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SUMMARY

Transplantation of in-vitro-generated organ buds is a
promising approach toward regenerating functional
and vascularized organs. Though it has been recently
shown in the context of liver models, demonstrating
the applicability of this approach to other systems
by delineating themolecular mechanisms guiding or-
gan bud formation is critical. Here, we demonstrate a
generalized method for organ bud formation from
diverse tissues by combining pluripotent stem cell-
derived tissue-specific progenitors or relevant tissue
samples with endothelial cells and mesenchymal
stem cells (MSCs). The MSCs initiated condensation
within these heterotypic cell mixtures, which was
dependent upon substrate matrix stiffness. Defining
optimal mechanical properties promoted formation
of 3D, transplantable organ buds from tissues
including kidney, pancreas, intestine, heart, lung,
and brain. Transplanted pancreatic and renal buds
were rapidly vascularized and self-organized into
functional, tissue-specific structures. These findings
provide a general platform for harnessing mechani-
cal properties to generate vascularized, complex or-
gan buds with broad applications for regenerative
medicine.

INTRODUCTION

Current stem cell therapies primarily target diseases that are

treatable by cell transplantation, which is accomplished via

cell-type specification of stem cells and reprogramming factors

(Sasai, 2013b). However, these prevailing transplantation ap-

proaches produce limited clinical therapeutic outcomes as well

as potential side effects compared with organ-based therapy

(also termed organ transplantation). Given the limitations of

cell-based approaches, the development of innovative technol-

ogies that enable the reconstitution of 3D organs from stem cells
556 Cell Stem Cell 16, 556–565, May 7, 2015 ª2015 Elsevier Inc.
is urgently required to potentially address the severe donor or-

gan shortage and to lower the high medical costs incurred by

the increasing numbers of waiting patients.

Despite the recent remarkable progress in ‘‘organoid technol-

ogy,’’ including the generation of the optic cup (Eiraku et al.,

2011), the pituitary epithelium (Suga et al., 2011), the intestine

(Sato and Clevers, 2013), and the cerebrum (Lancaster and Kno-

blich, 2014), the reported examples are composed entirely of

epithelial structures and generally lack complex structures

such as blood vessels. These characteristics limit their applica-

tion, especially in the context of clinical transplantation. Specif-

ically, much of the reported examples have relied on tissues

with a high level of intrinsic self-organizing capacity from uni-

lineage progenitor aggregates such as pluripotent stem cells;

however, the likelihood of growing a complex and well-vascular-

ized organ in dishes has seemed much less plausible (Ding and

Cowan, 2013).

In general, the organ develops from a condensed tissue mass

prior to blood perfusion, termed the ‘‘organ bud,’’ emerging at

early stages of organogenesis through the process of cell

condensation. For instance, the multicellular orchestration that

occurs between mesenchymal cells, undifferentiated vascular

endothelial cells, and endoderm cells is required for the initiation

of 3D liver bud condensation, which is characterized by a drastic

delamination from an endodermal sheet-like tissue (Matsumoto

et al., 2001). By mimicking this early organogenetic event, we

have recently developed a groundbreaking culture method for

deriving a 3D and transplantable organ bud in a dish from human

induced pluripotent stem cells (iPSCs) cocultured with mesen-

chymal and endothelial progenitors. This system enables multi-

ple progenitors to interact in a 4D (spatiotemporal) manner

in vitro and in vivo, demonstrating the growth of a vascularized

and functional organ via a human iPSC-derived organ bud

transplant (Takebe et al., 2012, 2013, 2014b). The most notable

aspect of our previous findings is the extremely large-scale

morphogenetic changes that occurred even in 2D culture,

in which transplantable tissues can be grown on a millimeter

or even a centimeter scale from multiple heterotypic cell

collectives.

The next critical steps would be to gain insight regarding the

mechanisms underlying this dynamic process in culture and to
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evaluate the translatability of such regenerative methods in other

organ systems. The primary purpose of the present study was to

dissect the mechanism of 4D self-assembly at the cellular level

using integrated computational and biological approaches com-

bined with live imaging analysis and to define the essential pa-

rameters required for the reproduction of this culture, including

the environmental culture conditions. Next, we evaluated the

adaptability of our proof-of-principle approach in multiple organ

systems of health and disease, and finally, we determined the

self-organizing capacity of vascularized and functional tissues

by organ bud transplantation.

RESULTS

Quantitative Imaging Analysis Suggests the Presence
of Contractile Mechanisms for Self-Driven Behaviors
in Culture
To elucidate themechanisms underlying the observed surprising

degree of collective behavior, we initially tracked cellular move-

ments during organ bud formation by performing a time-lapse

imaging analysis. Human iPSC-derived hepatic endoderm cells,

umbilical cord-derived endothelial cells (HUVECs), and mesen-

chymal stem cells (MSCs) were labeled with distinctive fluores-

cent markers and cocultured on a solidified matrix gel as previ-

ously described (Takebe et al., 2013). Live cell tracking

revealed that after rapid cell convergence, the assembly of vas-

cularized organ buds was initiated (Figures 1A and 1B); this was

followed by subsequent spatial rearrangements via self-organi-

zation, as demonstrated by the formation of an endothelial-like

network (Figure 1B, lower right). During the initial self-convergent

phase, we discovered the formation of a cohesive multicellular

unit that behaved as a group and consisted of cells that quickly

traveled to a single center, a process termed collective conden-

sation (Figure 1A).

To further understand the early dynamics of 3D organ bud for-

mation, a time course of the condensate shape was evaluated

using live imaging (Figures 1B and 1C). Estimation of the aver-

aged radius of the condensate, which was calculated as O(A/p)
(where A is the projected area of the condensate), clearly re-

vealed that the edge of the condensate moved toward its center

at a rate of <10 mm/h in t % 7 hr and then accelerated to

400 �500 mm/h over the next several hours (Figure 1C), exhibit-

ing parallel dynamics throughout both x and y axes (Figure 1B).

Subsequently, the radius of the organ bud converged exponen-

tially to�2mm. By contrast, its circularity, a structural parameter

that indicates how closely the shape of an object approaches

that of a circle, decreased monotonically from the beginning of

the cell culture and reached a minimum value of �0.5 at t =

�10 hr. The circularity then increased and finally achieved a con-

stant value of �0.85 at t = �20 hr (Figure 1C).

The maximum velocity of the condensate edge, 400

�500 mm/h, was much higher than that reported for cell migra-

tion (Dourdin et al., 2001; Wolf et al., 2003), which indicated

that the formation of the condensate was based not on active

cell migration but on cell contraction. In addition, the serial mea-

surements of the condensate size from t =�15 hr (red line in Fig-

ure 1C) suggested that the collective behaviors could be approx-

imated with a predictive curve (dotted line in Figure 1C)

generated using the Kelvin-Voigt model, implying that the forma-
tion of tissue-level cumulative stress fibers might at least trigger

this process (Figure 1C). Indeed, the Kelvin-Voigtmodel, which is

a simple viscoelastic model that contains a dashpot with viscos-

ity and a spring of stiffness k connected in parallel, is described

by an exponential function, Aexp(�t/t) + B, and has commonly

been used to study the viscoelastic behaviors of various tissues

and cytoskeletal components such as stress fibers (Besser and

Schwarz, 2007; Forgacs et al., 1998; Fung, 1993). Furthermore,

the circularity results clearly showed that the shape of the con-

densates at t % 10 hr deviated from a circle (in 3D, a sphere).

This observation correlates with the equilibrium state at which

condensates of adhesive cells minimize the surface free energy

of the system (Steinberg, 1962). These results indicate that the

cumulative driving force for condensate formation at t % 10 hr

increased due to the formation of stress fibers and cell-cell junc-

tions; however, the driving force still did not exceed the adhesion

strength of the cell-extracellular environment.

MSC-Dependent Cytoskeletal Contraction Is Essential
for Cell-Collective Behaviors
To identify the critical cell types for this dynamic and directed

collective movement, we examined all of the possible combina-

tions of the three cell lineages. Clearly, the lack of MSCs in the

coculture led to a failure in condensate formation, but a single

MSC culture was not sufficient for termination, revealing that

the presence of MSCs triggered the initiation of self-condensa-

tion (Figure 1D). Although we exposed HUVECs and iPSC-HEs

(iPSC-derived hepatic endoderm cells) to the condition medium

generated by MSCs, no condensing phenomena were observed

(data not shown). To test the ‘‘contraction mechanism’’ implied

by the above-mentioned observation, we evaluated the contri-

butions of the contraction force of the MSCs at the molecular

level against both their substratum and the surrounding cells.

During embryonic invagination, a group of cells undergoes

constriction. The drastic inward displacement of cell-cell junc-

tions is driven by myosin II (MII) activity, allowing cells to invagi-

nate during embryonic gastrulation (Bertet et al., 2004; Pouille

et al., 2009; Shindo and Wallingford, 2014). Di-phosphorylation

of the MII regulatory light chain (ppMRLC) possesses a greater

actin-activatedMg2+-ATPase activity thanmonophosphorylated

MRLC (pMRLC) to produce a contractile force (Mizutani et al.,

2006). This knowledge led us to evaluate MII activity by

measuring the time-course-dependent changes in the amount

of MRLC, pMRLC, and ppMRLC by western blot analysis. We

showed a significant peak in ppMRLC after 4 hr of plating as

well as an increase in the total amount of MRLC during the

condensate-forming process, which corresponded to the time

at which cells initiate their collective movements (Figure 1E).

As a consequence, ppMRLC is known to significantly enhance

MII ATPase activity for producing contractile force (Straight

et al., 2003). Consistently, we found that this condensate forma-

tion could be completely antagonized by treatment with blebbis-

tatin (an MII ATPase inhibitor) (Figure 1F). In parallel, similar to

published results (Shin et al., 2014; Shutova et al., 2012), bleb-

bistatin significantly increased MIIA phosphorylation at S1943

(pS1943: inactivates MIIA activity) at 6 hr, as measured by intra-

cellular flow cytometry and western blot analysis, respectively

(Figures 1G and 1H). Similarly, the addition of a Rho kinase inhib-

itor, Y-27632, to the cocultures partially delayed condensate
Cell Stem Cell 16, 556–565, May 7, 2015 ª2015 Elsevier Inc. 557



Figure 1. Mesenchymal Cell-Driven Contraction Is Essential for the Dynamic Condensation of Heterotypic Cell Collectives
(A) Self-driven rapid condensation of human iPSC-derived hepatic cells.

(B) Parallel dynamics of the movement of the condensate edge on both the x and y axes during condensation. Green, human iPSC-hepatic cells; red, HUVECs;

unlabeled, MSCs. Bar, 740 mm.

(C) Structural analysis of 3D organ bud formation dynamics. The sourcemovie is Movie S1 from our previous paper (Takebe et al., 2013).A is the projected area of

the organ bud (red). Circularity was defined as 4pA divided by the square of the contour line length, L2(blue). The black dotted line is a curve that fits with the

Kelvin-Voigt model.

(D) Examination of all possible combinations of three lineages. iPSC, iPSC-derived hepatic endoderm cells; EC, HUVECs; MC, hMSCs.

(E) Western blot analysis using total MRLC, pMRLC, and ppMRLC antibodies with total cell lysates at specific time points.

(F) Pharmacological inhibition of dynamic condensation.

(G) Blebbistatin treatment significantly increased the inactive form of MIIA after 8 hr of culture (data represent the means ± SD, n = 3, *p < 0.05). AMD, AMD3100;

Rock, Rho kinase inhibitor Y-27632; Bleb, blebbistatin.

(H) Western blot analysis using antibody against pS1943 with untreated and drug-treated cells at 6 hr.

558 Cell Stem Cell 16, 556–565, May 7, 2015 ª2015 Elsevier Inc.



Figure 2. Stiffness-Directed Contraction Is

Essential for Dynamic Condensation

(A) Stiffness optimization for dynamic condensa-

tion. An organ bud formed in culture is shown

2 days after plating.

(B) Time-lapse confocal microscopy of the

condensate formation process. Each image was

obtained by maximum intensity projections of a

series of z stacks at the indicated time points. GFP-

HUVECs and KO-hMSCs are shown.

(C and D) The velocity and order parameter (S) of

the cell movement depend on the substrate stiff-

ness. The red and blue lines represent the mean

values for 0–200 min and 300–500 min, respec-

tively. Error bars denote the standard deviation

(SD). Note that the perfectly synchronized move-

ment of cells yieldsS = 1 ± 0, whereasS gets closer

to 0 with a large SD during random movement.
formation, presumably through the phosphorylation of MRLC

(Figures 1E, 1F and S1). In contrast, pharmacological inhibition

of chemokine receptor pathways in response to the addition of

AMD3100 did not hinder organ bud formation, although a recent

report suggested the potential importance of a self-generated

chemokine gradient during organogenesis (Figure 1F) (Donà

et al., 2013). Furthermore, we have performed the immunostain-

ing of MIIA in the sectioned organ bud, revealing that CD90+

MSCs significantly expressed MIIA at 24 hr of culturing (Fig-

ure S1B). These results clearly suggested that the MSC-based

traction force produced by the actomyosin cytoskeletal axis

plays an important role in the directed and drastic movements

of cell collectives.

Self-Condensation Can Be Maximized by Soft
Environmental Conditions in Culture
Cellular cytoskeletal contraction in culture is balanced by the de-

gree of attachment to the anchoring matrix (Discher et al., 2005).

Recent studies measuring the traction force of single cells have

shown that cytoskeletal tension can be modulated by the

biochemical and biophysical parameters of the substratum (Liu

et al., 2010). Therefore, we assumed that the modulation of sub-

stratum conditions could alter the collective behavior of the

cultured cells if the contraction mechanism is the correct expla-

nation for this process. In our previous study, various biochem-
Cell Stem Cell 16, 556
ical conditionswere tested utilizing hydro-

gels, collagens, laminin, entactin, and

their combinations (Takebe et al., 2013).

The results showed that a basement

membrane composite, such as Matrigel,

is the most efficient matrix. To further

clarify the essential parameters, we as-

sessed the effect of substrate stiffness

using hydrogels with tunable elasticity.

Here, MSCs and HUVECs were cocul-

tured on Matrigel-coated hydrogels with

different elastic moduli (E �0.1–100 kPa)

and on a plastic plate (E �GPa). After in-

cubation for 24 hr, significant differences

in self-driven behavior were already
discernible (Figure 2A): the cells on hydrogels with E �10–

20 kPa organized into mm-sized large condensates, whereas

the cells on softer or stiffer substrates formed smaller clusters

(%100 mm). Fluorescence images also showed that the cells

moved collectively and directionally only on substrates with a

moderate stiffness (Figures 2B and S2). As shown in Figures

2C and 2D, both the velocity and order parameters exhibited

maxima at E = 17 kPa. Such enhanced collective behaviors of

cells on a gel substrate with intermediate stiffness indicate that

the competition between cell-hydrogel and cell-cell interactions

might be involved in the mechanism underlying the formation of

cell condensates, especially in their initiation process. This

observation clearly indicated that the formation of the conden-

sate was driven by the interplay between cell-hydrogel and

cell-cell interactions (Supplemental Discussion).

Translatability of the Contractile Principle to Other
Organ Systems
Considering that the MSC-driven contraction force on defined

stiffness is central to the observed self-driven behavior, we

wondered whether this principle could be extended to organ

systems beyond the barriers of the germ layer, with the goal of

future applications in regenerative medicine. To address this

practical question, we evaluated the adaptability of our proof-

of-principle approach to other organs using multiple cells or
–565, May 7, 2015 ª2015 Elsevier Inc. 559
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tissue fragments (up to 200 mm) isolated from adult mice (Fig-

ure 3A). Surprisingly, the dynamic condensation of cell collec-

tives was maintained for all of the cell/tissue types tested,

including liver, intestine, lung, heart, kidney, brain, and even can-

cer (HepG2) (Figure 3B). Time-lapse imaging analyses revealed

that both the embryonic and adult cells autonomously formed

a single 3D condensate that tolerated additional manipulations

well, including transplantation (Figure S3A). When the conden-

sates were designed to contain endothelial cells in culture, the

transplanted tissues underwent a much more rapid perfusion

with recipient circulation (average perfusion time: �72 hr) (Fig-

ure S3B) compared with reliable conventional tissue engineering

approaches (average perfusion time: �192 hr) (Figure 3G). This

result suggested that scaffold-free and self-condensation ap-

proaches are superior for the induction of vascularization.

Although the presence of endothelial cells was dispensable for

the generation of condensates, the post-transplant outcomes

were clearly disappointing in the absence of HUVECs because

no signs of functional vascularization were observed in vivo (Fig-

ure S3B, right).

Next, we selected pancreatic cells for in-depth characteriza-

tion due to the increasing evidence that the pancreas follows a

developmental program similar to that of the liver (Lammert

et al., 2001). Dissociated murine b cells (MIN6) were cocultured

with HUVECs and MSCs, resulting in dynamic condensate for-

mation similar to that observed in the liver bud experiments

(Figure 3C). After 4 days of culture with endothelial medium,

the condensates developed into large, mechanically stable,

3D tissues that exhibited several signs of self-organization (Fig-

ure 3D). Furthermore, the transplantation of a 3D pancreatic

condensate resulted in rapid reperfusion and stimulated suc-

cessful b cell engraftment (Figure 3E). After 14 days, the trans-

plants developed islet-like structures with functional microvas-

cular networks (Figure S4A) that were connected to the

recipient circulatory system (Figures 3F and 3G). Consistent

with previous reports, the intravital quantification of the func-

tional vascular density showed that the capillary network was

4.2-fold denser in the reconstituted islet-like tissues compared

to the surrounding tissues (Figure 3H and Movie S3). The inner

part of the islet-like tissues contained human endothelial cells

with basement membrane, which is known to support b cell

function (Figures S4B and S4C). To evaluate their therapeutic

potency, in-vitro-derived condensates were transplanted into

the kidney subcapsule of a type 1 fulminant diabetic mouse

model. The mice were successfully treated with a condensate
Figure 3. Universal Culture Platform for Growing Self-Condensed Tiss

(A) Schematic representations of organ bud formation experiments using a varie

(B) The MSC-based condensation principle is adaptable to all tissue types examin

cells. The two rows show a macroscopic view of the tissues before or after cond

(C and D) Macroscopic or confocal image of the self-condensed b cells. Red, b

(E) b cell-derived condensates were quickly vascularized by the recipient circulatio

failed.

(F) Intravital visualization of human-mouse chimeric vessels on day 9. Red, b cel

(G) A comparison of the numbers of days required for functional blood vessel estab

approaches (data represent the means ± SD, n = 6, **p < 0.01).

(H) The vascular density (%) inside/outside of the reconstituted, native islets and e

NS: not significant).

(I) Changes in blood glucose after in-vitro-grown condensate transplantation c

represent the means ± SD, n = 3).
transplant, as demonstrated by the rapid normalization of

body weight and blood glucose levels. In contrast, mice trans-

planted with a single dispersed b cell showed delayed effects,

presumably due to the transplant’s failure to undergo vascular-

ization and subsequent engraftment (Figure 3I). Thus, we

experimentally demonstrated that this principle is applicable

to other organ systems using an optimal cell population and

successfully reconstituted vascularized and functional 3D tis-

sues in vivo.

Functional and Vascularized Kidney Formation via
In-Vitro-Grown Organ Bud Transplantation
Interestingly, we noticed that in some organs, embryonic cell-

derived condensates, i.e., organ buds grown in vitro, were ulti-

mately able to efficiently self-organize into functional tissues,

whereas adult organ cell-derived condensates reconstituted tis-

sues with a minimal resemblance to the original tissue after

transplantation (Figures 4, S4D, and S4E). For example, the

transplantation of reconstituted organ buds from embryonic

day (E) 13.5 kidney-derived dissociated cells resulted in the

development of glomerular-like microtissues after 8 days of

transplantation followed by quick revascularization (Figures 4A

and 4B). To provide additional definitive proof of self-organiza-

tion, we generated a kidney bud in culture frommixed embryonic

kidney cells dissociated from three distinctly labeled cell popula-

tions from E13.5 mice (beta-actin-GFP, -RFP, and -CFP), trans-

planted the bud inside the cranium, and performed repeated live

imaging. Intravital confocal imaging at 14 days revealed the suc-

cessful formation of multi-color integrated glomerular-like tis-

sues (Figures 4C and S4F), confirming that the dissociated

embryonic cells self-organized into a glomerular architecture

in vivo. The infusion of high-molecular-weight FITC dextran via

the systemic circulation with fluorescein-conjugated mouse

CD31 antibody revealed the presence of a number of newly

generated glomerular-like structures containing an abundant

microcirculation at day 28 (Figures 4D and 4E). Notably, without

the organ bud formation culture, E13.5 kidney-derived single-

cell transplantation barely reconstituted such structures (Fig-

ure 4E, lower). To characterize the degree of maturation, global

gene expression profiling was performed by focusing the re-

ported kidney signature genes, which are known to be downre-

gulated throughout development (Schwab et al., 2003). Hierar-

chical clustering analysis of the explants at day 14 and 28 and

kidneys of multiple developmental stages revealed the success-

ful maturation of the transplants into tissues corresponding to
ues from Hetero-Mixtures of Cell Collectives

ty of organ systems.

ed in this study, including intestine, lung, kidney, heart, brain, and even cancer

ensation.

cell; green, HUVECs; unlabeled, hMSCs. Bar, 1 mm, 250 mm, and 100 mm.

n in the presence of HUVECs, whereas the endothelial cell-absent condensate

l; green, HUVECs; blue, mouse-specific CD31; unlabeled, hMSCs.

lishment between our vascularized condensate- and tissue engineering-based

xocrine pancreas, respectively (data represent themeans ± SD, n = 6, *p < 0.05,

ompared with the single dispersed b cell or sham transplanted groups (data
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postnatal kidneys, compared to the original E13.5-derived pri-

mary tissue (Figure 4F).

Furthermore, to demonstrate the functionality, we injected

Lucifer Yellow, a dye that is freely filtered in glomeruli, intrave-

nously to label Bowman’s space and subsequent excretion

(Hackl et al., 2013). Repeated live imaging analysis identified

multiple steps in urine production: initial perfusion into the

glomerular capillaries (Figure 4G, left), primary filtration into the

urinary space (Figure 4G, middle), and subsequent outflow into

collecting systems (Figure 4G, right). The formation of slit pro-

teins surrounding the basement membrane was confirmed by

co-immunostaining of GFP, nephrin, and laminins in the ex-

planted transplants at day 21 (Figure 4H, upper). Additional

immunofluorescence confirmed the presence of WT1 (Wilms’

tumor suppressor-1) and LTA (lectin Lotus tetragonobulus

agglutinin) surrounding the developed glomeruli, suggesting

the differentiation into podocytes and proximal tubule formation,

respectively (Figure 4H, lower). Indeed, electron microscopy

further confirmed the presence of podocytes with foot pro-

cesses that were separated from the glomerular endothelium

by a basement membrane (Figure 4I). Together, we concluded

that immature organ buds grown from dissociated embryonic

cells using our culture method would aid in generating the func-

tional and vascularized kidney in vivo by maximizing the intrinsic

self-organizing capacity of the cells.

DISCUSSION

In the 1960s, small aggregates of dissociated embryonic cells

were shown to reconstitute tissues with an architecture resem-

bling that of the original tissue via self-organization. After the

required types and numbers of various cells had aggregated

to allow the close interaction of the cells, individual cells

were able to self-organize to form functional tissues in vitro

(Takeichi, 2011). This classic knowledge is now being adapted

into recent studies of brain, optic cup, and adenohypophysis

derived from pluripotent stem cell-derived small cell aggre-

gates (Sasai, 2013a). However, these previous self-organization

studies, which used multi-well dishes with steep sides and

rounded bottoms to the wells, generally started with micro-

meter-scale tiny aggregates, and such stem cell aggregates

self-organized into entirely epithelial structures, limiting their
Figure 4. Self-Organization of Functional and Vascularized Kidney via

(A) Macroscopic observation of transplanted in-vitro-grown kidney buds showing

indicates the transplants.

(B) Intravital tracking of kidney buds showing in vivo dynamics of kidney develop

(C) Self-organization of glomerular structures from kidney bud generated from th

(D) mCD31-647 infusion study demonstrating the formation of multi-colored labe

(E) Generation of functional nephrons from transplanted kidney buds at 28 days

tubular structures barely developed from the E13.5-dispersed cell transplant (rig

labeled, HUVECs and hMSCs.

(F) Comparison of kidney developmental gene signatures among in-vitro-derived

0 day [P0] and 8 weeks [P8wk] after birth).

(G) Intravital visualization of the renal functions of the generated glomeruli after 21

into Bowman’s space (middle), and urinary outflow into collecting systems (right). R

HUVECs and hMSCs. Yellow arrowhead, Lucifer Yellow; white arrowhead, Lucif

(H) Histological analysis of reconstituted tissues explanted at 21 days. Immunos

100 mm.

(I) Electron microscopy of kidney bud transplants at 21 days. GL; glomerulus; P

M, mesangial cell; bm, basement membrane; fp, foot processes; mv, microvilli; l
utility to specific organs such as neural systems due to their

marked propensity to self-organize in the absence of vascula-

tures. In addition to the limited scalability of the culture, none of

the available culture systems have resulted in self-assembling

tissue formation from optimal heterogeneous mixtures of cell

collectives.

Considering both the dependence on the substrate stiffness

and the requirement for MSCs, we concluded that MSC-driven

contraction on a soft substrate condition should be one potential

mechanism for the heterotypic collective behaviors. Previous

study showed that visceral endoderm cells in non-muscle

myosin heavy chain IIA knockout mouse do not differentiate, ex-

hibiting the defects in cell adhesion and subsequent tissue orga-

nization prior to organ bud development in mouse embryonic

cells (Conti et al., 2004). Combined with loss-of-function exper-

iments such as knockdown-based approaches (Raab et al.,

2012), future exploration of the contraction mechanism in organ

bud self-organization in human iPSCs would elucidate a unique

role of myosin for human organogenesis in a dish.

Thus, the present work demonstrates one promising principle:

much larger-scale self-organized tissues can easily be assem-

bled via condensation from desired multiple cell/tissue types.

Self-assembled condensates, which are better defined than ag-

gregates, could be used to examine the subsequent self-orga-

nizing potential of cells in vivo after transplantation. Endothelial

cells were experimentally integrated into the condensates to

assess the potential for rapid vascularization and subsequent

functionalization. However, we and others are also interested

in evaluating the substantial potential of other, unexplored sup-

porting cell types, such as neural cells, to stimulate more precise

tissue reconstitution.

Moreover, as evidenced by the kidney self-organization exper-

iments presented herein, less mature tissues, or organ buds,

generated through the condensation principle might be the

most efficient approach toward the reconstitution of mature or-

gan functions after transplantation, rather than condensates

generated from cells of a more advanced stage. This concept

is particularly important to note when adapting this to human

pluripotent stem cell (Takebe et al., 2013) or adult stem cell

(Takebe et al., 2014a) derivatives.

Further refinements are needed to determine the optimal

conditions for targeted tissue self-organization; however,
In-Vitro-Grown 3D Organ Bud Transplantation

perfusion and sophistication of reconstituted blood vessels. The dotted area

ment.

ree distinct fluorescent embryonic mice after 14 days. Bar, 50 mm.

led, glomerular-like tissue with capillaries.

after transplantation under a cranial window. Tissues resembling glomeruli or

ht lower panel). Red, dextran; green, GFPs; blue, mouse-specific CD31; un-

kidney buds at 2 and 4 weeks after transplantation and primary kidneys (E13.5,

days of transplantation, including initial blood perfusion (left), primary filtration

ed, mouseGFP; green, Lucifer Yellow; blue, mouse-specific CD31; unlabeled,

er-Yellow-negative endothelial cells.

taining for LTA, nephrin, WT1, GFP, and laminin is shown in each panel. Bars,

T, proximal tubule; P, podocyte; E, capillary endothelium; R, red blood cell;

y, lysosome; mt, mitochondria.
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proof-of-concept organ bud transplantation might be a rational

approach toward the generation of vascularized and functional

complex organs. This culture principle will not only be a powerful

tool for the study of human developmental biology and pathol-

ogy using pluripotent stem cells, but it will also facilitate the

realization of next-generation generative medicine using

in-vitro-grown complex tissue architectures for currently un-

treatable patients.

EXPERIMENTAL PROCEDURES

Self-Condensation Culture

To generate liver buds in vitro, we resuspended �1–2 3 106 iPSC-hepatic

cells, �8–16 3 105 HUVECs, and �2–4 3 105 hMSCs in a mixture of EGM

and hepatocyte culture medium (HCM) (Cambrex) containing dexamethasone

(0.1 mM, Sigma-Aldrich), oncostatin M (10 ng/ml, R&D Systems), HGF

(20 ng/ml, Kringle Pharma, Inc.), and SingleQuots (Lonza) and plated them

onto pre-solidified Matrigel (BD Biosciences) in a 24-well plate. Mechanically

defined substrate (with methods described as follows) was mainly used in ex-

periments shown in Figure 2. Regarding the mixture ratios for pancreatic or

kidney tissue generation, we have adopted the following specific ratios.

Pancreatic cells: HUVEC: MSC = 10:5:2, and kidney cells: HUVEC: MSC =

10:1:2, but this needs further intensive optimization. After�4–6 days of culture,

self-organized human iPSC-LBs (iPSC-derived liver buds) were analyzed us-

ing a Leica TCS SP8 confocal microscope (Leica Microsystems, Germany).

To analyze the contribution of the substrate stiffness, we resuspended 2 3

106 HUVECs and 6 3 105 hMSCs in a mixture of EGM and seeded them on

a substrate placed in a 24-well plate.

Statistical Analysis

The data for the biological assays are expressed as themeans ± SD from three

or five independent experiments. Comparisons between three or four groups

were analyzed usingWilcoxon statistical analyses or the Kruskal-Wallis test by

ranks, and post hoc comparisons were performed using the Mann-Whitney

U test with a Bonferroni correction. Two-tailed p < 0.05 was considered to

be significant.
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