990 ± 174.5); OCTR (508.5 ± 39.52); PAS (688.9 ± 52.1); 2DG (348.1 ± 44.15); berberine (335.8 ± 27.93);
AVP (1948 ± 283.4); AVP + Tolvaptan (716.4 ± 57). Data are expressed as means ± SEM from three independent experiments. (K) Number of fields analyzed: n = 18 for forskolin,
n = 6 for rapamycin, n = 6 for OCTR, n = 7 for PAS, n = 8 for 2DG, n = 11 for berberine. *P b 0.05 versus PAS, °P b 0.0001 versus rapamycin, #P b 0.0001 versus forskolin by one-way
ANOVA with Tukey's multiple comparisons test. (L) Number of fields analyzed: n = 4 for AVP, n = 9 for Tolvaptan in combination with AVP. **P b 0.0001 by two-tailed
Student's t-test. DAPI, blue-stained nuclei; AVP, arginine vasopressin; OCTR, octreotide; PAS, pasireotide; 2DG, 2-deoxy-D-glucose. Scale bars: 100 μm (B), 50 μm (C, E–J), 20 μm (D).
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tubules displayed numerous cysts (Fig. 4A), resembling mature cysts in
PKD patients [55, 56]. To validate whether the compounds that were
found to be the most effective for cyst regression using MDCK-derived
tubules could be of therapeutic value in human disease, we treated
engineered huADPKD tubules with 2DG and berberine for 2 days, and
evaluated cyst numbers (Figs. 4B-4D). Remarkably, both compounds
showed a strong anti-cystogenic effect in patient-derived polycystic
tubules by reducing the cyst number by 58% and 59%, respectively
(Fig. 4D). No cysts were formed in the absence of forskolin under our
standard culture conditions.

To confirm that the observed anti-cystogenic effects of 2DG and ber-
berinewere not associatedwith forskolin treatment per se, we set out to
optimize the culture conditions that would allow cyst formation with-
out the use of forskolin (Figs. S4B and S4C). Culturing patients' cells in
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a combination of matrigel and collagen in the scaffolds for 2 days,
followed by 5-day culture in a 3D Matrigel system, allowed for
the formation of numerous cysts (Fig. 4E), resembling early-stage
cysts in PKD patients [56]. Even under these conditions, 2DG and
berberine exerted a strong anti-cystogenic effect (56% and 48%,
respectively) (Figs. 4F–H), further confirming the therapeutic potential
of the compounds.

Overall, these findings demonstrate that our engineering system
can be used to model human PKD and test drug efficacy, and can
provide a reliable method for precision medicine applications.
Moreover, these data highlight that our forskolin-inducible system
is a reliable tool for initial preclinical drug screening and disease
modeling studies.
3.6. Engineering Human UB-Like Tubules Using iPSCs

Next, we tested our system's ability to efficiently engineer human
tubules, starting with iPSCs previously generated in our laboratory
through lentiviral-mediated reprogramming [27]. First, we directed
the differentiation of iPSCs into UB-committed renal progenitor cells
through 4-day exposure to defined media conditions [28] (Fig. S5).
Then we re-suspended cells obtained from 2 to 4 days of differentiation
in collagen and seeded them into branched scaffolds according to the3D
culture setting and tubulogenic conditions established for MDCK cells
(Fig. 5). Although 3- and 4-day cells generated compact tubular struc-
tures, exposure to HGF alone did not suffice to form epithelia endowed
with a single lumen (Fig. S6A). Thus, we modified culture conditions by
adding in the medium glial cell-derived neurotrophic factor (GDNF), a
molecule secreted by the metanephric mesenchyme that is essential
for UB formation, growth and branching during kidney development
[57]. At 2 days of culture, we observed a continuous lumen in iPSC-
derived tubules (Fig. 5B and C) delimited by a monolayer of cells posi-
tive for E-cadherin and WGA-lectin and the apical marker protein ki-
nase C-ζ (PKC-ζ) [58] (Figs. 5B and S6B). Like in MDCK tubules, 3D
reconstructions of z-stack images and cross-section analysis further
confirmed the presence of a luminal cavity delineated by WGA-
positive cells (Fig. 5D and E). Moreover, engineered tubules were posi-
tive for the UB markers PAX2, HOXB7, Claudin-7 and GATA3, as well
as the ureteric tipmarker Ret, which displayed a heterogeneous pattern
of expression (in small groups) as occurs in primary UB development
[59], indicating UB epithelium induction (Figs. 5F–L). Finally,
engineered tubules showed immense amounts of dextran throughout
the tubular lumen and a patchy 6CF signal in the cytoplasm of periph-
eral cells (Fig. 5M and N). Neither undifferentiated nor 2-day differenti-
ated cells formed tubule-like structures (Figs. S6C and S6D).

LikeMDCK tubules, at 1 daymany apoptotic cells, identified by chro-
matin condensation and caspase 3 cleavage, were visible in the centre of
macrotubules, indicating that cavitation is themechanism of lumen for-
mation (Figs. S6E and S6F).

To test the reproducibility of our system, we engineered tubules
using a iPSC line obtained in our laboratory through Sendai virus-
mediated reprogramming of peripheral blood mononuclear cells from
one healthy donor [26]. After iPSC differentiation we successfully
engineered UB-like tubules (Fig. S7), indicating that our system is ro-
bust and reproducible.
Fig. 4. ADPKD patient-derived tubules develop cysts and respond to treatment with 2DG and be
system displaying several cysts. The tubular lumen is lost. (B,C) Forskolin-stimulated tubules
number and promote tubular lumen re-establishment. (D) Quantification of cyst number/mm
(E) A huADPKD microtubule engineered by resuspending cells in a Matrigel and collagen mi
lumen is lost. (F,G) Tubules engineered and cultured as in (E) after treatment with (F) 2DG an
(H) Quantification of cyst number/mm2: no treatment (control; 457.6 ± 11.8); 2DG (202
independent experiments. Number of fields analyzed: (D) n = 14 for forskolin, n = 10 for 2D
b 0.0001 versus forskolin, *P b 0.0001 versus control, °P b 0.05 versus berberine by one-way
stained nuclei. Scale bar 20 μm.
3.7. Using Engineered Tubules to Study Human UB Developmental Pro-
cesses and Defects

Key processes of early UBmorphogenesis are the budding – evagina-
tion of lateral buds from a preexisting tubular epithelium that culminate
with one tip - and the clefting – division of a tip into two branches
[60, 61]. To test whether engineered human tubules displayed UB de-
velopmental properties and would respond to kidney developmental
signals, we co-cultured macrotubules with mouse embryonic kidneys
(Fig. 6A), which have been shown to release a wide spectrum of soluble
factors in organotypic cultures [62]. At 1 day, primary buds emerged
from the tubule. At 2 days, lateral ramifications emerged from primary
buds, forming the secondary buds (Fig. 6B). These buds consisted of
aligned epithelial cells (Fig. 6C).

Nextwe tested the effect of different combinations of growth factors
involved in UB morphogenesis [6, 57, 63, 64] on inducing tubule bud-
ding. The basal culture condition with HGF and GDNF induced 35.05
± 1.02% of ramified buds in the total budding events (Fig. 6D). Adding
Fibroblast Growth Factor (FGF) 1 [64] or FGF7 [63, 64], −strong in-
ducers of UB cell proliferation and growth in rodents- to the basal cul-
ture condition did not increase the percentage of ramified buds
significantly (41.11 ± 10.60% and 52.38 ± 6.24%, respectively). Con-
versely, when all growth factors were used together, the number of
ramified buds increased markedly (71.96 ± 3.22%) (Figs. 6D–F) and
was similar to that observed when we used mouse embryonic kidneys
(74.81 ± 4.12%) (Fig. 6B and D). In some cases we also observed UB
clefts where terminal bifid branching occurred (Fig. 6E, asterisks).

Since engineered tubules can recapitulate early steps of UB develop-
ment, we applied our system to study possible developmental defects in
UB morphogenesis using Paired box 2 (PAX2) mutated cells. The PAX2
gene is highly activated in both UB and metanephric mesenchyme
[65], and its heterozygousmutations lead to reductions in UB branching
and nephron numbers [66].We therefore generated iPSCs from one pa-
tient with a rare heterozygous PAX2 mutation [67], differentiated them
toward UB-like cells and then engineered patient-derivedmacrotubules
(Figs. S8 and S9). These tubules were cultured alongside healthy donor-
derived tubules, used as controls, as defined above (Fig. 6E–F, and H–I).
Quantification analysis revealed amarked reduction of ramified buds in
patient-derived tubules compared with controls (Fig. 6G), as can be
seen in vivo [66, 68]. Altogether, these results clearly demonstrate that
engineered tubules recapitulate early steps of UB morphogenesis, and
can be used to study human developmental mechanisms and individu-
al's genetic defects.

4. Discussion

Here we described a novel technology for engineering custom-
made, complex kidney tubules, which can be used for diseasemodeling,
drug testing, and studying human kidney development. Using a kidney-
derived cell line, ourmethod efficiently yielded tubules of different sizes
and shapes endowed with a lumen and polarized cells that display
transport characteristics typical of renal epithelia, and can be used for
PKD modeling and drug testing. We successfully employed this system
to generate patient-specific polycystic tubules and to test new drugs,
confirming the robustness and reliability of our system in preclinical
drug discovery and testing. By optimizing this protocol we then
rberine. (A) A huADPKDmicrotubule stimulated with forskolin in the 3D collagen culture
after treatment with (B) 2DG and (C) berberine. Both treatments markedly reduce cyst

2: no treatment (forskolin; 674.1 ± 46.1); 2DG (282.3 ± 18.5); berberine (275.3 ± 15.4).
xture and cultured in the 3D Matrigel system displaying several large cysts. The tubular
d (G) berberine, display significantly reduced cyst numbers and a visible tubular lumen.
.8 ± 7.0); berberine (238.7 ± 10.0). Data are expressed as means ± SEM from three
G, n = 12 for berberine; (H) n = 22 for control, n = 22 for 2DG, n = 21 for berberine. #P
ANOVA with Tukey's multiple comparisons test. 2DG, 2-deoxy-D-glucose; DAPI, blue-
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generated functional hiPSC-derived-UB-like tubules, which grew and
underwent budding morphogenesis when co-cultured with embryonic
kidneys. Finally, we used this system to identify a combination of
growth factors that induces human UB-like tubules to bud and ramify,
and to study the effect of a PAX2mutation on budding morphogenesis,
using patient-derived tubules.
Due to the MDCK cells' epithelial features [69, 70] and the ability to
form individual fluid-filled cysts, when cultured in 3D ECM environ-
ments and stimulated with cAMP elevating agents, they have been
used extensively to model PKD and explore drug efficacy on renal cyst
development [30, 36, 71]. However, conventional 3D cell cultures have
significant limitations. In particular, the formation of individual cysts



Fig. 6. Engineered tubules as a tool for studying human UB developmental processes and defects. (A) Experimental design. Fragments of iPSC-derived macrotubules are cultured with
mouse embryonic kidneys or with growth factors in the 3D collagen culture system. (B,C) Healthy donor-derived tubule co-cultured with mouse embryonic kidneys. (B) At 1 day, long
primary buds emerge (left panel). At 2 days, a lateral ramification (arrow) arises from the primary bud. (C) A ramified bud consists of aligned E-cadherin-positive cells (white).
(D) Percentage of the ramified buds in the total buds emerged from healthy donor-derived tubules. Data are expressed as means ± SEM from three independent experiments.
Number of fields analyzed: n = 48 for H + G, n = 30 for H + G + F1 and H + G + F7, n = 22 for H + G + F1 + F7, n = 21 for mouse embryonic kidneys. *P b 0.05 versus H + G, °P
b 0.05 versus H + G + F1, #P b 0.01 versus H + G by one-way ANOVA with Holm-Sidak's multiple comparisons test. (E,F) Healthy donor-derived tubule cultured with all growth
factors displays primary and secondary buds (arrows) some of which showing terminal bifid branching (asterisks). (F) A primary bud arising from healthy donor-derived tubule
cultured as that in (E). (G) Percentage of the ramified buds in the total buds emerged in healthy donor- and patient-derived tubules cultured with all growth factors. Data are
expressed as means ± SEM from three independent experiments. Number of fields analyzed: n = 22 for healthy donor- and n = 27 for patient-derived tubules. **P b 0.0005 by two-
tailed Student's t-test. (H,I) Patient-derived tubule cultured with all growth factors shows mainly primary buds. (I) A primary bud arising from patient-derived tubule cultured as that
in (H). DAPI, blue-stained nuclei; H, HGF; G, GDNF; F1, FGF1; F7, FGF7. Scale bars: 100 μm (B, left panel; E, left panel), 50 μm (E, right panel; H), 20 μm (B, right panel; C,F,I).
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does not allow for the evaluation of important morphological changes
that occur within the structure of the epithelial polycystic tubules,
such as lumen obstruction and polarity perturbation, which would be
crucial for reliably studying the pathogenesis of the disease and for test-
ing drug efficacy. Unfortunately, there are currently no in vitro models
that mimic cystogenesis in vivo closely enough to be an adequate alter-
native to traditional cell cultures. This, in combination with the lack of
effective PKD therapies, makes the development of realistic PKD
model systems an imperative task. Our system covers this
Fig. 5. Engineering functional human tubules using iPSCs. (A) Experimental design. Human iPSCs a
suspended in collagen, seeded into the PDMS scaffolds, and cultured in the presence of HGF and G
continuous lumen (Lu) enclosed by amonolayer of E-cadherin (white) andWGA-lectin (green) po
andWGA-lectin (green) in the basolateral membranes. (C) Z-stack images of 4-day differentiated
(red) epithelium. (D) Three-dimensional reconstruction of z-stack images of an iPSC-derived mic
tubule to its centre and from the top to the centre of the other sidewere reconstructed andmerged
section of engineeredmicrotubule showing the lumen (Lu) enclosed by epithelial cells with aligne
HOXB7 (white) andRet (red) (G,H, inset), Claudin 7 (red) (I,J) andGATA3 (red) (K,L). (M,N)Micro
day; WGA-lectin, wheat germ agglutinin-lectin; PAX2, paired box 2; HOXB7, homeobox B7; Re
carboxyfluorescein. Scale bars: 100 μm (B,C and M), 50 μm (N), 25 μm (E-L), x,y, 500 μm, and z, 1
methodological gap by allowing for efficient tubular cystogenesis
in vitro and quantitative evaluation of drug effects on tubular cyst re-
gression. In fact, when stimulated with forskolin, our engineered tu-
bules developed numerous polarized cysts that were closely packed
along the length of the tubules, obstructing the lumen, as happens in
PKD in vivo. When we added Tolvaptan, OCTR, PAS, 2DG or berberine
to the culture medium, cyst density within tubules decreased signifi-
cantly to different extents, clearly indicating that engineered tubules
can be an efficient tool for mimicking PKD and quantifying the effects
re differentiated toward UB-like progenitor cells. The 3- and 4-day differentiated cells are re-
DNF for 2 days. (B) A branch from 3-day differentiated cell-derivedmacrotubule displaying a
sitive cells. Inset: cells of the tubular wall show aligned nuclei (blue), and E-cadherin (white)
cell-derivedmicrotubule endowedwith a central lumen (Lu) lined by aWGA-lectin-positive
rotubule labeled withWGA-lectin. Two distinct z-stack series of captures from the top of the
into the 3Dcomposite image. Thedashed line indicates theplane of imagemerging. (E) Cross-
d nuclei and positive forWGA-lectin. (F–L) iPSC-derived tubule cells express PAX2 (red) (F),
tubules showing (M)dextran (green) and (N) 6CF (green) internalization. UB, ureteric bud; d,
t, ret proto-oncogene; GATA3, GATA binding protein 3; DAPI, blue-stained nuclei; 6CF, 6-
00 μm (D).
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of different pharmacological agents. Most importantly, we showed that
2DG and berberine had a robust effect on cyst regression and totally re-
stored the central lumen and tubular integrity. These results highlight
the clinical potential of 2DG, and point out the hitherto unknown ther-
apeutic potential of berberine for PKD treatment.

We then demonstrated that our engineering system can also be
adapted to model human PKD by constructing similar tubules using
cells that were isolated from a patient with ADPKD and confirming the
beneficial effects of 2DG and berberine. Previous studies have success-
fully derived iPSC lines from PKD patients [28, 72–74]. Moreover, Xia
and colleagues showed that PKD-derived iPSCs can differentiate into
UB progenitors and integrate into reaggregating mouse kidneys to
form chimeric UB structures [28]. However, a 3D cellular model that
can yield patient-derived cysts is still an unmet need in experimental
nephrology. This can be attributed to a large extent to an inherent lack
of reproducibility in iPSC-based technologies [75]. For example,
pioneering studies in the field have generated a genetic model of PKD
organoids [15, 16] using iPSCs and CRISPR/Cas9 technology, but the dra-
matic variability of iPSCs from patients in their abilities to form
organoids [15] did not allow for the generation of patient-specific tis-
sues. As a result, apart from some toxicity tests, no technology has so
far been successful in testing therapeutic drug efficacy using patient-
specific tissues. With our system, we here provide a novel technology
that can efficiently model patient-specific PKD cystogenesis, and be
used as a reliable and reproducible tool for preclinical drug testing.

The study of human developmental processes and disorders is cur-
rently limited by the scarcity of suitable human embryonic samples
and the lack of methods for engineering in vitro kidney tissue from pa-
tients with genetic disorders. Significant progress in the field has been
made with the development of organ-on-a-chip systems that can repli-
cate some specific features of kidney development and functions, such
as the formation of the glomerular filtration barrier [76]. However,
thesemethods do not allow for studies intomore complex developmen-
tal and morphogenetic processes, (e.g. UB branching and budding),
which would be very useful for evaluating developmental disorders.
Spurred on by these problems, we tested our system's ability to effi-
ciently engineer human kidney tubules, using iPSCs previously directed
to differentiate into UB-committed cells. By adding GDNF treatment to
our original protocol we generated human tubular structures with
monolayered epithelia and a lumen, and typical maturation characteris-
tics of in vitro cultured UBs, such as macromolecule internalization and
OAT-mediated transportation [46, 47, 77]. Human UB-like tubules also
responded to embryonic kidney developmental cues to form primary
and secondary buds, highlighting the utility of our system for studying
mechanisms of human kidney development. Indeed, we used our system
to identify a combination of growth factors to induce UB-like tubule bud-
ding, and show developmental defects in tubules derived from a patient
carrying a heterozygous PAX2mutation. It is noteworthy that this patient
was previously diagnosed with focal segmental glomerulosclerosis
(FSGS) [67], which is commonly considered a disease of the podocytes.
Our finding, though, suggests that PAX2mutations affect kidney develop-
ment very early, even before the emergence of nephrons and podocytes.
This is supported by data from heterozygous Pax2mutant mice showing
that reducedUB branching is associatedwith a decrease in nephron num-
bers at birth [78]. It is possible that under conditions of impaired UB
branching and reduced nephron numbers, FSGS lesions develop as a re-
sult of hemodynamic rearrangements, as commonly observed in patients
with fewer nephrons at birth [79].

Although additional studies are needed to validate this hypothesis,
our finding provides fresh insights in understanding the pathogenesis
of FSGS, and confirms the utility of our system to study individual
patient's genetic disorders, for which no models currently exist.

In summary, our engineering system offers three principal advances
compared to previous organoid and engineering systems: i) our system
can yield complex tubular structures with predefined dimensions and
patterns, (ii) it presents exceptional robustness and reproducibility, as
it can easily be optimized and adapted to different cell types and lines;
in our study, we successfully engineered tubules using 1 canine cell
line, 3 human iPSC clones, and primary cells from an ADPKD patient,
(iii) it can yield patient-specific 3D kidney structures (from iPSCs or
huADPKD cells) -which has so far been an unmet need in experimental
nephrology- to model human genetic diseases, test drugs, and model
human developmental disorders. In particular, the development of a
patient-specific PKDmodel for testing drug efficacy provides an impor-
tant methodological advance in the field, as it can be used for personal-
ized drug testing and precision medicine applications.

Overall, this method provides an accurate, quick, cost-effective and
reproducible system with which to model kidney disease and develop-
ment, and possibly a promising platform from which the controlled
generation of human kidney tissues can be optimized for regenerative
medicine applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.06.005.
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