Development ePress online publication date 6 June 2007

MEETING REVIEW 2541

Development 134, 2541-2547 (2007) doi:10.1242/dev.003707

What lies at the interface of
regenerative medicine and
developmental biology?

Donald E. Ingber'* and Michael Levin?

At a recent Keystone Symposium on ‘Developmental Biology
and Tissue Engineering’, new findings in areas ranging from
stem cell differentiation, embryonic pattern formation and
organ regeneration to engineered cell microenvironments,
synthetic biomaterials and artificial tissue fabrication were
described. Although these new advances were exciting, this
symposium clarified that biologists and engineers often view
the challenge of tissue formation from different, and
sometimes conflicting, perspectives. These dichotomies raise
questions regarding the definition of regenerative medicine,
but offer the promise of exciting new interdisciplinary
approaches to tissue and organ regeneration, if effective
alliances can be established.

Introduction

Developmental biologists strive to understand how the cells of our
tissues and organs come to be specified and placed in their correct
positions. Tissue engineers seek to create artificial materials to repair
tissues when they are lost due to injury or disease. Both strive to
identify crucial cues that trigger these processes, and to control the
cells that execute these programs. That tissue engineering might gain
from developmental biology, and vice versa, seems obvious;
however, investigators in each of these fields generally attend their
own meetings and publish in their own journals. But the recent
Keystone Symposium on ‘Developmental Biology and Tissue
Engineering’ (organized by Gordana V. Vunjak-Novakovic, Randall
T. Moon and David Kaplan) in Snowbird, Utah, suggests that this
paradigm is shifting. Here, we describe key themes from this
symposium, and consider the crucial challenges that must be
overcome to establish the key principles of regenerative medicine
and translate them into powerful therapeutic strategies.

What is regenerative medicine?

Regenerative medicine is a burgeoning new field that promises to
improve health and quality of life by repairing or regenerating cells,
tissues or organs. This must be accomplished under a diverse set of
circumstances, including acute injury, surgical resection,
inflammation, pathological remodeling, ageing and progressive
degeneration. Some biologists view the goal as the discovery of
master switches and stem cells that drive embryonic organ
formation, or the inductive organizers that induce a blastema to
regenerate a limb, and to use this knowledge to reform damaged
organs in humans. Bob Nerem (Georgia Institute of Technology,
GA, USA) opened the symposium noting that many, including NIH,
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consider tissue engineering to be the replacement of tissues by
fabricating substitutes ex vivo for implantation. However, this might
be an incorrect assumption. Fred Schoen (Brigham and Women'’s
Hospital and Harvard Medical School, MA, USA) described how
artificial heart valves composed of resorbable synthetic polymer
scaffolds containing cultured bone marrow-derived cells produce
functional valves even though the implanted cells are likely to be
replaced during remodeling in vivo. Apparently, the mechanical
microenvironment of the leaflet induces ingrowth and differentiation
of the tissue, and results in regeneration of normal valve architecture
(Mendelson and Schoen, 2006). Arnold Caplan (Case Western
Reserve University, OH, USA) showed results from human clinical
trials, as reported by Osiris Therapeutics, in which adult
mesenchymal stem cells (MSCs) improved health in patients with
myocardial infarct, graft-versus-host disease and Crohn’s disease
after intravenous injection, not by differentiating into various cell
types, but by suppressing immune responses and permitting natural
healing. Meanwhile, David Mooney (Harvard University, MA,
USA) described injectable polymer systems that control the
spatiotemporal dynamics of morphogens and in situ programming
of stem cells at injury sites (Hill et al., 2006). So rigid definitions of
regenerative medicine are not constructive while the principles that
define the field are still being delineated.

Won't stem cells solve the problem?
Stem cells are at the center of expectations of regenerative medicine,
and many exciting results relating to stem cell therapies were
presented at the Snowbird meeting. Robert Lanza (Advanced Cell
Technologies, MA, USA) described how somatic cell nuclear
transplantation produces immune-compatible cells that can
repopulate the bone marrow without requiring myelosuppression, as
well as how human embryonic stem cell (hESC) lines can be
generated without destroying embryos (Klimanskaya et al., 2006).
This is accomplished by extracting a single cell from eight-cell stage
embryos, or by creating haploid embryos through parthenogenesis.
Alan Colman (Singapore Institute of Medical Biology and ESC
International, Singapore) focused on identifying the crucial growth
factors and cytokines necessary to induce hESCs to differentiate into
cardiomyocytes. By using cell-free and serum-free culture
conditions, combined with genetic selection, they have been able to
obtain a 99.9%-pure cardiomyocyte population. However, when
GFP-labeled hESCs are injected into ischemic hearts of NOD/SCID
mice, most of the implanted cells die. Clinical trials involving
injection of stem cells into the heart have been similarly ineffective
at maintaining viable cells at the injection site in humans (Hofmann
et al., 2005). Nevertheless, the field is still young, and it seems likely
that cellular therapies using stem cells will be effective for certain
conditions, especially those in which only dysfunctional cells need
to be replaced and tissue structure remains intact (e.g. diabetes,
Parkinson’s disease).

Aren't tissue engineers already building tissues
and putting them into people?

If the press seems to be overselling stem cells now, one only needs
to go back a few years to find that they had done the same for tissue
engineering. Yet only a few engineered tissues (e.g. Apligraf and
Integra artificial skin products) are now in clinical use. At Snowbird,
Shulamit Levenberg (Technion University, Haifa, Israel), who
presented work on co-culturing vascular endothelial cells with other
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cell types as an approach to improve the vascularity and
functionality of engineered tissues, noted that many developmental
biologists ask tissue engineers: “It’s so complex, how are you going
to try to mimic it?”. Farshid Guilak (Duke University, NC, USA)
reaffirmed the difficulty of this challenge and explained that some
of the frustration in the field might have been based on
oversimplified assumptions, such as what works in animals will also
work in patients, and that cost is no object. He also described how
existing polymer scaffold-cell composites often do not have the
appropriate material properties to bear physiological mechanical
loads. Guilak is approaching this challenge in a new way by
applying a three-dimensional (3D) weaving technology to create
porous fabrics that exhibit different moduli (stiffness and elasticity)
in different directions and that are composed of interwoven fibers of
poly(e-caprolactone) (Moutos et al., 2007); these scaffolds can
exhibit mechanical properties similar to those of native articular
cartilage.

However, the challenge of integrating this or any other type of
artificial scaffold into a diseased tissue filled with inflammatory
cytokines remains a tough one. Fred Schoen emphasized that clinical
testing and validation of engineered materials will be complicated
by the heterogeneity of tissue responses among patients, as well as
differences in response in old versus young. Although exciting and
effective in certain applications, tissue engineering approaches, like
stem cell therapies, need to be greatly improved to match the
promises made in the press.

What can we learn from developmental biology?
We should be able to develop new, more powerful regenerative
therapeutic strategies if we could decipher the control mechanisms
responsible for normal developmental patterning in the embryo and
the adult. This promise is seen in powerful regenerative model
systems such as Planaria, which perfectly regenerate after the
excision of nearly every part of their body, and stop as soon as the
pre-existing structures are rebuilt (Sanchez Alvarado, 2003). Human
liver can similarly regenerate its original functional mass after
removal of more than 50% of the organ, and it shuts off this program
when its normal size is restored. However, demonstrating that this
type of regenerative capacity can be reactivated in other human
organs remains a fundamental challenge in the regenerative
medicine field.

Randall Moon (HHMI, University of Washington School of
Medicine, WA, USA) showed that Wnt signaling through 3-
catenin is required for epithelial and mesenchymal cell
proliferation, and cell fate specification, during tail regeneration in
zebrafish. Conversely, a gain-of-function Wnt8 accelerates the
regeneration process without altering final tail size (Stoick-Cooper
et al., 2007). Moon also reported that 3-catenin-mediated gene
expression increases near sites of injury in mouse liver and fish
heart, and showed that Wnt5a enhances bone marrow engraftment
of hematopoietic progenitor cells when they are injected
intravenously in mice (Trowbridge et al., 2006). This is an example
of where the dissection of a developmental signaling mechanism
has led to tangible results that might have a significant impact on
tissue engineering and stem cell therapies. However, the question
of morphogen specificity remains: how can a molecule, such as
Wat, that produces diverse effects in many tissues at different
times and in different spatial contexts be used as part of a
therapeutic strategy in humans where specificity and lack of
toxicity are crucial? Also, as Wnts can contribute to tumor
formation (Kikuchi, 2003), how can this potential complication be
prevented?

Another major approach pursued by developmental biologists
centers on defining inductive factors that guide stem cells to
differentiate into various specialized cell types. Didier Stainier
(University of California San Francisco, CA, USA) described how
Wnt2b, bone morphogenetic protein (BMP), fibroblast growth factor
(FGF), and retinoic acid (RA) are required for endoderm to
differentiate into liver, whereas FGF and RA promote exocrine
pancreas formation, and hedgehog signaling and RA stimulate
pancreatic 3-cell differentiation (Ober et al., 2006). Thomas Reh
(University of Washington, WA, USA) showed that NOTCH
maintains hESC progenitors in a self-renewing state, and that neural
differentiation can be synchronized by inhibiting NOTCH.
Moreover, in other experiments with human ES cells, he reported
that insulin-like growth factor, DKK1 and noggin direct the cells to
generate human retinal progenitors, which can be induced to
differentiate into retinal photoreceptors by simultaneously blocking
NOTCH and adding RA (Lamba et al., 2006).

But generating the right kinds of cell types is not the same as
regenerating tissues and organs. The correct cues must also be
provided to position these cells appropriately, to induce them to
deposit extracellular matrices (ECMs), and to organize these
elements spatially across several levels of scale as components of
larger tissue and organ structures (Fig. 1). For example, in mouse Ds
(disorganization) mutants, normal cell and tissue types are produced,
but their overall placement with respect to each other is disturbed at
the organ/appendage level (Robin and Nadeau, 2001). So induction
of cell differentiation alone is not sufficient to meet the regenerative
medicine challenge (Fig. 1). Interestingly, the spatial organization
of the microenvironment itself can dictate the final output of
multicellular and multimolecular developmental programs. For
example, Stainier found that although Smoothened (Smo) is
required for pancreatic 3-cell differentiation in zebrafish, cells from
smo knockouts differentiate into (3 cells when placed in wild-type
embryos. In this case, spatial context overrides gene expression. Reh
also showed that when GFP-labeled hESCs are injected into the
vitreous of newborn mice, the cells invade all of the retinal layers
and differentiate into appropriate neural cell types (Lamba et al.,
2006). Thus, stem cells can sense local environmental cues, place
themselves in relatively normal positions, and differentiate
appropriately based on their location.

But one of the goals of regenerative medicine is to produce stem
cells that can recreate normal tissue architectural arrangements when
these spatial relationships are completely lost (e.g. owing to injury
or amputation). This is a considerable challenge, however, as in the
absence of the correct morphogenetic cues, implanted stem cells can
give rise to teratomas — tumors that exemplify tissue differentiation
and growth in the absence of higher-order pattern controls (Wakitani
et al., 2003). Thus, we need to learn more about normal tissue
construction, and not only how to chemically induce stem cells to
form various specialized cell types (Fig. 1).

Classic epithelium-mesenchyme recombination experiments
demonstrated that whereas the epithelium specifies the function of
its cells (cytodifferentiation), the mesenchyme often governs the 3D
form of the epithelium (histodifferentiation) and the overall
morphology of the organ (Sakakura et al., 1976). The mesenchyme
influences pattern formation by producing morphogens, and by
secreting ECM components and matrix-modifying enzymes. At
Snowbird, Donald Ingber (Children’s Hospital and Harvard Medical
School, MA, USA) extended this view by describing how
cytoskeletal contractile forces that cells exert on ECM scaffolds and
on each other contribute to morphogenetic control during mouse
embryonic lung development. When he altered physical interactions


















