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Chapter 1

Chapter 1

The vasculature in development and regeneration

This chapter is a global introduction to the vascular system and to its
multiple roles during embryonic development and adult tissue regen-
eration. We will specifically focus on the important interactions between
the vascular and the bone systems during skeletal development and re-
generation and on the roles of the vasculature during wound healing.
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The vasculature in development and regeneration

1- The vasculature

1-1 Introduction

rimitive, small animals such as the Platyhelminthes lack any circulatory system

and exchanges rely strictly on absorption and diffusion. In the worm Caenorhab-

ditis elegans and the fruitfly Drosophila melanogaster, oxygen passively diffuses
respectively throughout a pump-less internal cavity and a tracheal airway to access all cells.
In other larger species, which developed later in evolution, specialized tubular network
arose, equipped with pumps, as active pipelines. Open circulatory systems (respiratory,
digestive) are coupled with closed circulatory systems (vascular, lymphatic, nervous) and
promote exchanges and distributions to distant cells, tissues and organs (1). The vascular
system is the first functional organ in the developing vertebrate embryo and is critical for

tissue development, homeostasis and regeneration.

The first blood vessels develop, both inside and outside the embryo, from mesenchymal
progenitor cells which differentiate into endothelial cells and organize in small circular
rings termed blood islands (vasculogenesis). These blood islands elongate, remodel and
merge into an interconnected lattice termed the plexus by angiogenesis, meaning by endo-
thelial sprouting, splitting, and fusion. Upon the first heart beat, the vascular plexus pro-
gressively expands and reorganizes into a highly stereotyped, hierarchical vascular network
of larger vessels ramifying into smaller ones. This network is an adaptable life-support sys-
tem irrigating almost every region of the body and providing exchanges of gas, metabolites,
biological factors or cells (i.e. immunological cells, stem cells). The vasculature has the in-
trinsic plasticity to constantly and dynamically adapt to local requirements by enlargement,
sprouting or regression.

During adult life, blood vessels are largely quiescent and stable. Their remodeling capaci-
ties are transiently reactivated upon reproduction, diseases and regeneration. During the

cycling ovary and pregnancy, new blood vessels are formed to respectively prepare and
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Chapter 1
enhance exchanges in the niche receiving the embryo. During diseases, blood vessels are
strongly affected and mediate the regression or progression of pathologies. As a classical
example, solid cancer tumors can attract and induce the formation of new blood vessels
to be nourished, grow to larger sizes and spread (metastasis). During wound healing and
regeneration, blood vessels are disrupted and new blood vessels are formed early as a tem-

plate for the growth of a new tissue.

Figure 1: The vasculature during embryonic development and adult life. The vasculature is

one of the first organ to develop in the embryo, to support life. The left picture shows the develop-
ing vasculature of a mouse embryo (day 9.5) labeled with CD31 (PECAM) immunofluorescence
staining. BA, branchial arteries; DA, dorsal aorta; ICA, intercarotid artery; ISV, intersomitic ves-
sels; OFT, outflow tract; PCV, posterior cardinal vein; RV, right ventricle. (Image courtesy of L.
Davidson, Mouse Imaging Centre, Hospital for Sick Children, Toronto, Canada.). The right pic-

ture is a cast of the vasculature showing the complex hierarchical tree embedded in adult tissues.

1-2 The composition of blood vessels

he hierarchical vasculature is formed by bigger vessels (arteries, veins) connect-

ed through smaller vessels which are embedded in the tissues (capillaries). The

smallest blood vessels (capillaries) are formed by endothelial cells, a basal lamina
and pericytes. Larger blood vessels (arterioles, venules, arteries, veins) include several ex-
ternal layers of specialized cells.
The endothelium. The inner wall forming the lumen is always lined by a thin, single sheet
of endothelial cells which makes the interface between the blood and the tissue. Endothelial

cells form an interactive polarized epithelium connected through dynamic tight junctions
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and cadherin molecules. Endothelial cells assume the functions of actively controlling the
hemostatic balance, the vasomotor tone, regulating blood cell trafficking and the innate

and adaptive immunity.

The basal lamina. The endothelium is separated from the surrounding outer layers by the
basal lamina, a structural mesh of extra-cellular matrix proteins (i.e. laminin, collagen type
IV) which serves as a substrate for endothelial cell migration, binds and regulates the dis-
tribution, activation, and presentation of pro- and antiangiogenic soluble factors (2). The
basal lamina is a signal transducer acting through integrins which can either be pro- or an-
tiangiogenic, often using different cleavage products of the same protein (3). Basal lamina

is an important element regulating the remodeling of blood vessels.

Pericytes. In the finest branches of the vascular tree -the capillaries and sinusoids- the
walls consist of nothing but endothelial cells and a basal lamina, together with a few scat-
tered -but functionally important- cells termed pericytes. These are cells of the connective-
tissue family, related to vascular smooth muscle cells and mesenchymal stem cells, that
wrap themselves around the small vessels, are embedded in the basal lamina and form spe-
cific focal contacts with the endothelium. They are thought to stabilize the vessels, facilitate
and integrate cell-cell communication. They often lye and bridge several endothelial cells
and thus might coordinate their functions. Pericytes cover 10 to 50% of the endothelium
depending on the organ. They may increase the barrier established by endothelial cells,
function as sensors of hypoxia and hypoglycemia and regulate the vessels diameter to adapt

to changes in the blood flow (4).

External elastic lamina and intima. The largest blood vessels have an external thick, tough
wall of connective tissue including many layers of smooth muscle cells and extra-cellular
matrix. Their amounts vary according to the vessel’s diameter and function. These smooth
muscle cells are thought to mainly modulate the vascular tone and contraction. They are
separated from the basal lamina by a thin layer of mesenchymal cells and extracellular

matrix termed the intima.
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Figure 2: The composition of blood vessels. (a) Nascent vessels consist of a tube of endothelial cells
(EC). These tubes mature into the specialized structures of capillaries, arteries and veins. (b) Capillar-
ies, the most abundant blood vessels, consist of ECs surrounded by a basement membrane in which is
embedded a sparsed layer of pericytes. Because of their wall structure and large surface-area-to-volume
ratio, these vessels form the main site of exchange of nutrients between blood and tissue. Depending
upon the organ or tissue, the capillary endothelial layer is continuous as in muscle, fenestrated as in kid-
ney or endocrine gland or discontinuous as in liver sinusoids. The endothelium of the blood-brain bar-
rirer or blood-retina barrier are further specialized to include tight junctions and are thus impermeable
to various molecules. (c) Arterioles and venules have an increased coverage of mural cells compared
with capillaries. Precapillary arterioles are completely invested with vascular smooth muscle cells (SMS)
that form their own basement membrane, circumferentially, closely packed and tightly associated with
the endothelium. Extravasation of macromolecules and cells from the blood stream typically occurs
from postcapillary venules. (d) The walls of the larger blood vessels consists of an intima (EC), a media
(SMC) and an adventitia of fibroblasts together with matrix and external lamina. SMC and elastic lami-

nae contribute to the vessel tone. (Courtesy of Rakesh K. Jain. And Debbie Maizels)

1-3 The molecular regulation of vascular morphogenesis

he first in vitro culture of endothelial cells was accomplished in 1974 (5) and the
first knockout mouse applied to angiogenesis in 1996 (6-7). Since then, genetic
studies in human cell culture, mice, zebrafishes and tadpoles have provided ex-
tensive insights into the key cellular mechanisms and the molecular players which regulate

the formation of a vascular network (see table 1 in the appendix for studies on knock-out
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mice). Here, we will briefly describe the main molecular players of vascular development

and homeostasis.

These molecules are orchestrating morphogenetic movements leading to migration, pro-
liferation, assembly, hollowing or differentiation of the cells and matreix forming the blood
vessels (figure 3). The highly vascular-specific signaling molecules include the vascular en-
dothelial growth factors (VEGF)(8), the angiopoietins/Tie system (9), components of cell-
cell junctions including Vascular Endothelial Cadherins (VE-Cad)(10) and mediators of
cell-matrix interactions (integrins aVp3, aV5)(11). More widely used signaling pathways
including basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF),
transforming growth factor (TGF), ephrin, Notch and Hedgehog are also involved (12).

VEGEF signaling is involved in the differentiation of progenitor cells, the survival and
sprouting of endothelial cells and in the regulation of vascular permeability (13). The an-
giopoietin/Tie system regulates the survival of endothelial cells, the formation of vascular
lumens, the stabilization and the permeability of the vessels through a cross-talk between
endothelial cells and perycites (9). The recruitment and stabilization of the mural cells (peri-
cytes and smooth muscle cells) depend on PDGF-BB secreted by the endothelial cells and
on PDGF receptors in the mural cells (12). The TGF signaling regulates the proliferation
and migration of the endothelial cells and promotes the stabilization and maturation of the
basal lamina (12). The signaling between adherence molecules (i.e. integrins) and extracel-
lular molecules from the basal lamina (collagen type IV, laminin) regulates the apoptosis of
endothelial cells and the formation of lumens (11). Figure 3 depicts the current knowledge

on well-established genes and signaling pathways regulating the assembly of blood vessels.

Many of these signaling pathways are quiescent or have a low basal activity during adult
tissue homeostasis and are reactivated in situations of neoangiogenesis (reproduction, dis-
ease, regeneration). The discovery of the key angiogenic genes and their corresponding
biochemical factors opened up a new era of rational therapeutics for the prevention or the

promotion of new blood-vessel growth.
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Molecular pathways in vessel maturation

Table 1

Ligand/receptor (cell type)

Putative roles

VEGF/VEGFR1, 2 (EC)

VEGF64/VEGFR2 and NRP1 (EC)
VEGFC/VEGFR3 and NRP2
EG-VEGF/PKR1, 2 (EC)

Notch pathway (EC, mural cell)

EphrinB2/EphB4 (EC)
PDGFB/PDGFR-B (EC, mural cell)

S1P1/EDGI (EC, mural cell)
Angl/Tie2 (EC)

Ang2/Tie2 (EC)

Upregt for matrix or

matrix by it

Upregulates PDGF-B to recruit mural cells to stabilize vessels
Suppresses apoptosis to stabilize vessels

Induces EC specialization (such as VVOs and fenestration)

Promotes arterial growth (?)

Guides lymphatic development

Induces EC ialization in organs (such as

Determines fate of the common progenitor cell (EC versus mural cell?)
Establishes vessel fate (artery versus vein, upstream of ephrin signaling (in zebrafish?)
Determines arterial and venous endothelial cell specialization

Guides vessel branching

Promotes prolif i igration and of mural cells
Promotes recruitment of mural cells (downstream of PDGFB signaling?)

vessels by

Suppresses apoptosis of ECs

Induces hi

of vascular

(EC-mural cell and EC-matrix)

in the absence of mural cells

Induces apoptosis of ECs in the absence of VEGF

Determines lymphatic patterning
Coordinates vascular polarity
Promotes the production of ECM and proteases

Angl/Tiel, 2 (EC)
TGF-BI/TGF-BRII (EC, mural cell)

Promotes dif of to to mural cell (through serum response factor)
TGF-B1/ALK1 (EC) EC proli ion and migrati phase)
TGF-B1/ALKS5 (EC) vessel phase)
TGF-B1/ALK1 and endoglin (EC) Promotes arterio-venous (through in si ing?)
Syk/SLP76 pathway Separates lymphatic from blood vessels
Table 2 Molecul cell-cell i Table 3 i 1l-matrix i

Molecules (cell type) Putative roles Molecules (cell type) Putative roles

VE-cadherin (EC)
N-cadherin (EC, mural cell)

Forms EC-EC junctions 0By, 0By, 0By, 0Bz, 0, Bs
Facilitates EC junctions— (EC)

mural cell communication Proteases

Facilitates EC junctions— (EC, mural cell)

EC junctions and EC junctions—

mural cell communications

Form tight junctions in brain

and retinal capillaries

Regulates EC-mural cell

interaction

Suppress endothelial

cell apoptosis®

Provide cues for vascular patterning by
releasing growth factors

Cleave matrix molecules (such as
collagen XVIII to endostatin), plasma
proteins (such as plasminogen to
angiostatin) and protease molecules
(such as MMP2 to PEX); cleaved
products cause EC apoptosis
Stabilize vessels by preventing
dissolution of matrix

Connexins (EC, mural cell)

Occludins, claudins,
zona occludins (Z01, 2, 3) (EC)
CD148 (EC)

Protease inhibitors

2Genetic approach does not support this role for 0,8 and o, (ref. 25).

Figure 3: Genetic and molecular players of vascular assembly. The progenitor endothelial cells differ-
entiate in response to bFGF and VEGF and sprout to form cord-like structures. These structures form
a lumen and attract pericytes through Ang/Tie signaling. PDGF and integrins/extra-cellular-matrices
interactions. The vessel stabilization is achieved through Tgf signaling. This very schematic view of the
molecular pathways in vessel maturation is described more in details in the table for signaling path-
ways, the table for cell-cell interaction and the table for cell-matrix interactions. (Courtesy of Karen K.

Hirschi and Rakesh K. Jain)
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1-4 The diversity in blood vessels’ identity

espite common components and features, blood vessels are highly diverse in

their architectures. The blood vessels are organ-specific and present differ-

ent phenotypical variations relative to their specific functions (14-15). ECs
are typically flat but have a cuboidal phenotype in high endothelial venules (16). They are
elongated and spindle shaped in arterioles; irregularly shaped in capillaries; large, ellipti-
cal, or irregularly shaped in postcapillary venules; and rounded in collecting venules (17).
Endothelial cell thickness varies from less than 0.1 um in capillaries and veins to 1 pm in
the aorta (18). Capillaries are continuous and non-fenestrated in the skin, lung and heart,
continuous and fenestrated in the endocrine gland and glomerulus and discontinuous and
fenestrated in the liver sinusoid (14-15). This heterogeneity is related to specific functions
including the regulation of leukocytes trafficking (16), permeability, transcytotic activ-
ity, endothelial regulation of vasomotor tone and innate and acquired immunity (14-15).
A similar heterogeneity is found for pericyte coverage (4). The highest pericyte coverage
around microvessels is found in the central nervous system (CNS) possibly to contribute to
the formation of the blood- brain barrier (4). Their morphology may range from that of the
typical CNS pericyte, a flattened, or elongated, stellate-shaped solitary cell with multiple cy-
toplasmic processes encircling the capillary endothelium and contacting a large abluminal
vessel area, to that of a mesangial cell of the kidney glomerulus, rounded, compact and con-
tacting a minimal abluminal vessel area, making only focal attachments to the basal lamina.
These different phenotypes are related to molecular specificities: arterial endothelial cells,
in the embryo at least, express the transmembrane protein ephrinB2, for example, while the

venous arterial cells express the corresponding receptor protein, EphB4.

1-5 The stereotyped patterning of the vascular network
rom an engineering point of view, the robustness and stereotyped properties
(architecture, patterns, molecular profile) of the vascular network are intriguing
(see figure 1 and 4): during embryonic development, blood vessels always arise,
branch, connect at the same locations, sprout in the same directions and reproducibly form
complex but stereotyped patterns. A range of cellular mechanisms are currently being

discovered which partly reveal how patterns of the vascular sprouts are formed through
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self-organization, guidance or templates. However, obviously much more remains to be
elucidated to understand the formation of robust, stereotypical, complex networks at the
system level.

At the tip of the sprouting vessel, leading the way, is an endothelial cell with distinctive
characteristics. This tip cell has a pattern of gene expression different from that of the en-
dothelial stalk cells following behind. Tip cells do not divide and form many long filopodia,
resembling those of a neuronal growth cone (Figure 4). The stalk cells, meanwhile, divide
and become hollowed out to form a lumen (Figure 4)(19). Here, we describe the well-

studied established mechanisms of vascular patterning.

Figure 4: Vascular patterning. The patterning of blood vessels is illustrated by the formation of a
simple wire mesh lattice termed “plexus” in the retina of a mouse which will progressively remodel in
a hierarchical network (left). The sprouting of the blood vessels is done by the tip “leading” cell which
explores its local environment using fillopodias. This exploration allows for the capture of survival and
differentiation signals whose gradient of concentration gives a direction (middle). The stalk “following”
cells form a hollow tube termed “lumen” and proliferate (right). (Courtesy of Akiko Mammoto and

Holger Gerhardt).

Long-range patterning- Long-range patterning is regulated by hypoxia (a lack of oxy-
gen) in the target tissue which induces the stabilization of the Hypoxia-Inducible Factor
(HIF1la) by a regulation of the VHL gene coding for an E3 ubiquitin ligase subunit. HIF
is an heterodimeric transcription factor that mediate the adaptation of many multicellular

organisms to molecular oxygen. HIF1a regulates the local production the of VEGF (20). A



Chapter 1

gradient of this molecule is produced, possibly by graded production or diffusion, which
orientate and attract new blood vessels. Upon irrigation of the tissue by new blood vessels,
hypoxia decreases and so does the production of VEGF (19).

Initial sprouting- The initial outward movement of the nascent sprout from an existing
vessel involves several mechanisms including lateral inhibition (Notch/Delta4) and local
inhibitors produced along their own vessels (Tgf (21), Flt1 (22), cleavage products from the
extracellular matrix). Delta 4 expression is fluctuating in endothelial cells and inhibits the
production of the VEGF receptor in neighboring cells (paracrine lateral inhibition). Upon
competition, one endothelial cell acquire the tip phenotype and sprout toward the source of
VEGE. Interestingly, this social interaction through Notch also regulates the trachea bran-
chial morphogenesis (23). Another lately discovered mechanism involves the production of
angiogenic inhibitors by the vessel itself (Tgf, soluble VEGF receptor). Profiles of secretion
of these inhibitors dictate the local sprouting of an endothelial cell away from the parent
vessel. These interactions control which cells will be singled out to behave as tip cells, ex-

tending filopodia and crawling forward to create new vascular sprouts.

Tip guidance- Upon the initial outward movement away from the parent blood vessel, a
range of receptor molecules which decorate the leading, tip cell, of the blood vessels, help in
the guidance of the vessels along the tissue-scale gradient of soluble factors (semaphoring,
netrins, slits, ephrins, robo...). Many of these guidance molecules are also involved in the

guidance of nerves , which often grow in parallel with blood vessels.

Concomitantly to these well-assessed patterning mechanisms, we propose in this thesis
that endogeneous tissue contractility might also be regulating the formation of vascular
patterns (see chapter 5).

These established mechanisms of pattern formation partly explain the organism-level or-
ganization of the vasculature. We will give, in chapter 6, a more integrated and detailed

view of the range of possible mechanisms of vascular morphogenesis and patterning.
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2- The vasculature in tissue diseases and regeneration

2-1 The vascular system is involved in a wide range of diseases

he ubiquity of the vascular system and its role in connecting tissues and organs

makes it a main actor relaying and relating physiological and pathological phe-

nomenon. It is thus not surprising that a lot of disease are related to the vascular
system. Besides directly related diseases such as artherosclerosis, an ever growing list is
connected to a deregulation of the vascular network (excessive or insufficient angiogen-
esis).
The most-studied conditions in which angiogenesis is excessive are malignant, ocular and
inflammatory disorders whereas, ischaemic heart diseases or preeclampsia are related to
insuflicient angiogenic switch causing EC dysfunction, vessels malformation, regression, or
preventing revascularization, healing and regeneration. Many additional processes are af-
fected, such as obesity, asthma, diabetes, cirrhosis, multiple sclerosis, endometriosis, AIDS,
bacterial infections, genetic diseases (i.e. von Hippel-Lindau (VHL) syndrome) and auto-
immune diseases. Angiogenesis has been implicated in more than 70 disorders so far (1, 13,

24-25)(see table 2 in the appendix).

In this section we will first describe the ubiquitous role of the vascular system during ho-
meostasis and regeneration. We will then focus on two specific examples describing the role
of the vascular system during bone regeneration and wound healing. Finally, we will pro-

pose a general framework depicting the vascular bed as a template for tissue regeneration.

2-2 Role for the vascular system in tissue homeostasis and regeneration.
he vascular system has important interactions with the local microenvironment
which are not limited to gas and nutrient exchanges. The vascular bed provides
inductive signals and regulates organ development and pattern formation (26).

Conversely, the vasculature responds to cues from the parenchyma that bestow upon its
tissue-specific functions (26). Such interactions are critical during embryonic develop-
ment but also appear to be important during the adult life and present opportunities for
therapeutic strategies. Numerous examples including heart development, heamatopoiesis,

neural tissue, illustrate the importance of a cross-talk between the vascular bed and the
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surrounding tissue during development and diseases (See the excellent review of K. Red-
Horse (26)). Here we will first present the human mesenchymal stem cells which are align-
ing capillaries in the bone-marrow and are used in this thesis to built tissues and support
the formation of vascular networks in vitro. We will then focus on the specific roles of the
vasculature (i) during the development and the regeneration of the bone organ and during

(ii) wound healing.

control

60 hours after wunding

L
100 pm 100 um

Figure 5: The vasculature in diseases and regeneration. The vasculature, due to its ubiquity and its
role in transport, is an important regulator and mediator of diseases and regeneration. The top pic-
ture is the vasculature of a brain including a highly vascularized cancer tumor (top left). The bottom
pictures are the vasculature surrounding the margin of a cornea in reaction to a wound. Sixty hours
after wounding, many new capillaries have begun to sprout toward the site of injury. Their oriented
outgrowth reflects a chemotactic response of the EC to an angiogenic factor released by the wound

(Courtesy of Peter C. Burger).
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3- The coupling of the vascular and bone systems

3-1 Vascular and bone development

one is a highly vascularized tissue which develops through two independent

mechanisms. The first, termed Intramembranous ossification (I0), involves the

direct differentiation of mesenchymal progenitors into osteoblasts, the bone
forming cells. This mechanism is involved in the formation of flat bones of the skull. The
second mechanism, termed endochondral ossification (EO) is responsible for the develop-
ment of most other bones including long bones and the axial skeleton. EO occurs through
a series of successive stages of remodeling of a cartilage template. Mesenchymal progenitors
first condense and differentiate into chondrocytes to form an avascular template. The tem-
plate undergoes sequential phases of proliferation, differentiation, hypertrophy and death.
At the molecular level, Indian hedgehog (Ihh) and the Parathyroid hormone-related protein
(PTHrP) signaling are crucial in regulating the proliferation and the onset of chondrocyte
hypertrophy by forming a negative feedback loop in which Ihh signaling controls PTHrP
expression (27). Thh also regulates osteoblast differentiation (28). BMP signaling is cur-
rently though to be a complementary signal maintaining chondrocytes proliferation and
modulating the expression of Thh (29). Tgf signaling is possibly modulating the Hh-PTHrP
regulatory loop (30). During the hypertrophic stage, the chondrocytes activate the Hh sig-
naling, produce collagen type X, the blood vessel-attracting molecule VEGF and Matrix
metalloproteinase (MMP13, MMP9) enzymes which remodel the matrix and participate in
the formation of the “bony collar” by recruited or differentiating bone forming cells (31).
(31). Hedgehog signaling also contributes to the vascularization of the hypertrophic car-
tilage (32). The invasion of the blood vessels correlates with the replacement of the hyper-
trophic cartilage template by bone. Blood vessels are thought to deliver the bone forming
cells (osteoblasts, osteoclasts) and the cells which will seed the hematopoieitic niche. The

process of angiogenesis and bone development are coupled both spatially and temporally.

3-1-1 VEGF signaling in skeletal development
he close interaction between angiogenesis and osteogenesis was first demon-
strated by surgically disrupting the blood supply to the bone(33). The resulting

bone had impaired density, tensile strength and modulus of elasticity. The effect
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of was later confirmed and described in the growth plate of rabbits and rat (34-35). With
the rise of molecular biology, VEGF was identified as a key regulator of this interplay. The
inactivation of the VEGF released by chondrocytes through the systemic administration of
a soluble receptor chimeric protein (Flt-(1-3)-IgG) to mice resulted in a strong impairment
of blood vessel recruitment, trabecular bone formation and an expansion of the hypertro-
phic chondrocyte zone. The recruitment of the MMP9 expressing cells and matrix resorp-
tion was also impaired (31). Consistent with the possibility that VEGF diffuses away from
the chondrocytes to attract blood vessels, mice expressing only the soluble isoform of VEGF
(VEGF120) but not expressing the matrix-binding isoforms (VEGF164 and VEGF188) had
delayed invasion of the blood vessels (36). Besides its chemotactic effect, VEGF directly
acts on chondrocytes and osteoblasts and on the recruitment of osteoclasts (37). The VEGF
receptors VEGFRI and VEGFR2 are expressed in endothelial cells, hypertrophic chon-
drocytes and in osteoblasts (38). VEGF is produced by chondrocytes, particularly in their
later stage of terminal differentiation, which increases their survival (39). Concomitantly,
in vitro culture shows that osteoblasts, osteoprogenitors and human Mesenchymal Stem
Cells (hMSC) produce important amounts of VEGF which induces numerous paracrine
effect including survival, proliferation of endothelial cells in co-culture, migration of os-
teoblasts (40-41), differentiation (42-43) and the upregulation of early osteoblastic markers
cbfal/runx2 and alkaline phosphatase (ALP) (42, 44-48). VEGF production in osteoblasts
is regulated through a variety of signals including prostaglandins E1 and E2, bone morpho-
genetic proteins (BMPs), insulin-like growth factor 1 (IGF1), transforming growth factor
beta (TGFp), endothelin-1 and vitamin D3 (49). Interestingly, the co-culture of endothelial
cells and osteoblasts or hMSC support the in vitro formation of a primitive vascular net-
work (50-51). These multiple effects might explain the close proximity of osteoclasts and
blood capillaries in vivo, to regulate the heamatopoietic stem cell niches (52) and empha-

size the role of VEGF during skeletogenesis (49).

3-1-2 HIF signaling in skeletal development
IF transcription factors are a driving force during bone development directly
regulating VEGF but also modulating other critical mediators of EO (53).
HIFla is a transcriptional regulator of VEGF which suggested a role during

bone development (20). Indeed, mice overexpressing HIF1a by disrupting VHL have in-
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creased bone formation while mice with a disrupted HIF1a have reduced bone formation
(54). In these mice, the amount of bone in the axial skeleton was directly proportional to
the amount of skeletal vasculature. VEGF production and endothelial sprouting behavior
was modulated in these mice. Interestingly, the role of HIF1a on bone development is not
limited to the regulation of VEGF. Mice deficient for HIF1a strictly in their osteoblasts
(OC-Cre mice) had normal flat bones of the skull, which resulted from IO (53) butmice de-
ficient for HIF1a in their early mesenchymal cells (dermo1-Cre mice) had profound defects
in both IO and EO including a complete failure of chondrocytes hypertrophy and defective
osteoblast differentiation (decreased Osterix, RunX2) (53). Indeed, Osterix is a direct target
of HIF-1 (53). Thus HIF-1 affects the angiogenic process and the differentiation of mes-
enchymal progenitors during EO. A second HIF transcription factor termed HIF-2a, was
lately described as a central activator of Collagen type X, MMP13 and VEGFA genes during
EO thus regulating the three central steps of chondrocytes hypertrophy, cartilage matrix
degradation and vascular invasion (55). HIF transcription factors are probably upstream

regulators coordinating numerous events of EO.

3-2 Vascular and bone regeneration

3-2-1 Bone-marrow derived mesenchymal stem cells as a reservoir for regeneration.
dult bone marrow hosts both the hematopoietic and mesenchymal stem cell
niches. The first one is thought to align the inner cavities of bone (endosteal
hematopoietic stem cell niche) and the blood vessels (vascular hematopoietic

progenitor niche) while the second one is suspected to be a subpopulation of pericytes
(sinusoidal wall niche)(56-57). Both niches might partially overlap and might not be re-
stricted to the bone marrow. Recent findings suggest that the adult hMSC niche can react to
emergency signals transported through the blood following a trauma, migrate through the
endothelium into the blood stream toward the site of trauma and contribute to neovascu-
larization (58-59). Thus capillary-aligning hMSC could form a natural reservoir participat-
ing in the maintenance of tissue homeostasis regeneration and repair (60).

This pool of stem cells opened several perspectives in regenerative medicine. First, this
population can be isolated, expanded and differentiated in vitro and is thus of great inter-

est to form engineered tissues in vitro as implants to repair or replace portions of or whole
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tissues. This is the Tissue Engineering approach (61). Second, this population of stem cells
can be manipulated in vivo to leave its niche on demand, home to a target site, stimulate
and enhance the body’s own self-healing capacity or promote a specific artificial function
(i.e. the vascularization of an artificial implanted device). This is the regenerative approach
(62).

The hMSC populating the adult bone marrow were used in this thesis for tissue engi-
neering applications (63). They are easy to isolate, culture, have high potential for in vitro
expansion, immunosuppression properties, can differentiate in vitro in osteoblasts, chon-
drocytes, adipocytes and participate in vivo in ectopic bone formation. It is still contro-
versial whether they can form other mesodermal or non-mesodermal tissues including an

endothelium, neural and skeletal muscle tissue (64).

3-2-2 Mechanisms of bone regeneration

racture repair during adult life recapitulates many aspects of the developmental

program of intramembranous and endochondral ossification (65-66). However,

major differences specific to bone regeneration include the inflammatory activity,
the formation of an hematoma, the necrotic tissue, the formation of a fibrin extra cellular
matrix and the mechanical environment. Following the trauma, inflammatory factors con-
tribute to the normal process of formation of the granulation tissue, digestion of the necrot-
ic tissue, infectious agents and resorption of bone debris by neutrophils and macrophages.
The disruption of the vasculature leads to the formation of an hematoma, a granulation
tissue at the end of the bones through the recruitment of fibroblasts. The new vasculature
forms by angiogenesis (sprouting from pre-existing vessels) splitting and probably by di-
rected translocation of the vasculature (67). The growth factors, cytokines (68) embedded
into the wound and the tensile endogenous forces generated by the wound (67) are critical

to neovascularization.

Bone repair occurs by different specific mechanisms primarily dependent on the biophysi-
cal environment. (i) Primary bone repair occurs by direct contact repair in small cracks
without interfragmentary space and with rigid stability. The repair process is mediated by
intraosseous Haversian system osteoblasts and osteoclasts, without a cartilage phase. Os-
teoblasts directly synthesize lamellar bone parallel to the longitudinal axis of the bone and

no remodelling of the repair bone is needed. (ii) Direct bone repair occurs in an envi-
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ronment of interfragmentary space > 0.1 mm with rigid stability. The process is mediated
without a cartilage phase by marrow derived vessels and hMSC. Bone is initially synthe-
sized perpendicular to the long axis of the bone and then remodeled along the long axis.
(iii) Endochondral bone repair occurs in large defects with inter-fragmentary spaces and
mechanical instability. The repair process involve the formation of a transient vascularized
callus to stabilize the fracture site. The granulation tissue formed at the edge of the broken
bone gradually remodels into a fibrocartilagenous tissue while new bone is formed by in-
tramembranous ossification, starting at the periosteum, to envelop the wounded site. The
resulting tissue, termed the callus, undergoes progressive endochondral ossification in a
progression from hypertrophic cartilage to woven bone and lamellar bone similar to the
embryonic bone development (69-70). Besides their classical role, inflammatory factors
also play a critical role during the endochondral ossification process of fracture healing by
mediating angiogenesis (angiopoietins and VEGF signaling), chondrogenic apoptosis, the
endochondral tissue remodeling by osteoclasts and the recruitment of osteoblasts progeni-
tors (71-72). Bone repair must also be considered in relation to the regions of bone where
repair is occurring. This illustrates how tissue regeneration recapitulates some aspects of

but is not limited to the developmental program.

3-2-3 Hedgehog signaling in bone regeneration
s previously described, Hh proteins act as archetypical morphogens regulat-
ing multiple processes during embryonic skeletal development (73) but remain
relatively silent in adult homeostasis (73). However, recent studies demonstrat-
ed its post-natal reactivation during several types of cancers (reviewed in (74)) and tissue
regeneration processes (75-81). Hh genes (Sonic Hedgehog (Shh), Indian Hedgehog and
Desert Hedgehog) have pleiotropic effects during both vascular (76, 82) and bone regen-
eration (81, 83-86). Shh is essential for the neovascularization of adult ischemic skeletal
muscle (75, 77), myocardial tissue (79-80) and wound (78, 87). Hh is also highly reactivated
upon bone fracture in adults in the callus undergoing EO (81, 86) and ectopic bone forma-
tion can be induced in mice by transplantation of Shh-transfected fibroblasts cells (88).
These findings open possibilities for the use of Shh as a morphogen in clinical settings of
bone regeneration. In chapter 3. we describe the possibility that Sonic Hedgehog can be

used for bone regeneration.
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4- Vascularization in the wound: role of endogenous tissue tension

pon tissue injury, disrupted vessels irrigate the wounded site, platelets form

a clot and immune cells such as neutrophils and macrophages infiltrate the

wound site to digest necrotic tissue, remove cellular debris and infectious
agents (89). 2-3 days after the injury, surrounding fibroblasts invade the site, secrete a fi-
brin matrix to fill the wound and form, along with the clotted blood, a granulation tissue
(day 4-5). Later, in response to tensile stress, fibronectin and macrophage-derived growth
factors (i.e. TGFP1, (90)), fibroblasts differentiate into highly contractile myofibroblasts
that express a-smooth muscle actin (91). Interconnected by gap junctions, myofibroblasts
secrete extracellular matrix components and at the same time contract the wound (92) by
transmitting tension across intracellular actin stress fibers connected to the extracellular
matrix (93). The formation of new blood vessels is thought to be dependent on the endog-
enous forces generated by the myofibroblasts (94). New blood vessels are formed by sprout-
ing of the surrounding capillaries and, in a lesser extent, by recruitment of cells through the
circulatory system (58). Concomitantly, it has been proposed that tissue tension generated
by activated fibroblasts or myofibroblasts during wound contraction mediates and directs
the mechanical translocation of the vasculature. These mechanical forces pull vessels from
the preexisting vascular bed as vascular loops with functional circulation which expands as
an integral part of the growing granulation tissue through vessel enlargement and elonga-
tion (67). This example of the wound healing depicts an important role for the endogenous
tissue forces in regulating vascular development. Interestingly, solid tumors are dependent
on the recruitment of blood vessels, are secreting a fibrin matrix (95) and have an elevated
endogenous tension (96). In the chapter 5, we use a microfabricated tissue model to inves-
tigate the possibility that endogenous tissue tension act as a tissue-scale morphogenetic

regulator of the angiogenic microenvironment and angiogenesis.
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5- The vasculature as a template for tissue regeneration

he vasculature is, along with the lymphatic and the nervous system, embedded
into almost every tissues and organs. It is a critical template for the exchange of
gas, nutrients, cells or molecules and a regulator of tissue development and pat-
terning. Its disruption and disorganization is a hallmark of injuries and diseases and it plays
a central role during regeneration and healing. As such, we propose in this thesis to view

the vasculature as a template to promote and guide tissue regeneration.

“By viewing the process of angiogenesis as an organizing principle in biology, intriguing in-
sights into the molecular mechanisms of seemingly unrelated phenomena might be gained”

Judah Folkman
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Chapter 2

Developmental mechanisms in microfabricated multicellular systems

In this chapter, we discuss the possibility to use microfabrication techniques to
assemble multicellular constructs to recapitulate and investigate some aspects
of tissue development. We will first briefly discuss the current state-of-the-art in
microfabrication techniques to pattern multicellular constructs. We will then de-
scribe seminal proof-of-conceptstudies using microfabricated multicellular con-
structstorecapitulateandstudytheemergenceoftissue organizationandpatterns.
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Developmental mechanisms in microfabricated multicellular systems *

s described in the preceding section, in the context of vascular development,

advances in genomics, proteomics and molecular biology provided increasing

knowledge of molecular components and interactions. These interactions are
context-dependent, dynamically orchestrated and integrated at different scales to contrib-
ute to tissue organization, architectures and functions. However, in spite of our knowledge
of the actors and of their context-dependent behaviors, we are still missing the theatre to
reproduce the scene in vitro. We speculate microfabricated multicellular systems might
help.
Microfabricated platforms are tools which allow for the fabrication of primitive multi-
cellular constructs to investigate the mechanisms driving multicellular organization. They
provide an intermediate complexity in the chain of models ranging from simple 2D culture
to complex living metazoans (i.e. Caenorhabditis elegans, Drosophila melanogaster, zebraf-
ish, mouse). To develop such models, one must form primitive multicellular patterns or
architectures with the minimum level of complexity necessary for autonomous organiza-
tion to emerge. These experimental set-up potentially allow for a higher throughput and
content, more precise and systematic variations in the design, manipulations, perturbation

and monitoring, in defined environment.

In this text we will focus on (i) approaches and technologies to assemble cells into a defined
metastable constructs, (ii) on 6 seminal studies describing emergent behaviors of multi-
cellular organization suggesting primitive rules to control and predict differentiation and
morphogenesis related mechanisms, (iii) possibilities to scale-up models and implants of

relevant size using a bottom-up or modular approach.

* Parts of this chapter were published as a Leading Opinion paper in the journal Biomaterials and as a chapter in the book “Cell

and organ printing” edited by Peter Wu, Bradley R. Ringeisen and Barry J. Spargo ; Springer New York.
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1- Microfabrication tools
ecapitulating tissue development in vitro, using multicellular constructs is not
new to biologists: they are culturing aggregates of cells inside a drop of liquid
anging from a surface since 1907 [1]. Such system has been used to grow tumor
models [2] or embryoid bodies [3] and to study tissue development of liver [4], cartilage
[5], retina [6] or pancreas [7]. However, more powerful technologies are emerging enabling
more reproducible and precise experimental set ups. Those technologies, including micro-
fabrication, contribute to forming simple primitive architectures prone to remodelling and

organization.

The fabrication methods of forming patterned multicellular systems are multiple and var-
ied. Here, we present several examples we consider important for biological applications.
To be widely applicable these techniques must remain low in cost and experimentally con-

venient for routine use in biology laboratories.

1-1 Patterning cells on two dimensional substrates using soft lithography. This set of
related techniques uses elastomeric (“soft”) stamps to pattern proteins and cells on 2D sub-
strates. This set includes microcontact printing, microfluidic channels, laminar flow and
the use of stencils to form patterns of alkanethiols and proteins on gold-coated and glass
substrates. The rest of the surface is treated with a non-adherent coating (i.e. tri(ethylene
glycol)-terminated alkanethiol or ethylene oxide and propylene oxide “pluronic”). Extra
cellular matrix ECM components (i.e. fibronectin) are absorbed only on the stamped re-
gions thus promoting the spatially restricted attachment of cells [8-10]. This method was
mostly used to confine single cells into a restricted space (“islands”) or to study their mi-
gration on large patterned substrates. These single cell studies correlated spreading and
internal mechanical stress through Rho, Rac signaling and focal adhesions to diverse cel-
lular functions such as proliferation, apoptosis [11], protein synthesize [9], directional
motility [12], directional lamellipodia extension [13] and lineage differentiation [14-16].
Three seminal studies used this method to look at multicellular organization of endothelial
cells [8, 17] and the function of hepatocytes [10] as described in the following section.
1-3 Encapsulation of cells into free-standing micro-molded blocks of hydrogel. Microscale
hydrogel blocks are formed by replica molding or extrusion of a collagen type I hydrogel

encapsulating cells in a process that is similar to cookie fabrication. Casting can be done
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on micropatterned elastomeric templates (i.e. PDMS) immersed in F127 pluronic to pre-
vent cell adhesion [21-23]. Extrusion can be done through the lumen of an ethylene oxide
gas-sterilized PE tube [24]. Cells can be randomly suspended inside the bioactive hydrogel
and encapsulated upon gelation. These 3D blocks can be used to form building blocks that
can later be assembled into macroscale constructs [21, 24]. One seminal study used this

method to look at the differentiation of hMSC [23] as described in the following section.

1-2 Dynamic organization of cells into photopolymerizable hydrogel using dielectro-
phoretic forces. A range of molding techniques allows to process polymer at the melting
phase and form micro-scale structures. An adaptation of these techniques termed Substrate
Modification and Replication by Thermoforming (SMART) processes polymer in the ther-
moelastic state [18-19]. The SMART technique present the advantage that it allows a pre-
process of the unformed, flat membrane which will then be deformed into a 3D structure.
For example, before thermoforming, the flat membrane can be patterned with nanoscale
structures or coated with a photopatterned layer of poly(L-lysine) (PLL) and hyaluronic

acid (VAHyal) to gain spatial control over cell adhesion [20].

1-3 Patterning of cells onto thermoresponsive polymers. Thermoresponsive polymers
(i.e. poly(N-isopropylacrylamide) [26] or n-butyl methacrylate [27]) can be grafted on cell
culture substrates. Cells cultured on these substrates form a confluent layer which can be
released from the substrate by lowering the temperature and releasing the grafted polymer.
The resulting sheets of cells can further be manipulated and stacked to form three dimen-
sional stratified tissues [28]. Techniques were developed to form patterns of cells using
previously described micro-contact printing [29] and the grafting of two different thermo-

responsive polymers by electron beam polymerization [27].

1-4 Encapsulation of cells into geometric wells/compartments replicated in a hydrogel.
Patterns of wells/compartments can be replicated inside layers of hydrogels spread on a
surface, using polymer templates coated with (i.e. PDMS, SU-8) [30]. Cells are seeded in
the wells and covered by an additional layer of hydrogel to close the compartment. This
technique proved useful to increase the throughput of a DNA damage assay using agarose,
a bioinert hydrogel [31] and the throughput of a epithelial culture “acinus” model using

Matrigel ® [32]. One seminal study used this method to study the branching morphogenesis
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of the mammary epithelial tubule using a microstructured collagen type I extra-cellular-

matrix [33] as described in the following section.

1-5 Sequential aggregation of cells in agarose templates. Bioinert hydrogels (i.e. agarose)
can be imprinted using templates (i.e. PDMS, stainless steel) to form wells/compartments.
Cells can be seeded in these non-adherent compartments and spontaneously aggregate into
cell clusters. Cell clusters can further be used as building blocks and aggregated into mac-
roscale geometric tissues [34-35]. This 3D model allows for the formation of geometric,
free-standing and biomaterial-free tissues and was used in the chapters 4 and 5 of this

thesis.
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2- How to orchestrate developmental mechanisms in vitro?

uring development, homeostasis and regeneration, tissues and organs undergo

precisely coordinated changes in cellular behavior and progressive remodeling

through different stages of organization. These techniques produce a meta-
stable multicellular construct prone to remodeling over time according to biological and
physical principles (i.e. migration of the cells, shrinkage of the hydrogel): Shapes and pat-
terns are not inevitably translated to the final tissue. Properties must be given “by design”
to promote progressive remodeling and organization toward the final architecture. Clearly,
understanding, predicting and controlling the self-organization of multicellular constructs
would benefit to understanding morphogenesis and tremendously improve tissue micro-
fabrication. The first properties “by design” being investigated are the geometric form and
dimensions of the multicellular systems. Here we describe current attempts to understand
the importance of forms/geometries in the initial multicellular architecture and describe

the observed subsequent organization of the microenvironment and cellular behaviors.

Here we present 6 seminal studies showing the possibilities of microfabricated multicel-
lular systems which range of scientific and technical investigations from developmental

models to screening platforms for the pharmacological industry.

n a first study by Laura E. Dike , endothelial cells were seeded on lines of fibronectin

of 10 and 30 micrometers wide. Unpatterned substrate and small islands for single

cell culture (squares with sides > 10 micrometers) were used as controls. Fibronec-
tin lines of 10 micrometers induced the alignment and tubulogenesis of endothelial cells
when controls and lines of 30 micrometers wide did not. Interestingly, this correlated with
a regulation of the cell cycle: endothelial cells cultured on unpatterned substrates prolifer-
ated (40% at 72 hours), endothelial cells cultured on small islands had limited prolifera-
tion (>2%). Lines of 30 micrometers induced an intermediate proliferation rate (20%) and
lines of 10 micrometers limited the proliferation (>2%). The apoptotic program was only
induced on small islands (10 micrometers). Concomitantly, a reorganization of the CD31
membrane marker and of the fibronectin into a central fibril was only observed in the lu-
men-forming 10 micrometers lines. This study suggest that the remodeling and decrease in

the area of cell-substrate adhesion modulate the balance between growth and apoptosis and
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triggers a differentiation program (tubulogenesis) possibly through integrin clustering and
cytoskeletal tension. Although largely descriptive, this study is the first one showing that
the microenvironment (spatial restriction and geometry) prevails upon chemical signals
(growth factors, integrin binding) on dictating the activation of the cellular and multicel-

lular program of tubulogenesis [17].

n a second study using multicellular patterns on 2D substrates, Celeste M. Nelson

showed that the geometric form of a multicellular sheet of endothelial cells dictates

the formation of heterogenous patterns of mechanical stress. This effect was specifi-
cally important in the corners and periphery of cellular sheets as shown using (i) a compu-
tational model by using the finite-element method to simulate a sheet of cells contracting
against a matrix-coated substratum, (ii) direct measurement using an elastomeric force
sensor array and (iii) pharmacological and genetic disturbance of the Rho signaling and of
VE-cadherin intervellular adhesion. This internal patterns of mechanical stress emerged
spontaneously and correlated with patterns of cellular proliferation. This study shows a
clear relation between geometry and local proliferation and suggest a role of local me-
chanical forces. From the experimental point-of-view, it introduce for the first time the
combination of microfabricated multicellular systems, genetic and pharmacological and
computational approaches to investigate the emergence of patterned behavior in multicel-

lular systems [8].

n a third study using elastomeric stencils, Salman R. Khetani patterned islands of
collagen and multicellular sheets of hepatocytes. The rest of the substrate was seeded
with 3T3-]2 fibroblasts. The dimensions of the island diameter were optimized to im-
prove liver-specific functions as compared to unorganized cultures, the supporting role of
3T3-J2 fibroblast was confirmed (as previously described in a classical feeder-layer culture).
Functional and phenotypic characterization of the hepatocytes were supported for several
weeks. (i.e. rates of albumin secretion and urea synthesis, Activities of phase I (CYP450)
and phase II (conjugation) enzymes and related to a gene expression profile. Utility of mi-
croscale liver cultures for screening of hepatotoxicity and drug interactions was assessed

using a panel of compounds and classical markers (i.e. hepatotoxins by TC50, Mitochon-
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drial toxicity was evaluated using the MTT assay). This study is the first one showing the
utility (throughput) of microscale culture for screening of hepatotoxic drugs and interac-

tions as compared to current systems (classical cell culture or explanted liver slices).

n a fourth study, Sami A. Ruiz repeated the experiment of Celeste M. Nelson (sec-

ond study), replacing endothelial cells by hMSC. Using the same experimental set

up, he confirms the previously described role of mechanical forces in regulating dif-
ferentiation of single hMSC [15] and shows the emergence of differentiation patterns in
multicellular sheets of hMSC. Similar to the work of Celeste M. Nelson, he shows that
peripheries of circular sheets of hMSC differentiate preferentially toward the osteogenic
lineage whereas the central part of the sheets of hMSC differentiate preferentially toward
the adipogenic lineage. More interestingly, he translates this finding to hMSC encapsulated
into 3D, free-standing micro-molded blocks of collagen type I and shows a similar pattern
of differentiation. Cells in the periphery of the blocks differentiated preferentially into the
osteogenic lineage whereas cells in the core of the blocks differentiated preferentially into
adipocytes. This preferential differentiation was strongly impaired when adding pharmaco-
logical inhibitors of the Rho, myosin II and actin elements (Blebistatin and Y27632, similar
to chapter 5). This is the first study showing emergent patterns of differentiation in 3D,

free-standing microfabricated multicellular systems.

n a fifth study, Dirk R. Albrecht describes an optimization study of chondrocytes
production of sulfated glycosaminoglycans using a patterning method of dielectro-
phoretic forces. Cellular clusters of different sizes (1, 5, 10, 18 cells/cluster) produced
different amount of sulfated glycosaminoglycans per cell: the non-clustered cultures pro-
duced the most matrix and the amount of matrix produced decreased up to 30% when the
size of the cluster increased. This optimization study demonstrate that the patterning of
chondrocytes into clusters decreased the efficiency of the system to produce sulfated gly-
cosaminoglycans [25]: microfabricated multicellular systems do not necessarily improve
the biological response. However, this decrease might be due to a damage of the cell func-

tion following the exposure to the electric field.
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n a sixth study, Celeste M. Nelson studies the role of geometry in the initiating the
sprouting of the branching mammary gland. She used a molding method to form
microscale cavities into the surface of type I collagen gels with an elastomeric stamp
(PDMS). Mouse mammary epithelial cells were seeded in these cavities and covered by a
layer of collagen type I. The cavity mimics the initial epithelial sac which transform into the
mammary tree during puberty. The form of the cavity in itself dictated different Epithelial
Growth Factor-induced branching sites with preferential sprouting in the cavity corners.
Interestingly, those branching sites matched with computer simulated and experimental
profiles of secretion of autocrine inhibitory factors including TGF(. The spatial arrange-
ment of different geometric cavities proved that one cavity filled with cells could inhibit
sprouting in a neighboring cavity. This strongly suggests that tissue geometry conditions
the formation of local microenvironments (here, local gradients of soluble inhibitors of
cellular sprouting) and subsequent morphogenesis processes [36]. This study is the first
one describing a physiologically relevant mechanism and precise quantitative data to un-
derstand of how spatial positioning of the initial sprout is determined in the mammary
epithelial tubule rudiment . This mechanism was later confirmed to modulate in vivo the

initial sprouting during angiogenesis [37].

hese results demonstrate the role of microfabricated multicellular systems as

tools to investigate developmental mechanisms or as screening platforms. These

tools allow for high reproducibility, throughput/content, precise quantifications
and can be combined with live microscopy (i.e. reporter assays) and easy manipulation (i.e.
microfluidic, microsurgery). These 6 initial studies pinpoint the importance of the archi-
tecture (geometry and size) of the initial cellular construct in creating local microenviron-
ment (local gradients of factors or local mechanical stresses) resulting in specific biological
function or morphogenesis related processes. They opened opportunities to understand
the mechanisms by which the physical environment of multicellular systems dynamically
feeds-back to regulate changes of patterns of cellular states and behavior and genetic pro-
grams. These studies suggest that tissue morphogenesis, differentiation and maintenance
result from the intricate interplay between genetic material and cellular processes orches-

trated by strong feed-back mechanisms resulting from the physical environment.
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3- Bottom-up / modular approach

rom a tissue engineering point-of-view, microfabricated tissues can be used

to form implants. Tissues are often a combination of small repeating units as-

sembled over several scales. Cortical bone and skeletal muscle are characterized
by fascicles of repeating longitudinal units, respectively osteons and muscle fibers (100-
500 micrometers diameter). Subsequently, it was proposed to build tissues by assembling
blocks mimicking those units in a bottom-up or modular approach [24, 34, 38]. This ap-
proach facilitates the fabrication of architectures using complementary shapes and opens
possibility for scaling-up and an automated production. It uses cellular aggregates [34] or
micromolded gel encapsulated cells [24]. Architectures were achieved by complementary
shapes and spatial arrangement [24, 38, 42-44], self assembly using microfluidic chip [45]
or liquid-liquid interface [46]. Blocks can fuse [33, 34], be cross-linked [47] and develop
coordinated functionalities [35, 36]. Examples of constructs resulting from a bottom-up
approach include neural tubes [34], collagen rods encapsulating hepatocytes and covered

by endothelial cells [24] or beating cardiac sheets generated by stacking cell-sheets [48-49].
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Aim of this thesis

his thesis aims at recapitulating vascular morphogenesis in vitro for tissue
regeneration. We speculate that the in vitro development of vascularized

tissues will contribute to and improve the processes of tissue regeneration.

In chapter 3, we postulated that an engineered tissue including a vascular network

in vitro could mimic and improve the process of endochondral bone regeneration.

In chapter 4, we develop a technique of sequential aggregation to form geometric,

free-standing tissues using microfabricated templates.

In chapter 5, we postulated that microfabricated multicellular systems with the free-
dom to autonomously deform their shapes will recapitulate some mechanisms of

vascular pattern formation.

More generally, we postulate that the in vitro development of engineered vascula-
tures can contribute to both therapeutic and fundamental studies in regenerative
medicine through (i) the pre-vascularization of grafts and (ii) the microfabrication
of tissues as integrated models to investigate basic principles of vascular morphogen-

esis, differentiation or maintenance.
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Engineering a vascularized bone callus using Sonic Hedgehog
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arge bone defects regenerate via a highly vascularized callus formed by a combi-

nation of intramembranous and endochondral ossification. During regeneration,

Hedgehog (Hh) proteins regulate both the vascularization and endochondral
bone formation. Here, we used Sonic Hedgehog (Shh) to engineer a vascularized tissue, us-
ing human mesenchymal stem cells and human umbilical vein endothelial cells, which re-
modeled in vivo similarly to a regenerating callus, into a bone organ. We found in vitro that
endogenous Hh activity regulates angiogenesis and that exogenous Shh further induced the
development of vascular lumens, the regulation of their size, distribution and the expres-
sion of collagen type X. This in vitro development was essential to consistently and robustly
improve bone osteoids formation upon implantation. The bone formed in vivo through
a combination of external intramembranous and internal endochondral ossification and
matured into a bone organ including bone, blood vessels and bone marrow cavities with
apparent hematopoiesis. We demonstrate the in vitro development of a vascularized tissue
which efficiently recapitulates, ectopically, some critical aspects of the regenerative process

of endochondral bone repair.
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Introduction

arge bone defects with inter-fragmentary spaces and mobility regenerate via a

highly vascularized callus which stabilizes the fracture site and progressively re-

models into a bone organ (1). The callus is composed of a shell, originating from
the periosteum and bone fragments, formed by intramembranous ossification (I0) and a
core vascularized fibrocartilagenous tissue, originating from the granulation tissue, which
undergoes local endochondral ossification (EO) (1). The callus formation and remodeling
is critically dependent on the hedgehog (Hh) signaling pathway (2) and on angiogenesis
(3). Its vascularization is quantitatively important and persists until the normal medullar,
periosteal and osseous blood supply is reestablished (4).
Efficient clinical applications of grafts for bone regeneration are currently limited by a lack
of vascularization and subsequent necrosis (5). We previously demonstrated that a vas-
culature can be formed inside a graft, rapidly anastamose with the host vasculature upon
implantation and improve graft perfusion and survival (6). Such engineered vasculature
must rapidly develop and become perfused upon implantation to prevent capillaries regres-

sion (7), form functional, long-lasting blood vessels (6) and contribute to tissue formation.

Hedgehog (Hh) proteins act as archetypical morphogens regulating multiple processes
during embryonic development. They remain relatively silent during homeostasis but are
reactivated during adult tissue regeneration processes (2, 8-11). Among the 3 human Hh
genes (Sonic, Indian and Desert Hedgehog), Sonic Hedgehog (Shh) is the most expressed,
is a functional substitute to Indian Hedgehog (12) and has pleiotropic effects during both
vascular and bone regeneration. Shh is essential for endothelial tube formation during vas-
cular development (13), neovascularization upon adult disease or trauma (9, 11, 14-15) and
wound healing (10, 16). Hh signaling is an essential regulator of cartilage (17), osteoblast
development (18) and is reactivated during fracture healing in the regenerating callus (2,
19).

Here, we reasoned that Shh can be used to promote the in vitro development of a vascu-
larized tissue for bone regeneration. We found that endogenous Hh activity regulates the
assembly of primitive vascular structures in a co-culture of human mesenchymal stem cells
(hMSC) and human umbilical vein endothelial cells (huvEC). In vitro stimulation using

Shh induced the tubulogenesis of the engineered vasculature and regulated the production
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of collagen type X, two critical regulators of EO. Upon implantation, the grafts showed im-
proved perfusion and a robust increase in the formation of woven bone osteoids through
both IO and EO. The woven bone remodeled into mature bone with apparent trabecular
structure and bone-marrow cavities. Our data demonstrate the in vitro development of a
vascularized tissue which recapitulates, in vivo, critical aspects of endochondral bone re-

generation (1).

Results

ndogenous Hedgehog signaling regulates lumen formation in an engineered

vasculature. The co-culture of hMSC (92%) and huvEC (8%) supports the forma-

tion of a primitive three dimensional vascular network which forms few lumens
(as previously optimized (20-21)) (Fig. 1a). We previously demonstrated that this primitive
network is not mature enough to become rapidly functional upon implantation (20-21).
Consistent with a role of Hh during vascular tube formation (13), we found that, in this
co-culture, a specific pharmacological inhibition of the canonical Hh signaling pathway
using cyclopamine (5 pM), a Smo modulator (22) (day 0 to 12), led to a significant 2-fold
decrease in the formation of lumens (p=0.002, fig. 1b, ¢). A partial inhibition from day 4 to
12 was sufficient (p=0.001) but not from day 8 to 12 which suggests a later role for Hh in
the development of lumens (Fig. 1c). A genetic screen (day 12) revealed that cyclopamine
stimulation significantly regulated 303 genes among which 52 are directly linked to hedge-
hog signaling or angiogenesis (Figs. 1d, e, S1). Cyclopamine regulated two Hh inhibitors
(GASI and RAB23, fig. 1d) and the two Hh target signaling pathways Wnt and Tgf (Fig.
S1). Consistent with the current knowledge on vascular lumen formation (23), expression
of laminins (alpha 1, 3, 4, 5, beta 2), integrins (alpha 2, 7, beta 5) were regulated (Fig. le)
along with axon guidance molecules (ephrin alpha 1, beta 1, 2, semaphorins 3G, 5A, 6A,
6D) and cytoskeletal elements (Fig. S1). These results demonstrate a role for endogenous

Hh activity, in this co-culture, regulating the formation of vascular lumens.
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Figure 1: Endogenous Hh activity regulates the formation of lumens.

Multicellular aggregates of hMSC (92%) and huvEC (8%) assembled in vitro and formed a primitive
3D vascular network which formed few lumens (day 12, lumens are indicated by arrow heads) (a). A
specific pharmacological inhibition of the Hh pathway from day 0 and from day 4 using cyclopamine
(5 uM) inhibited the process of lumen formation (b, ¢). n=4 sections x 4 samples. Genome-wide ge-
netic screen on cyclopamine treated-multicellular aggregates revealed the up-regulation of two main
inhibitors of the canonical Hh pathway (GAS1, RAB23) (d) and the regulation of angiogenic molecules
(e). Laminins and integrins are of special relevance to lumen formation (e). All presented genes are
significantly regulated compared to vehicle-treated multicellular aggregates. Errors bars are S.D. Scale

bars are 100 pm.

timulation of lumen formation by exogenous Sonic Hedgehog. We tested the
potential for exogenous Shh administration to improve vascular lumen formation.
A dose response in the physiological range (0.5 - 30 nM) (24) revealed a classical
morphogen response inducing different effects at different concentrations (Fig. 2a). 0.5 nM

Shh induced a significant decrease in the number of lumens (3.25 lumens/mm?, 13 lumens/
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mm?in the control, p<0.05) while concentrations above 15 nM induced a significant in-
crease in lumen formation up to 3.4 fold (44 lumens/mm?, p<0.01) (Fig. 2a). This resulted
in an opening of the vascular structures up to 5.5% of the tissue area (10 nM ; 0.73% at 0 nM
and 0.13% at 0.5 nM) (Fig. 2b). This effect was further inhibited by cyclopamine (10 puM,
p<0.05) (Fig. 2¢). A later stimulation (day 9 to 12) was sufficient and correlated with the
previous observation suggesting a later development of lumens (Fig. 2d). The total vessel
length area (total CD31+ area, mm?/mm?) was unchanged upon Shh stimulation (Fig. S2a).
Furthermore, the proliferation of huvEC in serum-free medium on 2D plastic decreased
upon Shh stimulation (Fig. S2b). Thus, the increase in vascular lumens formation is not
caused by an increase in endothelial cell number and Shh drives the morphological process
of lumen formation independently of cell proliferation. Similar regulation of lumen for-
mation was found when using purmorphamine (day 8) (Fig. 2e), a known pharmacologi-
cal activator of Hh pathway which shunts the Ptc receptor, thus directly unleashing Smo
inhibition (25). We compared the effect induced by Shh to classical anti-angiogenic and
angiogenic factors (Fig. 2f). TgfB1 (10 ng/ml), a known inhibitor of endothelial cell prolif-
eration and motility (26), dramatically decreased lumen formation (tgfB1: 0.8 lumen/mm?
control:10.5 lumens/mm? p<0.05) whereas VEGF and Ang1 did not affect lumen forma-
tion. These findings correlate with previous observations that vascular networks formed in
multicellular aggregates are not responsive to VEGF (27). The Shh-induced lumen forma-
tions was reproduced using a commercially available hMSC population (Lonza, group Ltd.)
(Fig. S3). These results show that exogenous Shh acts as a typical morphogen modulating

vascular lumen formation based on its concentration.

odulation of the distribution profile of lumens by Sonic Hedgehog. To
test the effect of exogenous Shh at the tissue level, we observed the distribu-
tion profiles of lumen areas and their relative diameters (Fig. 2g, h). The un-
treated group (control group) and the group treated with 0.5 nM Shh developed uniformly
small lumens with an average diameter of 26 um (Table S1) and an exponential distribution
reflecting the prevalence of capillaries (Control group: Median lumen diameter = 21 pm,
90™ percentile = 35 pm, fig. 2g, h). In the group treated with 10 nM Shh, the distribution

was normal, wider with an average lumen diameter of 47 um, significantly different from
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the control group (p < 0.0003, table S1) and included lumens of middle and large diameter
(10 nM Shh group: Median lumen diameter = 35 pm, 90" percentile = 69 um). In contrast,
the group treated with high Shh concentration (30nM) had an average lumen diameter of
34 um, similar to the control (p > 0.05) with predominant small diameter lumens (30 nM
Shh group: Median lumen diameter = 24 pm, 90* percentile = 49 um, Table S1). Exogenous
Shh can thus regulate the size and distribution profile of lumens based on its concentra-
tion. These results correlate with in vivo observations of Shh-induced neovascularization in

ischemic hindlimb (8) and are consistent with the notion of morphogens.
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Figure 2: Shh increases the in vitro maturation of the vascular network.

Multicellular aggregates treated with a physiological range of concentrations of Shh (0-30 nM) devel-
oped a typical morphogen response which either inhibited (0.5 nM) or upregulated (10-30 nM) the
formation of vascular lumens (a). This resulted in a total lumen area covering up to 5.5% of the sections
(b). The Shh-induced formation of lumens was further inhibited by cyclopamine (c). A later stimulation
between day 9 and 12 was sufficient for lumen formation (d) and was replicated using purmorphamine,
a known pharmacological regulator of the canonical Hh pathway (e). Classical direct effectors of the
angiogenic cascade (tgf, VEGE Angl) did not up-regulate the formation of lumens (f). Different Shh
concentrations affected the distribution of the size of the lumens with a wider, normal distribution
observed at 10 nM (see also table S1). Vascular networks treated with 0, 0.5 and 30 nM Shh had an
exponential distribution with prevalent small lumens (g, h). n=4 sections x 4 samples for each experi-

ment. Errors bars are S.D.
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egulation of the expression of cartilage-related genes by Sonic Hedgehog.

Because Hh proteins can induce the differentiation of mesenchymal cells into

osteo- chondro-progenitors (1, 28), we tested the possibility that Shh can regu-
late the expression of cartilage-related molecules. EO is mediated and characterized by the
transient formation of a collagen type X matrix (29). Upon stimulation of the co-culture
with Shh (10 nM, day 4 to 12), the analysis of mRNA levels using quantitative reverse tran-
scriptase (RT)-PCR revealed that Shh significantly upregulated the expression of collagen
type X by 21 fold (p=0.04, fig. 3a) while other chondrogenic markers remained statistically
similar (Collagen I, collagen II, aggrecan, Sox9) (Fig. 3c). Cells produced Collagen type I
and limited amount of collagen II as confirmed using Masson-Goldner and imunohisto-
chemistry and no differences were observed upon stimulation with Shh (Fig. $4). Stimula-
tion of the co-culture with TgfB1 (10 ng/ml) led to the formation of a tissue with typical
cartilage phenotype but to the concomitant disappearance of the CD31+ network (Fig.
S4, S5). Comparison of Ptc expression at different time points showed an upregulation
overtime, from day 4 to day 12. Shh treated samples only slightly upregulated Ptc (day 12,
n.s.) which suggests either a transient stimulation by Shh or a partially Ptc independent

activation.

a Collagen X b Ptc
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Figure 3: Shh regulates collagen type X expression

Quantitative RT-PCR for Collagen X, Ptc, collagen I, II, aggrecan, and sox 9 show that the co-culture of
hMSC and huvEC responded to Shh by upregulating collagen type X (21 fold, p = 0.04) (a). Ptc showed
a basal upregulation overtime and a non-significant upregulation by Shh (b). Expression of other carti-

lage related markers/molecules are not affected by Shh (c). n=3. Errors bars are S.D.

he engineered vasculature increases graft perfusion in vivo. To examine the

potential of the engineered vasculature to improve bone formation, we implant-

ed a tissue engineered graft composed of multicellular aggregates, osteoinduc-
tive ceramic granules (30) and collagen type I in the back of immunodeficient mice (31). 5
weeks after implantation, the human CD31+ lumens were perfused with erythrocytes (Fig.
4a) and with fluorescently labeled lectin injected in the tail vein of the mice (Fig. 4b). Upon
quantification of the density of perfused lumens (number of perfused lumens / mm?), vas-
cularized grafts (huvEC, no Shh) were significantly more perfused compared to the control
grafts with hMSC alone (no huvEC, no Shh) (23.6 and 9.5 perfused blood vessels/mm?
respectively, 5 cuts per sample, 5 mice, p=0.014, fig. 4c). Shh stimulation further increased
the perfusion of vascularized grafts by 4-fold (41 perfused blood-vessels/mm?, p=0.02, fig.
4c¢). The density of lumens formed in vitro strongly correlated with the density of lumens
perfused in vivo (Fig. 2a and 4c). Thus, the stage of in vitro development of the vasculature
regulates the subsequent perfusion and vascularization of the grafts. In vascularized grafts,
blood vessels were derived for 60-63% from the mice (hCD31-) and for 37-40% from the
implanted huvEC (hCD31+) (Fig. 4g). Part of the capillaries were found positive for the
pericyte marker Smooth Muscle Actin (Fig. S7) which is consistent with the pericyte het-

erogeneity of the vascular bed (32).

he tissue engineered grafts recapitulate intramembranous and endochon-
dral ossification. 5 weeks after implantation, grafts formed large osteoids of
woven bone, mostly in the outer part of the grafts (Fig. 4g), characterized by
a green Masson-Goldner staining and including red freshly secreted, unmineralized ma-
trix (Fig. 4h). The woven bone was partly aligning the osteoinductive particles and could
originate from the differentiation of implanted hMSC and from mesenchymal cells from

adjacent, injured connective tissue (i.e. muscle) (1). A cartilage tissue with round cells in
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large lacunae surrounded by proteoglycans (Alcian blue positive) aligned the inner part
of the woven bone (Fig. 4d, e). Pericellular collagen type X extracellular matrix specific of
hypertrophic cartilage formed in this cartilage (insert fig. 4e). The cartilage formation and
hypertrophy in the inner bone-lining part of the graft was possibly driven by local hypoxia,
IO in the outer part of the graft and enhanced by Shh stimulation. The cartilage was clearly
aligning the newly formed bone osteoids as expected during the process of EO (Fig. 4j, k).
During EO, the remodeling of the cartilage matrix necessitate its digestion by osteoclasts.
We observed lines of Tartrate-resistant acid phosphatase (TRACP-) positive osteoclasts
(bone-resorbing cells) at the bone-cartilage interface (insert fig. 4k). Osteoclasts were also
observed around the osteoinductive particles as expected from local IO. Lamellar bone
was observed using polarized light (Fig. S6). These results demonstrate that the grafts re-
capitulated both IO in the vicinity of the osteoinductive particles and EO on the inner part
of the grafts with the intermediate production of hypertrophic cartilage, a collagen type X

template, the digestion and remodeling of the cartilage by osteoclasts.

hh-engineered vasculature increases the amount and consistency of bone for-

mation in vivo. After 5 weeks in vivo, we quantified the amount of cartilage and

osteoids formed. Interestingly, grafts stimulated with Shh (no huvEC) formed the
largest amount of cartilage (25% of the graft area, fig. 4f). The amount of cartilage decreased
in the vascularized grafts stimulated with Shh (with huvEC), an observation consistent
with blood vessels regulating the remodeling from cartilage to bone tissue (1, 3) (Fig. 4f, 5
cuts per sample, 5 mice). We quantified the amount of osteoids (5 cuts per sample, 5 mice).
Grafts without cells did not form any bone. The vascularized grafts stimulated with Shh
was the only group which significantly increased osteoids formation as compared to the
control grafts with hMSC alone (49.2% and 41.3% respectively, p=0.0003) (Fig. 4i, S7). The
non-stimulated vascularized grafts (no Shh) formed 48.6% of osteoids with no statistical
difference compared to the control (p=0.2, see table S2 for the detailed quantification and
statistical analysis). The amount of osteoids were not statistically different between the 2
prevascularized groups (p=0.8), but the process was clearly more consistent with the more
mature vasculature (with Shh) (Fig. 4i). The huvEC + Shh group always increased bone

formation when the huvEC group inconsistently increased or decreased osteoids formation
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(Fig. 4i). To assess for the robustness of the process, we quantified the consistency in the
increase of osteoids as compared to hMSC alone (Fig. 41). The variance in the increase for
the Shh + huvEC group was significantly smaller from the Shh and the huvEC groups (F-
Test, p=0.0093, p=0.0026 respectively). These results demonstrate that only Shh-stimulat-
ed vascularized grafts increase the robustness and the amount of woven bone. Less mature

engineered vasculature fail to increase bone osteoids formation due to a lack of consistency.
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Figure 4: Shh engineered vasculature improves perfusion and osteoids formation in vivo.

Subcutaneous implantation of various grafts for 5 weeks in mice (n=>5). The perfusion, cartilage and
osteoids formation were assessed in grafts with hMSC, hMSC + huvEC, hMSC stimulated with Shh,
and hMSC + huvEC stimulated with Shh. (a, b, ¢) Functional perfusion of the engineered vasculature.
(a) Human CD31+ lumens included erythrocytes and (b) were perfused by fluorescently labeled lectin
injected into the mouse tail vein. (c) In vitro development with Shh improved the perfusion of the
vascularized grafts. In the vascularized grafts, 40-43% of the total perfused blood vessels were human
(dashed area). (d-1) Skeletal tissue formation in the graft. (d-e) Grafts formed a cartilage tissue with
typical morphology including round cells surrounded by Alcian blue positive extra cellular matrix.
Part of the cartilage tissue was hypertrophic and included a collagen type X matrix (insert in e). (f)
The non-vascularized grafts treated with Shh formed a large amount of cartilage tissue. (g, h) Large
amounts of osteoids were formed at the periphery of the osteoinductive particles and at the border of
the cartilage tissue (d, g, black arrows) as shown by green, Masson-Goldner staining. Osteoids included
red, freshly secreted, non-mineralized matrix (h, o is osteoids, n.m. is non-mineralized matrix). (i) Only
the vascularized grafts treated with Shh formed a significantly larger amount of osteoids as compared
to the control. (j, k) Haematoxylin-Eosin staining showed cartilage aligning the newly formed woven
bone (k, c is cartilage, wb is woven bone, dashed white line delimits cartilage-woven bone interface).
Digestion and remodeling of the cartilage matrix was assessed by a TRACP-positive line of osteoclasts
at the bone-cartilage interface (insert in k). (1) The robustness in osteoids formation was significantly
higher in the vascularized grafts treated with Shh compared to the Shh and huvEC groups (F-Test,
p=0.0093 and p=0.0026 respectively). (c, e, g) are sections from the same graft. (f, i) each dot represent
one mouse implanted with the different conditions. Errors bars are S.D. . Scale bars are 500 um (d, g, j)

and 200 um (e, h, k).

aturation of the bone. After 7 weeks in vivo, a bone organ including bone,
cartilage, fibrous tissue, bone-marrow and blood vessels was formed. Very
little cartilage tissue (Fig. 5a, black arrow) was found and this cartilage was
again aligning the newly formed bone (Fig. 5a, white arrow) suggesting the completion of
the endochondral ossification of the cartilage. The bone was mineralized (stained for basic
fuchsin), had bone lining surface osteoblasts synthesizing lamellar bone (Fig. 5b, black ar-
row) and blood vessels (Fig. 5b, white arrow). This ectopically formed bone was structurally
similar to normal bones with regions of compact and interconnected trabecular structures
(Fig. 5d). The process was robust (mature bone was observed in all grafts). We observed the

formation of bone lacunae filled with bone marrow-like tissue including adipocytes- and
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hematopoietic-like cells (Fig. 5¢, black arrow, 4/6 mice), a process previously described as
related to EO (33). This result demonstrate that the graft can recapitulate of some aspects
of bone regeneration and contain elements which can initiate the formation of an ectopic
bone marrow cavity. Large amount of mature bone was formed as compared to the current
state-of-the-art in bone tissue engineering exploiting strictly intramembranous ossifica-
tion. 24% (7 weeks) of the graft area was filled with mature bone as compared to <10% (6
weeks) for the current state-of-the-art in intramembranous bone tissue engineering strat-
egy (34). We propose the combination of IO and EO as a powerful route to form clinically

relevant amount of bone for the treatment of large defects.

Figure 5: Graft maturation and formation of a bone organ

After 7 weeks of subcutaneous implantation, small amount of cartilage (a, black arrow) was aligning a
large area of mature bone (a, white arrow and d). The mature bone stained for basic fuchsin, had bone
lining cells (b, black arrow) and blood vessels (b, white arrow). Bone lacunae filled with bone marrow-
like structures, adipocyte- and hematopoietic-like cells (c, black arrow) were observed. The amount of
mature bone resulting from both intramembranous and endochondral ossification was large compared
to current state-of-the-art in tissue engineering and clinically relevant to treat large defects (d). Errors

bars are S.D. Scale bars are 200 pm (a-c) and 500 um (d).
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Discussion

ur results clearly show that Shh acts in vitro as a typical morphogen modulat-

ing vascular lumen formation and the distribution of lumens size. Based on its

reactivation upon bone regeneration (1-2), we propose Shh may be critical to
vascularize and regulate endochondral ossification during bone regeneration. The regula-
tion of two Hh canonical inhibitors (GAS1 and RAB23) upon Hh inhibition using cyclo-
pamine and the effect of the Smo activator Purmorphamine both argue for a regulation of
lumen formation through the canonical pathway. Concomitantly, it was proposed that Hh
proteins can directly regulate endothelial cell morphology through a non-canonical modu-
lation of actin stress fibers (35) or indirectly modulate angiogenesis through the produc-
tion of angiogenic molecules in interstitial mesenchymal cells (8). Besides angiogenesis, Hh
proteins can regulate the differentiation of mesenchymal cells into osteo- chondro-progeni-
tors (1, 28, 36). Here we show that Shh induces the production of collagen type X, a critical
regulator of the process of EO. This combined regulation of angiogenesis and EO-specific

extra-cellular matrix makes Shh a powerful factor for bone regeneration.

This study demonstrates the importance of in vitro vascular development to obtain last-
ing, functional blood vessels which can contribute to and improve tissue formation. The in
vitro maturation of the vasculature (density of lumens formed, fig. 2a, b) strongly correlated
with the in vivo perfusion of the grafts (density of lumen perfused, fig. 4c) which suggest
that only mature vessels become functional upon implantation. Concomitantly, only the
matured Shh-stimulated vasculature efficiently and robustly contributed to the increased
formation of bone tissue. The necessity to implant a mature vasculature can result from
the selection and maintenance of the perfused capillaries by the flow along with the rapid
regression of the non-perfused capillaries (7, 37).

Besides its classical role of improving oxygen and nutrient exchanges, the vasculature plays
a complex role during bone regeneration. Molecules including VEGF and Hypoxia-induc-
ible factors (HIF1a, HIF2a), whose expressions are regulated by the vasculature, directly
contribute to bone development. VEGF directly acts on chondrocytes survival (38) and
osteoblast differentiation (39). HIFE, a transcriptional regulator of VEGE, regulates chondro-
cytes hypertrophy and osteoblast differentiation independently of VEGF (40). Concomi-

tantly, the vasculature recruits the osteoclasts, mesenchymal and hematopoietic progeni-
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tors to the bone forming sites thus facilitating the replacement of the cartilage template into
bone and seeding the hematopoietic niche (1). The coupling between the vasculature and
bone development is critical to the process of endochondral ossification observed and is
likely to critically contribute, along with graft survival, to the increased robustness and

amount of bone formed.

Bone is one of the few organs that have the potential to fully repair itself, however, pro-
moting the rapid regeneration of large defects is still challenging (41). Cell-based therapies
currently exploit the intramembranous ossification process, rely on large amounts of fill-
ing biomaterial to stabilize the wound, are limited in size by the lack of vascularization (5,
42) and form limited amount of bone (41). Unlike previous studies demonstrating that
implanted endothelial cells can contribute to angiogenesis (20, 43), this study demonstrates
the in vitro development of a 3D vascularized tissue which contributes to formation of bone
tissue through both intramembranous and endochondral ossification. This sequential for-
mation of woven bone and lamellar bone through external intramembranous ossification
and internal endochondral ossification is similar to the formation of the regenerating callus
and can explain the large volume of bone formed as compared to seminal studies exploiting
solely intramembranous ossification (34). The procedure is clinically relevant, using human
adult stem cells in serum-free conditions. The use of alternative sources of endothelial cells
was previously investigated by us (21). In further investigations, this protocol shall be tested
in mechanically challenged orthotopic sites. We speculate this fibrocartilagenous graft will
demonstrate improved compliance to stabilize the fracture, resist fracture deformation,

motion and mechanical solicitations using less solid biomaterial.

We have demonstrated that vascularized tissue can develop in vitro using a morphogen
naturally reactivated upon bone regeneration. The grafts recapitulated a combination of
intramembranous and endochondral bone formation, a process similar to callus forma-
tion. The engineered vasculature contributed to and improved the graft perfusion and the
formation of new bone tissue. Due to the pleiotropic role of the vasculature in the devel-
opment and function of its surrounding tissue, we believe tissue formation in grafts will
strongly benefit from the development of intrinsic vasculatures. These vascularized bone
organs should be useful in many tissue engineering applications and also in more funda-

mental studies of bone organ development and regeneration.
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Material and Methods

Bone marrow aspirates were obtained from donors with written informed consent and
hMSCs were isolated and proliferated as described previously (34). Alternatively, hMSC
were obtained from Lonza (Lonza, group Ltd.). Human umbilical vein endothelial cells
(huvECs) were purchased from Lonza (Lonza, group Ltd. Switzerland). Cells were routine-
ly split at a 1:5 ratio and passage 3 or 4 were used for co-culture experiments. Co-culture of
hMSC (92%) and hUVEC (8%) were previously optimized (20-21) and obtained by resus-
pending a total of 150,000 cells per spherical aggregate in 2 ml of differentiation medium
and then seeded in a well of a Deepwell 96 well-plate (Nunc). The plate was then inverted

to form a drop hanging from each well.

To evaluate the effect of prevascularization and Shh on ectopic bone formation by hMSCs
and huvEC, we used the following tissue engineering protocols. Spherical aggregates were
pooled with osteoinductive biphasic calcium phosphate (BCP) ceramic granules of 100 um
prepared and sintered at 1,150°C as described previously (43) and incorporated in 300 pl
of 2 mg/ml rat tail collagen (BD Bioscience). We implanted a total of 1,500,000 cells/graft.
Grafts were subcutaneously implanted in 5 or 6 immune-deficient mice (Hsd-cpb:NMRI-
nu; Harlan) for respectively 5 and 7 weeks. All experiments were approved by the local
Animal Experimental Committee. The resulting tissues were evaluated through microar-
ray, PCR and immunohistochemistry as described in the supplementary data. A detailed

description of all material and methods is included in the SI Text.

Isolation and culture of hMSCs. Bone marrow aspirates were obtained from donors with
written informed consent and hMSCs were isolated and proliferated as described previ-
ously (1). Alternatively, hMSC were obtained from Lonza ((Lonza, group Ltd.)(mentioned
as “Cambrex” cells in the text). Briefly, aspirates were resuspended by using 20-gauge nee-
dles, plated at a density of 5x10/5 cells per square centimeter and cultured in hMSC pro-
liferation medium containing a-MEM (Life Technologies), 10% FBS (Cambrex), 0.2 mM
ascorbic acid (Asap; Life Technologies), 2mML-glutamine (Life Technologies), 100 units/
ml penicillin (Life Technologies), 10 ug/ml streptomycin (Life Technologies), and 1 ng/
ml basic FGF (Instruchemie). Cells were grown at 37°C in a humid atmosphere with 5%

CO2. Medium was refreshed twice a week,and cells were used for further subculturing



Chapter 3

or cryopreservation. The co-culture differentiation medium was composed of Dulbecco’s
Modified Eagle’s Medium, 10-7 M dexamethasone, 50 mg/ml ascorbate 2-phosphate, 40
mg/ml proline, 100 mg/ml pyruvate, and 50 mg/ml ITS 1 Premix (Becton-Dickinson, MA:
6.25 mg/ml insulin, 6.25 mg/ml transferrin, 6.25 ng/ml selenious acid, 1.25 mg/ml bovine

serum albumin, 5.35 mg/ml linoleic acid).

Human umbilical vein endothelial cells. Human umbilical vein endothelial cells (hu-
vECs) were purchased from Lonza (Lonza, group Ltd. Switzerland). Cells were grown at
370C in a humid atmosphere with 5% carbon dioxide (CO2) in endothelial growth me-
dium-2 (Lonza, group Ltd. Switzerland). Cells were routinely split at a 1:5 ratio. Cells from

passage 3 or 4 were used for co-culture experiments.

Co-culture in a modified hanging drop system. Co-culture of hMSC (92%) and hUVEC
(8%) were obtained by resuspending a total of 150,000 cells per spherical aggregate in 2 ml
of differentiation medium and then seeded in a well of a Deepwell 96 well-plate (Nunc). A
meniscus was formed by slightly overfilling the wells. The plate was then inverted to form
a drop hanging from each well. Cells accumulated by gravity at the tip of the hanging drop
(air-liquid interface) and cells formed a spherical aggregate within 48 hours. Plates were
placed inverted, using plastic spacers, on a lid and cultured at 37°C in a humid atmosphere
with 5% CO2. Pictures of spherical aggregates were taken using an inverted microscope.
Medium was changed every third day by inverting the plate and transferring the spherical

aggregates to a new plate.

Gene Expression Analysis by RT-PCR and Microarray. The effect of cyclopamine on
expression of Hedgehog, angiogenesis and axon guidance marker genes was analyzed by
seeding a co-culture of 92% hMSCs and 8% huvEC (150,000 cells in total) in Deepwell
96 well-plates (adapted hanging-drop method) supplemented or not in cyclopamine, for
12 days. Medium was changed every third day by transferring the spherical aggregate to a
new plate. Three pools of 12 aggregates each were formed for each condition and RNA was
isolated by using an RNeasy mini kit (Qiagen), To study the genome-wide effect of cyclopa-

mine, gene expression profiling was performed using arrays of HumanU133_2-type from
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Affymetrix. Biotinylated antisense cCRNA was then prepared according to the Affymetrix
standard labelling protocol. Afterwards, the hybridization on the chip was performed on
a GeneChip Hybridization oven 640, then dyed in the GeneChip Fluidics Station 450 and
thereafter scanned with a GeneChip Scanner 3000. All of the equipment used were from
the Affymetrix-Company (Affymetrix, High Wycombe, UK). A Custom CDF Version 12
with Entrez based gene definitions was used to annotate the arrays (2). The raw fluores-
cence intensity values were normalized applying quantile normalization. Differential gene
expression was analysed based on ANOVA using a commercial software package SAS JMP7
Genomics, version 4, from SAS (SAS Institute, Cary, NC, USA). A false positive rate of
a=0.05 with FDR correction was taken as the level of significance. Represented genes in Fig.

1d, e are all significantly regulated (n=3) and the values are log2-converted fold-changes.

The effect of Shh on gene expression was analyzed by seeding a co-culture of 92% hMSCs
and 8% huvEC (150,000 cells in total) in Deepwell 96 well-plates supplemented or not with
Sonic Hedgehog, from day 4 to 12. Medium was changed every third day by transferring
the spherical aggregate to a new plate. RNA was isolated by using an RNeasy mini kit (Qia-
gen), and qPCR was performed by using SYBR green (Invitrogen) and established primers
(SABioscience) on a MyiQ2 detection system (Biorad). Data were analyzed using the Bio-
rad software, using the fit point method by setting the noise band to the exponential phase
of the reaction to exclude background fluorescence. Expression of chondrogenic marker

genes was calculated relative to GAPDH levels by the comparative CT method.

Histological analysis. After harvesting, spherical aggregates were frozen in Cryomatrix at
-600C. Sections (7 pm) were cut with a cryotome. Sections were fixed in cold acetone for 5
min and air-dried, rehydrated for 10 min, after which they were incubated for 30 min with
10% FBS in PBS to block nonspecific background staining. Sections were incubated with
mouse anti-human CD31 (Dako) (dilution 1/20) or Phalloidin-Alexa fluor 488 conjugated
antibody (Invitrogen) (dilution 1/30) for 1 h. Sections were washed in PBS and subsequent-
ly incubated with the secondary antibody (Alexa Fluor 494 antibody, Invitrogen). Samples
were counterstained with Dapi (Sigma). Tissue explants (5 weeks) were fixed in parafor-
maldehyde, decalcified overnight in 0.1mM EDTA and embedded in paraffin. Sections (6

pm) were cut with a microtome. Masson-Goldner (Merck Chemicals) and TRACP (Takara)
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staining kits were used according to the manufacturer’s instructions. CD31 (dilution 1/80)
and SMA (1/80) (Dako) were incubated for 1 hour and subsequently incubated with the
secondary antibody (horseradish peroxidase conjugated goat-anti-mouse immunoglobulin
antibody, Dako) for 45 min. Slides were developed with diaminobenzidine (Dako) as sub-
strate and were weakly counterstained with hematoxylin (Sigma). Tissue explants (7 weeks)
were directly embedded in methyl methacrylate (Sigma) for sectioning. Approximately 10
um-thick, undecalcified sections were processed on a histological diamond saw (Leica saw
microtome cutting system). The sections were stained with basic fuchsin and methylene
blue to visualize new bone formation. The newly formed mineralized bone stains red with
basic fuchsin, all other cellular tissues stain light blue with methylene blue, and the ceramic
material remains black and unstained by both the dyes. Histological sections were qualita-
tively analyzed using a light microscope (Leica), and quantitative histomorphometry was
performed using high-resolution digital photographs (300 dpi) of the middle section out
of three total sections from each implant. Before histomorphometrical analysis, bone was
pseudocolored using Photoshop CS2 (Adobe Systems) and normalized to the total surface

area of the implant.

In Vivo Evaluation Studies. To evaluate the effect of prevascularization and Shh on ectopic
bone formation by hMSCs and huvEC, we used the following tissue engineering proto-
cols. Spherical aggregates were pooled with biphasic calcium phosphate (BCP) ceramic
granules of 100 pm prepared as described previously (3) and incorporated in 300 pl of 2
mg/ml rat tail collagen (BD Bioscience). We implanted a total of 1,500,000 cells/implant.
Implant were subcutaneously implanted in immune-deficient mice for 5 or 7 weeks. In
the two in vivo experiment, 5 and 6 nude male mice (Hsd-cpb:NMRI-nu; Harlan) were
respectively used. Animals were anesthetized by inhalation of isofluorane. Four s.c. pock-
ets were made, and each pocket was supplied with one implant (all 4 conditions in each
mouse). The incisions were closed with avicryl 5-0 suture and the implants were left for 5
or 7 weeks. All experiments were approved by the local Animal Experimental Committee.
After 5-7 weeks, the mice were euthanized by using CO2 and samples were explanted, fixed
in paraformaldehyde (Merck) in 0.14M cacodylic acid (Fluka) buffer (pH 7.3), dehydrated,
and either decalicified and embedded in paraffin (5 weeks) or directly embedded in methyl
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methacrylate (Sigma) for sectioning. Histological staining and analysis was performed as

described above.

Statistical analysis. Statistical analysis for in vitro experiments were performed (excep-
tion made for RT-PCR and microarray, see above) using 4 biological samples and 4 cuts
per biological sample. Differences between conditions were measured using a 2 tailed-dis-
tribution, two-sample equal variance Student’s t-test and were considered as significantly
different for a p value below 0.05 (*) or 0.01 (**). Statistical analysis for in vivo experiments
were performed using 6 mice and 3 cuts per mouse. Since each mouse was implanted with
the 4 different conditions, differences between conditions were measured using a 2 tailed-
distribution, paired Student’s t-Test and were considered as significantly different for a p

value below 0.05 (*).

Technical references from the material and methods

1. Siddappa R, et al. (2008) cAMP/PKA pathway activation in human mesenchymal stem
cells in vitro results in robust bone formation in vivo. (Translated from eng) Proc Natl Acad Sci U S
A 105(20):7281-7286 (in eng).

2. Sandberg R & Larsson O (2007) Improved precision and accuracy for microarrays using
updated probe set definitions. (Translated from eng) BMC Bioinformatics 8:48 (in eng).
3. Yuan H, van Blitterswijk CA, de Groot K, & de Bruijn JD (2006) Cross-species comparison

of ectopic bone formation in biphasic calcium phosphate (BCP) and hydroxyapatite (HA) scaffolds.
(Translated from eng) Tissue Eng 12(6):1607-1615 (in eng).
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Supplementary Information
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Fig. S1: Regulation of specific pathways upon treatment with cyclopamine. Upon treatment with
cyclopamine (5uM), the two Hh target signaling pathways, Tgb and Wnt are regulated. Actin skel-
eton elements which are crucial for adequate lumen formation and axon guidance molecules which are
crucial for the of tip endothelial cells guidance are also regulated. All presented genes are significantly

regulated compared to vehicle-treated multicellular aggregates.
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Fig. S2: Effect of Shh on proliferation of endothelial cells. Upon treatment with Shh, the total CD31+
area in the multicellular aggregates were measured as a percentage of the total section area (4 samples,
4 sections per sample). The total CD31+ area was found statistically similar (p>0.05) (a). Stimulation of
huvEC in serum-free medium, on plastic led to a decrease in proliferation. All concentrations of Shh led
to a significant decrease in huvEC concentration compare to the control (0 nM). Error bars are standard

deviations between 4 samples.
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CD31 Phalloidin

Fig. S5: Tgf B1 prevent the development of a CD31+ network. The stimulation of the co-culture with

Control

TgfR1

TgfP1 prevented the formation of the CD31+ vascular network as compared to the control (medium

without TgfP1) thus preventing the use of this cartilage matrix initiator for prevascularized bone en-
gineering.

Fig. $6: Lamellar bone. The newly formed bone tissue consisted of lamellar bone as revealed using
polarized light. Scale bars are 20 pum.

Fig. S7: Pericyte coverage. The blood vessels were found partly Smooth muscle actin (SMA) positive
after 5 weeks of implantation which is consistent with the heterogeneity of the capillary bed. The green

triangle shows a SMA+ blood vessel when the red triangle shows SMA- blood vessels. Scale bar is 50
pm.
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Fig. $3: Shh induced lumen formation for 2 types of hMSC. Protocols for the isolation of hMSC
are heterogeneous and can lead to different populations with specific characteristics. Here we show
the response of hMSC commercially available (Cambrex, Lonza Ltd) and isolated by our laboratory
according to previously described procedures (1). The response to 0.5 and 10 nM was found similar, as

previously described (fig. 2a)

Control Shh TgfB1

Collagen type Il

Masson-Goldner

Fig. S4: Collagen type II and goldner staining in the co-culture. Immunofluorescent staining for
collagen type II and Masson-Goldner staining reveal a limited expression of the collagen type II in
the control co-culture and in the Shh stimulated co-culture as compared to co-culture stimulated with

TgfB1. Masson-Goldner reveals the production of a collagen type I matrix.
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Concentration | Lumen area Lumen area Lumen area | Relative T-Test on lu-
of Shh (nM) (um?) (um?) (um?) diameter | men area with
(um) respect to 0 nM
Median 90™" percentile Average

0 336 7988 544~ 26 -

0.5 331 697 411 23 0.31

10 987 3714 1756 47 0.00025

30 454 1856 887 34 0.052

Table S1: Shh modulates the distribution profile of the lumens

Different Shh concentrations induced different lumen profiles as described in fig. 2g, h). Here we pres-

ent the complete results and statistical analysis. The Student T-test was performed on the lumen area of

each group with respect to the control group (0 nM) using a two tail distribution and unpaired groups.

Relative diameters are calculated based on the area of the lumen as followed. Relative diameter (um) =

V(lumen area/T).

Osteoids formation | M1 M2 M3 M4 M5 | Average SD T-Test
- Og%iasf&area) 40.1 42.2 44 49.5 30.9 41.3 6.8 -
hMSC + huvEC 36 54.6 50.7 48.6 52.7 48.6 7.3 0.1980

hMSC + Shh 42.8 53.2 544 42.8 30.8 44.8 9.6 0.3572
hMSC + huvEC 49.2 51.6 53.7 55.7 38.2 49.2 6.9 0.0003
+ Shh

Table S2: Quantification and statistical differences of the different implants after 5 weeks in vivo.

The average percentage of osteoids was measured using 5 different cuts for each implant and is present-

ed in this table. 5 mice were implanted, each with the 4 different types of implants: hMSC alone, hMSC

and huvEC co-culture, hMSC stimulated with Shh (10 nM), hMSC and huvEC co-culture stimulated

with Shh (10 nM). The Student T-test was performed as compared to the control group with hMSC

alone using a two tail distribution and paired groups. SD is the standard deviation.
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vitro-generated tissues hold promises as models and as surgical implants. Here,

we show the microfabrication of geometric, millimeter-scale tissues prone to self-re-
modeling and self-organization. Tissues were built by sequential template-guided as-
sembly of cells into microscale clusters and millimeter-scale tissues. The free-standing tis-
sues compacted and deformed according to their initial outer and inner geometries. When
formed by human mesenchymal stem cells and human umbilical vein endothelial cells,
tissues remodeled either freely or in interaction with the template and reproducibly formed
internal gradients of cellular compaction and tissue-scale vascular networks. Finally, these
millimeter-scale tissue units can be combined and spontaneously fuse into centimeter-scale
implants of clinical relevance. Self-organization is a simple and powerful engineering pro-

cess to generate self-constructing tissues with wide applications in regenerative medicine.
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Introduction

vitro-generated tissues have an important potential as models for tissue develop-
ment (1) and as implants for tissue replacement (2-4). The classical approach to fab-
ricate tissues relies on a biomaterial scaffold mimicking the architecture/function of
the natural tissue and a cell population providing a biological interface. This proved suc-
cessful for orthopedic implants using solid scaffolds (3-4) or urologic implants using soft
membranes (2). However this approach is mainly dictated by the properties of the scaf-
fold and limits the spatial organization of cells into 3D tissue structures. As an alternative,
scaffold-free implants as cell sheets (5) or microtissues (6) have an important potential of
integration, survival and organization. Here, we developed microfabricated platforms to
sequentially aggregate, assemble and culture arrays of 3D scaffold-free tissues.
A major challenge in tissue engineering lies in finding simple processes to form complex
tissues. Typically, engineered tissues are achieved by assembling cells in precise geome-
tries reminiscent of the original tissue structures (7) and organization is further promoted
through external stimulation (8-9). Such approach requires complex and expensive ma-
chines. Here, we present a simple, accessible approach to form tissues through stochastic
assembly and directed self-organization. Self-organization refers to a range of decentralized
pattern-formation processes without external guidance or blueprint (10). We show strate-
gies to direct the autonomous tissue deformation by modulating inner and outer geom-
etries and we demonstrate their subsequent heterogeneous regionalization, organization

and differentiation.

Upon assembly, tissues spontaneously fused into tissues of clinically relevant size (cen-
timeter-scale). This approach is simple, versatile and can be used routinely at low cost. It
allows for the parallel culture of hundreds of autonomously organizing tissues of high cel-

lular density, in an array format. This represent a first step toward self-constructing tissues.
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Results

Technical overall approach

e reasoned that scaffold-free, free-standing tissues would provide maxi-

mum degrees of freedom for remodeling and organization. We used a two-

steps microfabrication approach to assemble cells into millimeter-scale tis-
sues with different geometric shapes (bottom-up approach). First, we fabricated agarose
templates termed MicroWell Arrays (MWAs). We used MWAs to assemble cells into mi-
croscale clusters that were then used as building blocks for tissues fabrication. In a second
step, the same approach was used to assemble microscale cell clusters into millimeter-scale
tissues in Shaped Well Arrays (SWAs). Cell clusters spontaneously fused into continuous,
free-standing tissues adopting the geometry of the well. These millimeter-scale tissue units
were further assembled and spontaneously fused into centimeter-scale, tissues of clinically

relevant size.

Formation of microscale cell clusters

garose templates were built by replica molding from a silicone or SU-8 mas-

ter via an intermediate Polydimethylsiloxane (PDMS) negative replica as a

simple, efficient and conventional technique to replicate microscale structures
(11). Here, PDMS templates were used to routinely cast inexpensive, non-adherent agarose
well arrays for tissue culture (pink templates, figure 1a). Cells were passively seeded on the
MWAs and spontaneously formed clusters (Figure 1b) within 12 hours. Using two differ-
ent MWAs (well diameters of 200 and 400 pm, well depth of 200 um) and seeding densi-
ties, a range of highly reproducible cell clusters (diameters from 70 to 300 micrometers,
see figure 1b and d) of human Mesenchymal Stem Cells (hMSC, 48 hours) spontaneously
assembled. The clusters’ size evolved over-time at different rate depending on the culture
medium (Figure le).
To assess for the potential of different cell types, we seeded 6 different cell types (hMSC,
bovine Primary Chondrocytes (bPC), mouse premyoblast (C2C12), mouse Embryonic
Stem Cells (mESC), human Umbilical Vein Endothelial Cells (huvEC) and mouse Embry-
onic Fibroblast (mEF)) (number of cells: 0.4 millions/ MWA) on MWAs (200 pm well di-
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ameter). The clusters evolved in circularity and size from 24 to 120 hours (Figure 1f). Based
on their macroscale characteristics, we classified them into three families. The first family
comprised hMSC, bPC and C2C12 and was characterized by clusters which compacted and
improved circularity overtime. These three cell types achieved similar rates of compaction
as determined by the change in projection area (PA) (rates of compaction of 1.8 ;1.5and 1.7
respectively) and similar high circularity as determined by circularity (Circularity=4p(area/
perimeter?)=0.9). The second family included chO and mESC and was characterized by a
growth of the cell clusters. The rates of increasing PA were respectively 1.5 and 1.8 when
circularity either increased or stabilized (0.9 and 0.7 respectively). The third family which
included huvEC and mEF did not evolve overtime maintaining similar PA, low circularity
and low coherence. These observations demonstrated different potential for different cell

types for subsequent use as building blocks for tissue fabrication.
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Figure 1: Microscale cell clusters spontaneously assembled on MicroWells Arrays.

30000

MicroWells arrays (MWA) of agarose (pink templates, a) were routinely casted from PDMS templates

(transparent templates, a) and placed in conventional well-plates. Upon stochastic seeding, cells felt in

the microwells and rapidly (12h) and spontaneously formed cell clusters (b, scale bar is 200 pm) which

could easily be flushed out (c, scale bar is 200 pm). Using 2 different MWA with wells of respectively

200 and 400 micrometers, cell clusters ranging from 70 to 300 micrometers’ diameter were formed (d)

which evolved differently in different medium (e). Based on their Projected area (PA) and Circularity,

cell clusters of 6 different cell types were sorted in three different families with respectively a decreasing

PA and increasing circularity (£, left), increasing PA (f, center) and stable PA and circularity (£, right).

The black signs represent the clusters’ characteristics after 20 hours and the red signs the characteristics

after 120 hours.
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Assembly of millimeter-scale tissues

n a second step, the same approach was used to assemble microscale cell clusters into

millimeter-scale tissues in Shaped Well Arrays (SWAs, fig. 2a-f). Cell clusters were

flushed out of the MWAs (Figure 1c) and passively seeded on the SWAs (1mm?* PA/
well, 500 pm depth, 15 to 25 wells/SWA, fig 2b-d). They fused within 24 hours and formed
a continuous tissue adopting the shape of the well (fig 2e-f). To assess the necessity of a pre-
condensation step (MWA), we compared the evolution of the tissues when formed either
with a pool of single cells or a pool microtissues previously cultured on the MWAs (hMSC).
Tissues assembled from a single cell suspension rapidly compacted, deformed and formed
a sphere. On the contrary, tissues assembled from precondensed microtissues compacted
to a lesser extent and maintained their original disc-shape (figure 2g). Resulting tissues are
3D, scaffold-free, free-standing with a PA of 1mm? and a height of aproximatly 300 mi-
crometers. These results demonstrate that an intermediate step of precondensation into cell
clusters is essential, at least for the cell types characterized by high compaction rates (first

family, figure 1f), to form shaped millimeter-scale tissues.
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Figure 2: Assembly into millimeter-scale tissues

Microscale clusters were used as building blocks to form millimeter-scale tissues on agarose Shaped
Wells Arrays (SWA, a). Microscale clusters were passively seeded on to SWA (b, ¢) and spontaneously
fused to form continuous tissues adopting the shape of the wells (d). The tissues are scaffold-free, free-
standing and can easily be flushed out of the SWA (d-f). The step of microscale clusters precompaction
on MWAs is essential, at least for hMSC, to prevent the important deformation and compaction of the

tissue as demonstrated by seeding both single cells and microscale clusters on the SWA (g). Scale bars

are 500 um.
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Tissue remodeling and external geometries
pon seeding of cell clusters on the SWAs, tissues compacted, deformed and
finally stabilized their shape (150 hours). We tested the influence of the time of
incubation of cell clusters on the MWA on the subsequent remodeling of tis-

sues on the SWAs. Squared tissues formed of bPC (2 days on the MWA) underwent a mini-

mal remodeling when cultured with Tgff1 and maintained their initial geometry (shape
=1, shape factor

factor=0.945, shape factor =0.91, 7 days, fig. 3d). Squared

erfect square erfect circle
p q P!

tissues formed of hMSC cultured for 3 days on the MWAs rapidly compacted and remod-
eled their shape to a circle (shape factor=0.91, 7 days, fig. 3d). This deformation was attenu-
ated by either a longer incubation on the MWAs (5 days on the MWAs, shape factor=0.92,)
or by the incorporation of 8% hUVECs in the clusters (5 days on the MWAs, shape fac-
tor=0.93,). On the other hand, clusters of hMSC cultured for more than 7 days and clusters
of bPC cultured for more than 3 days failed to properly fuse and to form a continuous tissue
(data not shown). Compaction and deformation reached a steady state after 6 days (Fig.
3d). This result demonstrated that the plasticity of cell clusters and the subsequent speed
of tissue remodeling decreased upon culture and that an adequate time-window of culture
on the MWA can be adjusted, for each cell type. These results also demonstrated an isotro-
pic deformation of disc-like tissues and an anisotropic deformation of square-like tissues
which underwent a more important deformation in corners compared to sides.

To overcome the anisotropic remodeling and subsequent loss of shape, we designed geo-
metric tissues which compensated for these corner effects. Compensated geometries un-
derwent high local deformation in the corners and a subsequent anisotropic remodeling
toward predicted shapes (Figure 3¢, SD1). Upon deformation, compensated geometries
led to better shapes compared to the corresponding non-compensated geometries (shape

factor, = <...=0.97, shape factor

=0.94, figure 3e).

Normal Square
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Figure 3: Tissue remodeling and external geometries

Upon culture on the SWA, tissues compacted and deformed according to their external geometries
and stabilized their shapes after ~150 hours. Disc-shaped tissues remodeled isotropically (a) whereas
squared-shaped tissues remodel anisotropically with tissue corners displacing more rapidly compared
to their respective sides (b). To overcome this anisotropic remodeling and subsequent loss of shape,
geometric tissues which compensated for these corner effects were designed (star-shaped wells) which
progressively remodeled toward predicted shapes (squared-shaped and triangular-shaped tissues)(c
and SD1). The time of incubation on the MWA influenced subsequent remodeling of the tissue. An
appropriate time-window specific to each cell type(s) must be adjusted to form a continuous tissue with
controllable remodeling properties (here, squared-shaped tissues of bpC, hMSC or hMSC and huvEC)
(d). Compensated geometries (star-shaped wells) have, upon remodeling, a final better squared-shape

than normal square geometries (e). Scale bars are 500 pm.
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Tissue remodeling and internal geometries

ecause the external tissue geometry directed an anisotropically deformation, we

tested the influence of the internal geometries on subsequent tissue remodeling.

We added pits or columns with different geometries inside the wells of SWAs.
Upon seeding, ring-like tissues fused and compacted around these columns (Figure 4a-d).
Upon compaction, a circular column inside a circular well induced an isotropic compac-
tion into a ring (6 days on the MWAs and 5 days on the SWAs, circularity=0.82. In op-
position, a star shaped column in the same well induced anisotropic deformation leading
to a more squared tissue (circularity=0.69) (Figure 2d). Similarly, tissues starting from a
square geometry compacted toward either a circle (circularity=0.80) or a polygon (circular-

ity=0.63) depending on the orientation of the internal star-shaped pit (Figure 2d).
These observations demonstrated that the internal geometry of tissues can dictate
its remodeling. It suggested that tissues are interspersed by streams of mechanical

forces regulated by the geometry.
We then designed geometric tissues which, upon compaction, progressively interact physi-
cally with the template (Figure 2e-g). These complex complementary shapes can further be

used as modules to form iterative tissue structures.
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Figure 4: Tissue remodeling, internal geometries and interaction with the template

The internal geometry influenced the tissue deformation upon compaction (hMSC). When circular
pits were inserted into the wells, ring-like tissues compacted isotropically (a). Contrarily, a star shaped
pit in the same well induced an anisotropic deformation leading to a more polygonal (square) tissue
(b). Tissues starting from a square geometry compacted toward either a circle (c) or a polygon (d) de-
pending on the orientation of the internal star-shaped pit. Images are an average projection of 5 tissues.
Complex complementary shapes can be form which progressively interact with the template and can

subsequently be used as modules to assemble iterative tissue structures (e-g). Scale bars are 500 um.

Tissue regionalization and differentiation
arge tissue constructs are prone to a lack of diffusion of oxygen. We previously
demonstrated that this problem can be alleviated by the formation of a primitive
vascular network that can anastamose with the host vasculature upon implanta-
tion (12). The co-culture of hMSC and huvEC support the formation of such a primitive
vascular network (CD31+ cells) (13). Here we tested the possibility to use a co-cultured cell
clusters as an initial microscale unit that would, upon assembly and fusion, form a network

at a tissue-scale. We seeded both cell types on the same MWAs, cultured the clusters for 5
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days and then transferred to SWAs. Upon fusion (24 hours), CD31+ cells were first found
as round clusters distributed across the tissue (figure 5a, b). In a second step, the CD31+
cells elongated and formed a primitive vascular network (120 hours, figure 5¢). This result
demonstrate the possibility to form a primitive vascular network at the tissue-scale through
random assembly and directed organization. Because geometric tissues deformed aniso-
tropically (corner-effect), we observed the internal distribution of cells nuclei as an indica-
tor of tissue compaction. Using a profile plot of normalized integrated intensities of Dapi
around concentric circles, we demonstrated a significant increased tissue compaction from
the tissue center to the periphery (Figure 5D, SD2). This result suggest that the important
displacement of the tip induced local tissue compaction. Corner regions might be charac-
terized by geometry-induced mechanical stress as already described using mathematical

models (14-15).

In a third experiment, we tested the potential of bPC to differentiate in vitro into a carti-
lage-like tissue. We cultured bPC for 2 days on the MWA and transferred the clusters on
the SWA. Clusters fused and were further cultured for 21 days with Tgf3 (10 ng/ml). We
assessed the formation of a proteglycans-rich extra-cellular matrix thus demonstrating the

possibility to form large tissues producing their own scaffold (figure 5e).
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Figure 5: Tissue regionalization and differentiation.

Microscale clusters of hMSC and huvEC seeded on SWA fused into a continuous tissue (24 hours, F-
actin in green and CD31 in red, a, scale bar is 200 micrometers) including rounded clusters of CD31+
cells (close up of the tissue tip, nuclei in blue and CD31 in red, b, scale bar is 200 micrometers). These
clusters elongated overtime to form primitive vascular structures at the tissue scale (150 hours, c, scale
bar is 200 micrometers). Upon tissue remodeling, a gradient of tissue compaction formed from the
tissue center to the periphery as measured using a radial plot of nuclei density. Tissue compaction was
found higher in the tissue corners compared to the periphery and the center, an observation which
correlates with the macroscopic displacement of the tissue. Self-remodeling tissues form heterogeneous
regions of tissue density upon compaction (d). bpC were cultured for differentiation and formed an

extensive scaffold of extracellular matrix after 21 days as revealed using Safarin-O staining.
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Puzzle-like assembly at a clinically relevant size
or therapeutic uses, a challenge lies in achieving grafts of centimeter-scale size.
Extending the bottom-up approach, we used millimeter-scale tissue units to as-
semble clinically relevant tissues. Tissue units were deposited in agarose molds of
adequate shapes and then assembled in cylinders (figure 6a) or sheets (figure 6¢). Within
24 hours, tissues fused into centimeter-scale tissues (figure 6b, d). The shape of the tissue
units and their arrangement dictated the shape of the final tissue which can be adjusted to
the defect site. The tissue can be easily manipulated upon fusion of the units using surgical

instruments and implanted to replace defective tissues (figure 6d).

Figure 6: Puzzle-like assembly at a clinically relevant size.

Millimeter-scale tissues were further assembled into centimeter-scale tissues (a, ¢, scale bar is 1 mm).
The shapes of the individual millimeter-scale tissues and their respective adjustment defines the final
shape of the graft which can thus be adapted to the implantation site. The individual millimeter-scale
tissues rapidly and spontaneously fused upon culture and can be easily handled for subsequent use (b,

d, scale bar is 1 mm).
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Discussion

e described an accessible and powerful process for the formation of scaf-

fold-free tissues as tissue models and surgical implants. We specifically

characterized the macroscale behavior of multicellular aggregates of dif-
ferent cell types as a prerequisite to fine-tune the conditions of tissue assembly. The range
of behaviors observed demonstrate context-dependent boundary conditions (cell type,
medium, timing). We demonstrated that a first step of precondensation into cell clusters
is essential to limit subsequent tissue compaction and deformation rate. A time-window
was specifically adjusted for hMSC and hMSC/huvEC to form a continuous tissue with
controllable remodeling properties. These results demonstrate that the plasticity of clusters
of hMSC decrease overtime, possibly due to a stabilization of cell-cell contacts and to the
production of extra-cellular matrix. Within this time-window, the internal and external
geometry of the tissue can be designed to promote an anisotropically remodeling toward
predicted shapes. Interestingly, this anisotropic deformation correlated with the formation
of internal heterogeneity and local tissue compaction (corner/peripheral-effect).
Developing tissues are dynamic systems which remodel and organize based on biologi-
cal and physical heterogeneity. Such heterogeneity is a key mechanism which bridges the
molecular scale to the tissue scale and allows for the emergence of forms and organiza-
tion in tissues (16). The described heterogeneous deformation and compaction might be
correlated, in further experiments, to an heterogeneous tissue organization/differentiation.
Directed self-organization thus led to autonomous mechanisms of tissue regionalization
upon contraction, compaction and deformation. Resulting heterogeneous tissue modules

can be assembled into tissues of clinically relevant size.

Based on these results, we speculate that the combination of self-organizing tissue modules
and modular tissue assembly might allow for the fabrication of tissues mimicking the itera-

tive structures and function of organs at a clinically relevant size.

A major challenge in tissue engineering lies in finding simple processes to form complex
tissues. Current approaches are often based on the assembly of artificial scaffolds and cells
mimicking the final architecture of the desired tissue. Such an approach is mostly directed
by the properties of the scaffold and requires complex and expensive machines. In clear

opposition, here, we present a powerful and accessible approach to direct in vitro tissue
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organization in a process reminiscent of natural development. In sum, we demonstrate that
self-organization is a simple and powerful engineering process to generate complex tissues.
This clearly opens new possibilities to form self-constructing tissues with wide impacts in

tissue engineering and regenerative medicine.
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Materials and Methods

Cell culture and reagents. Human bone marrow aspirates were obtained from donors
after written informed consent, and human mesenchymal stem cells were isolated and
expanded as already described (4). During experiments, human mesenchymal stem cells
and bovine primary chondrocytes were cultured in Differentiation medium composed of
Dulbecco’s Modified Eagle’s Medium supplemented with 107 M dexamethasone, 50 mg/ml
ascorbate 2-phosphate, 40 mg/ml proline, 100 mg/ml pyruvate, and 50 mg/ml ITS1* Premix
(Becton-Dickinson, MA: 6.25 mg/ml insulin, 6.25 mg/ml transferrin, 6.25 ng/ml selenious
acid, 1.25 mg/ml bovine serum albumin, 5.35 mg/ml linoleic acid), 100U/mL penicillin
(Life Technologies), 100 mg/mL streptomycin (Life Technologies). Human umbilical vein
endothelial cells were purchased from Lonza (Lonza, group Ltd. Switzerland) and cultured
in endothelial growth medium-2 (Cambrex). C2C12, mouse embryonic fibroblast, Chinese
hamster ovarian were cultured in Dulbecco’s Modified Eagle’s Medium supplemented with
10% fetal bovine serum ((FBS; Life Technologies), 100U/mL penicillin (Life Technologies),
100 mg/mL streptomycin (Life Technologies).

MicroWell Array and Shaped Well Array fabrication. Micropatterned agarose chips for
non-adherent cell culture were formed by replica molding. Patterned elastomeric stamps
of poly(dimethylsiloxane) (PDMS; Sylgard 184, Dow Corning) were replicated from either
etched silicon wafers or SU-8/silicon wafers according to established protocols (11) and
sterilized 10 minutes in 100% ethanol. A 4% agarose solution (Ultra pure agarose, Invitro-
gen) was casted on the PDMS stamp, demolded upon solidification and placed in a 12 well
plate (S1). After wetting using corresponding Differentiation medium (500 microliters),
a concentrated suspension of cells was seeded and allowed to settle for 15 minutes on the
chip. Excess cells were rinsed away with culture medium and 1.5 milliliters of medium
was added. Half of the medium was changed every day of culture. Upon culture on the
MWaAS, cell clusters were gently flushed out using culture medium, centrifuged (1300 rpm,
1 minute), resuspended in the culture medium and seeded on the SWAs. Cell clusters were
allowed to settle in the wells for 1 minutes and excess cell clusters were washed away and

seeded again for optimal seeding. The seeded chips were centrifuged (1300 rpm, 1 minute)
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and 1.5 milliliter of culture medium was added. Half of the medium was changed every day

of culture.

Immunohistochemical analysis. After harvesting, tissues were frozen in Cryomatrix at
-60°C. Sections (7 um) were cut using a cryotome. Sections were fixed in cold acetone for 5
min, air-dried, rehydrated for 10 min, after which they were incubated for 30 min with 10%
FBS in PBS to block nonspecific background staining. Sections were incubated with mono-
clonal mouse anti-human CD31 antibody (Dako), a monoclonal mouse anti-human for 1
h. Sections were washed in PBS and subsequently incubated with the secondary antibody
(Alexa Fluor 488 antibody, Invitrogen). Samples were counterstained with Dapi (Sigma).
Pictures were taken using a confocal microscope (Leica LSM500). Cartilage formation was

assessed by safari-O staining.

Measurements of tissues macroscopic behavior. Projection area. Pictures of the tissues
are taken using a Nikon Eclipse TE300 microscope equipped with Nikon Digital Signt DS
Fil digital camera and imaging system. Images are imported into Image ] and a B&W mask
picture is created using a threshold. The resulting picture is analysed using Image J to mea-
sure the area of each tissue.

Shape maintenance. Shape are graded by quantifying the overlapping area (OA) of the pro-

jected area of the tissue to a perfect shape of identical surface area. Shape factor = OA.

Circularity. Circularity was measured using an Image J plugin. A picture of taken and a
mask of each tissue was made as described for the measurement of the projection area. The

circularity of the mask was measured as followed. circularity = 4p(area/perimeter?)

Cellular density. Cellular density was measured using a Radial Profile Plot. Image J plugin
by Paul Baggethun. This plugin produces a profile plot of normalized integrated intensities
around concentric circles as a function of distance from a point in the image. The intensity
at any given distance from the point represents the sum of the pixel values around a circle.
This circle has the point as its center and the distance from the point as radius. The inte-
grated intensity is divided by the number of pixels in the circle that is also part of the image,
yielding normalized comparable values. The profile x-axis can be plotted as pixel values

or as values according to the spatial calibration of input image. http://rsb.info.nih.gov/ij/
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plugins/radial-profile.html.

107



Chapter 4

Supplementary informations

SD1: Compensated geometries. Geometries were designed which promote the progressive remodel-
ing toward predicted shapes. Top row is after seeding, middle row is after 150 hours, bottom row is an

artistique view.
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SD2: Statistical analysis of the tissue density. The analysis is done using a radial plot as described in
the methods and as schematically depicted in the above drawing. The statistical differences between dif-
ferent groups was determined using a student T-Test, n=3. 0-10 represents the first 10% of the distance
from the center to the periphery (central part of the tissue) and 90-100 represents the last 10% of this

same distance (periphery). The shapes’ middles and corners are delimited by the red lines.
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Endogenous tissue contractility spatially regulates angiogenesis
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tereotyped patterns of the vascular system are locally controlled by genetically

hard-wired cell behaviors and shaped at the tissue-scale by gradients of angiogenic

molecules induced, for example, by hypoxia. Using arrays of free-standing micro-
fabricated tissues of human mesenchymal stem cells and human umbilical vein endothe-
lial cells, we found that endogenous tissue contractility collectively generated by the cells
induces local tissue deformations, compactions and the formation of stereotyped patterns
of Capillary-Like Structures. This emergence correlated with the autonomous formation
of a long-range gradient of Vascular Endothelial Growth Factor by graded production and
with the local over-expression of the corresponding receptor VEGFR2. We propose that
endogenous tissue contractility is a tissue-scale morphogenetic regulator of the angiogen-
ic microenvironment and angiogenesis, a finding with wide implications in regenerative

medicine and cancer biology.

113



114

Chapter 5

Introduction

issues are self-deforming systems whose endogenous forces participate in the

coordination of morphogenetic mechanisms by patterning gene expression (1)

or cellular division (2). These endogenous forces can induce local compactions
or mechanical deformations which are thought to act in unison with, for instance, gradi-
ents of morphogens to shape and maintain tissue forms and functions (3).
The vascular system is a mechanosensitive organ (4) forming organized and stereotyped
networks of cords which further mature into veins, arteries or capillaries. The perturbation
of this order is a hallmark of a wide range of malignant, inflammatory, ischemic, infectious
and immune disorders including cancer, arthritis and blindness (5). Patterns in the vas-
cular network are thought to be mainly shaped by tissue hypoxia which regulates cellular
sprouting through a graded production of Vascular Endothelial Growth Factor (VEGF) (6)
and to be then mainly remodeled by the haemodynamic flow which locally regulates, for
instance, the expression of the VEGFR2 (7). Here we investigated the role of endogenous
tissue contractility and deformation in regulating the angiogenic environment and the for-

mation of patterns of Capillary-Like-Structures (CLS).

Results

e aimed at mimicking the early events of angiogenesis in engineered tis-

sues using hMSC which can generate forces (8), produce VEGF (9) and

huvEC which express the CD31 endothelial marker. This system supports
the formation of a CD31+ primitive vascular network as a relevant model for early angio-
genesis (10). We assembled geometric millimeter-scale tissues by using a two-step bottom-
up approach of sequential aggregation of cells on microfabricated non-adherent agarose
templates (Fig. 1a, S1) (11).
Within 5 days, geometric tissues reproducibly compacted, deformed and finally stabilized
their shapes (Fig. 1b, S2). Disc-shaped tissues compacted isotropically whereas squared-
shaped tissues compacted anisotropically with a preferential displacement of the corners
compare to sides (p=0.0015, n=10, S3). To compensate for this tip-effect, geometries were

designed which remodeled toward a square (Fig. 1b, second row). This anisotropic remod-
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eling and deformation suggests a geometry-induced heterogeneous distribution of internal

forces as already observed and modeled in multicellular systems (12).

Microscale clusters first spontaneously organized into an inner core of CD31+ cells (Aster-
isk, fig. 1c) and an external layer of CD31- cells possibly according to differences in cellular
affinity (strength of adhesion molecules) and in cortical tension that determines stable as-
sociation and sorting (13-15). Clusters strongly and transiently expressed peripheral fila-
mentous actin (F-actin) upon fusion with neighbors (Fig. 1c, 24 hours, S3). After 24 hours,
CD31+ cells were F-actin intense, started to sprout into CLS (Asterisk, fig. 1d) and formed
some lumens (Asterisk, fig. 3d).

Upon tissue compaction and deformation (day 5), CLS had preferentially formed in the
peripheral regions of tissues and more densely in the corners of tissues (Fig. 1e and S4).
Interestingly, this preferential growth of CLS correlated with the regions of higher displace-

ments and shape deformation (S3).
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Fig.1. Microfabricated tissues autonomously remodeled and formed stereotyped patterns of CLS.
(a) 3D millimeter-scale tissues were sequentially assembled by cellular aggregation in non-adherent
well arrays. (b) Free-standing tissues compacted, deformed and finally stabilized their shapes (scale
bar 500 microns). Tissue geometries induced either an isotropic remodeling (disc-shaped tissues) or
an anisotropic remodeling with a more important deformation of tissues corners (squared-shaped tis-
sues)(see also fig. S2). (c) Cell clusters of huvEC and hMSC first spontaneously formed a CD31+ core
and a CD31- external layer which generated an F-actin intense interface upon fusion with neighbors
(24 hours). (d) After 24 hours, CD31+ cells were F-actin+ and sprouted from the original clusters (d,
asterisk, scale bar 100pum). (e) Upon tissue remodeling, CLS were preferentially found in the peripheral
region of circular tissues and in the peripheral and corner regions of squared and triangular tissues

(scale bar 500pum).

e tested the possibility of impairing tissue remodeling by blocking specific

forces-generating elements in cells. Non muscle Myosins II A, B and C

(NMM II) and F-actin are likely to be main generators of forces in hMSC
(16). We tested the effect of specific inhibitors of these elements (Blebistatin and Y27632)
on tissue remodeling. Blebistatin blocks the activation of NMM II ATPase and impairs
its interaction with F-actin. Y27632 suppresses pl60ROCK (Rho associated coiled-coil
containing protein kinase) and inhibits the phosphorylation of Myosin Light Chain and
the formins-dependent formation of F-actin stress fibers (17). Tissues with Blebistatin or
Y27632 alone compacted and deformed similarly to controls (normal compaction) but tis-
sues exposed to Blebistatin and Y27632 relaxed within 4 hours (from 78% to 84% of their
initial projected area, p=0.0002, n=10, Fig. 2a-b). Their compaction was further impaired
compared to tissues exposed to one or no compound (70% of compaction against 58% af-
ter 144 hours, p=6.107, n=10)(Fig. 2a-b). This tissue relaxation demonstrated the internal
pre-stress, tensional state generated by the actin-myosin complex. The synergistic effect
of Blebistatin and Y27632 suggested a combined role of actin bundle growth and myosin
activity in the generation of internal tension and an intrinsic robustness of the mechanisms
regulating the actin-myosin interaction. Tissue compaction was impaired but not stopped
completely which implies a contribution of other cytoskeletal components or other mecha-

nisms in tissue contractility.

Upon tissue compaction and deformation, cell nucleus staining revealed a gradient of in-

creasing cellular density from the tissue center to the periphery which correlated with an
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increase of NMM II and F-actin (Fig. 2b). These gradients disappeared when compaction
was impaired (Fig. 2b and 3a). This internal heterogeneity in force-generating elements
suggest an heterogeneous distribution of internal forces and correlates with local deforma-
tion and compaction (fig. S2). This might result directly from local cellular density or be
generated by a dynamic positive feed-back loop of tension-mediated actomyosin regulation

as already reported during Drosophila development (18).
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Fig. 2. Tissue compaction and deformation depends on an actomyosin tension collectively gener-

Nucleus

Normal

Impaired

Bleb. + Y27632

ated. (a) The combined inhibition of non muscle Myosin II (Blebistatin) and Rho associated protein
kinase p160ROCK (Y27632) starting from 24 hours (see black arrow) relaxed the internal tissue tension
(28 hours) and impaired the compaction (150 hours). (b) Tissue compaction resulted in a gradient of
cellular density (density of nuclei) and a peripheral tissue layer with a concentration of force-generating
elements (nm Myosin II and F-Actin, stack of 5 images)(scale bar 100pum) which was impaired when

contraction was impaired. Standard deviations are shown for n=10.

e quantified the contribution of increased cellular density (number of
nuclei/surface area unit) to the increase in the CLS. Tissue density was
homogenous in the tissue center but a gradient was observed in the pe-
ripheral region (Fig. 3b, 2.2 fold increase in the last quartile compared to the first). This

gradient was impaired when compaction was impaired (1.4 fold). Concomitantly, the den-
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sity of CLS increased by 4.8 fold (2 fold when compaction was impaired) and the density
of CLS/nucleus by 2.5 fold (1.4 fold upon compaction impairment, see color map, fig. 3a).
The gradient of cellular density contributed to 48% of the increase in CLS (first quartile
compared to last quartile, fig. 3¢). This demonstrated that tissue contractility induced more
than a strict compaction and suggested a more complex role for endogenous contractile
forces. Indeed, the contribution of cellular density increased to 73% when compaction was
impaired (Fig. 3c). Angiogenesis can be driven by tissue hypoxia due to the lack of oxygen
diffusion which regulates the production of angiogenic factors (6). Tissues were designed
with dimensions alleviating such a lack of oxygen diffusion and the formation of a hypoxic
environment (tissue thickness ~ 300 micrometers). We tested this hypothesis by looking
at the hypoxia inducible factor (HIF1la) which controls VEGF production (6). This factor
was mostly cytoplasmic and homogeneously expressed accross the tissue which suggests
that preferential angiogenesis is not driven by localized hypoxia in this system (fig. S5). In-
deed, when compaction was impaired, capillaries formed homogeneously throughout the
whole tissue. The total CD31+ surface area increased from the center to the periphery of
the tissues (fig. S4) which suggested a preferential elongation in the main plan of the tissue,
a cellular migration of CD31+ cells toward the periphery or a local increase in prolifera-
tion as already proposed (19). We tested the hypothesis that preferential CLS formation
was due to either a local proliferation or apoptosis using standard BrdU incorporation and
TUNEL assays, respectively. Interestingly, proliferation was limited to the CD31+ cells (day
4), represented 0.3 to 1% of the total cell number (over 12 hours, day 1 to day 5) and was
not restricted to the peripheral regions (Fig. S6). We could not detect significant apop-
tosis using a TUNEL assay (data not shown). These observations confirms that CLS are
formed by sprouting and proliferation as already proposed (19) and suggest a deformation/
compaction-induced local proliferation. The phenotypes of capillaries were different across
the tissue sections: In regions of higher compaction and deformation, capillaries were thin,
shaped and mostly elongated perpendicular to the preferential direction of tissue displace-
ment (Fig. 3d, left, white arrows). This suggested a role for mechanical stress as endothelial
cells have been reported to elongate perpendicular to externally applied mechanical stress
(20-21). When internal tension was impaired, the basal level of angiogenesis was similar
(fig. S7) but CLS grew more homogeneously throughout the tissue, were wider, tortuous

and randomly oriented (Fig. 3a and d).
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Fig. 3. Tissue contractility regulates local compaction and the preferential formation and direc-
tionality of CLS. (a) Tissue contractility induced the formation of local regions of compaction and de-
formation which correlated with the formation of CLS (from the center to periphery: 4.8 fold increase
in CLS, 2.5 fold increase in CLS/nucleus, see color-maps). This preferential growth was impaired when
contractility was impaired. (b, c) The increased cellular density (b) contributed to 48% of the increased
CLS density during normal compaction and for 73% when compaction was impaired (c). (d) Tissue
contractility induced the formation of thin CLS which formed some lumens (asterisk, d left) and elon-
gated perpendicular to the tissue displacement (white arrows, a and d). This phenotype and directional-
ity was impaired when compaction was impaired (d, right)(scale bars are 100 um). Standard deviations

are shown for n=3 samples x 10 sections/sample.

ecause the CLS within our microfabricated tissues exhibited patterned behavior

in regions of higher tissue compaction and deformation and because hMSC are

mechanosensitives cells (8, 16) which can modulate their VEGF expression in
response to external mechanical stress (22), we tested the possibility that tissue contractil-
ity can regulate the production of VEGF in hMSC. Immunofluorescence using an antibody
recognizing all different VEGF isoforms revealed the formation of a gradient of VEGF with
an increasing intensity from the tissue center to the tissue periphery (Fig. 4a). VEGF was
partly cytoplasmic (fig. S8) and cells in the peripheral region produced 50% more VEGF/
nucleus compared to cells located in the center (p=0.034, n=3x10)(Fig. 4b). When compac-
tion was impaired, the total amount of VEGF produced in compacting tissues decreased by
2 fold compared to tissues with impaired compaction (p=0.032, n=3x10)(Fig. 4c). Tissue
contraction was subsequently responsible for the upregulation of VEGF expression and the
formation of a gradient at least through direct compaction and the graded upregulation of
VEGEF production in regions of higher deformation and compaction. This does not exclude

a possible contribution of an expansion of the gradient by diffusion.

Endothelial cells are mechanosensitive cells which can transcriptionally regulate the ex-
pression of the VEGFR2 receptor based on the mechanical properties of their microenvi-
ronment (4, 7). We tested the possibility that CD31+ cells responded to the tissue contrac-
tion by modulating their expression of the VEGFR2. VEGFR?2 expression was restricted to
CD31+ cells (fig. S9). Upon contraction, CD31+ cells in regions of higher compaction and

deformation expressed higher level of VEGFR2 compared to cells in the central region (5
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fold increase, p=0.002, n=3x8, fig. 4d-e). The weakest VEFGR?2 intensity was founded in the
center of tissues with impaired compaction and the strongest intensity in the periphery of
tissues with normal compaction (17 fold increase, see color map, fig. 4d-e). When contrac-
tion was impaired, the peripheral over-expression of VEGFR2 was abolished (Fig. 4d-e).
Interestingly, the region of VEGFR2 intense expression was more localized, did not fully
overlap with the region of maximum expression of VEGF and correlated with the region of

higher tissue density and remodeling.
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Fig. 4. Tissue contractility spatially regulates the angiogenic microenvironment through VEGF
signaling. (a, b) Upon tissue compaction and deformation, a gradient of VEGF formed autonomously
by graded production (a, left) which was impaired when tissue contractility was impaired (b, right). (c)
The total expression of VEGF decreased by 2 folds when contractility was impaired (see also fig. S8). (d,
e) Upon normal compaction, the VEGF receptor VEGFR2 was over-expressed in the peripheral region
compared to the central region which was impaired when tissue contractility was impaired. Standard

deviations are shown for n=3 samples x 8 sections/sample.
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Discussion

aken together, these data show that endogenous tissue contractility can spatially

regulate the angiogenic environment and angiogenesis. During branching mor-

phogenesis of mouse lung epithelium, increased cell proliferation at distal sites
of newly formed buds correlated with elevated cytoskeletal tension associated with the cur-
vature (23). Similarly, endothelial cells can proliferate in response to mechanical stress (12,
24). These mechanisms might explain, in further investigations, how contractile forces gen-
erated within or in an adjacent tissue might have a long-range control over capillary forma-
tion with possible relevance in regenerative medicine (during tissue healing, angiogenesis
is preceded by wound-contracting fibroblasts (25-26)) or in cancer biology (tumors are
dependent on angiogenesis and stiffer than normal tissues due to an elevated endogenous
tension (27)). Concomitantly with the classical model depicting a graded concentration of
molecules diffusing from a source (28), here, contracting mesenchymal interstitial cells can
form a gradient of molecules through compaction and graded production. This study dem-
onstrates that complex behaviors can emerge from simple properties in engineered biologi-
cal systems with an unexpected degree of self-organization. In addition to the realization
of a critical step in tissue engineering, this system provides a platform for the direct and
quantitative in vitro testing of a wide range of mechanisms during vascular development
and homeostasis. This is, to the best of our knowledge, the first demonstration of a role for
tissue contractility as a long-range mechanism coordinating morphogenesis through the
formation of a gradient of a molecule and the local regulation of its corresponding recep-

tor.
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Materials and methods

Cell culture and reagents.

Human mesenchymal stem cells. Human Bone marrow aspirates were obtained from do-
nors after written informed consent, and hMSCs were isolated and proliferated as follow.
Aspirates were resuspended by using 20-gauge needles, plated at a density of 5 x 10° cells
per square centimeter and cultured in hMSC proliferation medium containing a-MEM
(Life Technologies), 10% FBS (Cambrex), 0.2 mM ascorbic acid (Asap; Life Technolo-
gies), 2 mM l-glutamine (Life Technologies), 100 units/ml penicillin (Life Technologies),
10 ug/ml streptomycin (Life Technologies), and 1 ng/ml basic FGF (Instruchemie). Cells
were grown at 37°C in a humid atmosphere with 5% CO,. Medium was refreshed twice a
week, and cells were used for further sub-culturing or cryopreservation. For experiments,
the hMSC medium (termed Exp. Medium) was serum-free and composed of Dulbecco’s
Modified Eagle’s Medium supplemented with 107 M dexamethasone, 50 mg/ml ascorbate
2-phosphate, 40 mg/ml proline, 100 mg/ml pyruvate, and 50 mg/ml ITS 1 Premix (Becton-
Dickinson, MA: 6.25 mg/ml insulin, 6.25 mg/ml transferrin, 6.25 ng/ml selenious acid,
1.25 mg/ml bovine serum albumin, 5.35 mg/ml linoleic acid). Cells were trypsinised prior

to seeding on agarose chips.

Human umbilical vein endothelial cells. Human umbilical vein endothelial cells (HUVECs)
were purchased from Lonza (Lonza, group Ltd. Switzerland). Cells were grown at 37°Cina
humid atmosphere with 5% carbon dioxide (CO2) in endothelial growth medium-2 (Cam-
brex). Cells were routinely split at a 1:5 ratio and cultured in fewer than 5 passages. Only

HUVECs from passage 3 or 4 were used to seed the coculture experiments.

Immunohistochemical analysis. After harvesting, tissues were frozen in Cryomatrix
at -60°C. Sections (7 pm) were cut with a cryotome. Sections were fixed in cold acetone
for 5 min and air-dried. Sections were rehydrated for 10 min, after which they were incu-
bated for 30 min with 10% FBS in PBS to block nonspecific background staining. Sections
were incubated with monoclonal mouse anti-human CD31 antibody (Dako), a monoclo-
nal rabbit anti-human VEGF Carboxyterminal end antibody (Abcam), a monoclonal rab-

bit anti-human VEGFR?2 antibody (Cell Signaling), a rabbit anti-human HIF1a antibody
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(Abcam) or Phalloidin-Alexa fluor 488 conjugated antibody (Invitrogen) for 1 to 4 hours.
Sections were washed in PBS and subsequently incubated with the secondary antibody
(Alexa Fluor 488 or 594 antibody, Invitrogen). Samples were counterstained with Dapi
(Sigma). Pictures were taken using a confocal microscope (Leica LSM500). Quantifica-
tions on fig. 3 and 4 were done on thresholded images. Quantification on fig. S5 was done
without a threshold. A threshold was applied on images based on size and circularity (Im-
age J) to select for the CD31+ structures which elongated in the main plane of the tissue
in opposition to structures which did not elongate or elongated in another plane. Thresh-
olded CD31+ structures were termed Capillary-Like Structures (CLS). For quantification
of fig. 3 and 4, images were divided into 20 boxes from the center to the periphery. Each
box was used for quantification of either the number of nuclei, the area of CLS, the inten-
sity of VEGF fluorescence or the intensity of the VEGFR2 fluorescence. Results were used

to create gradient color-maps or graphics.

MicroWell Array (MWA) and Shaped Well Array (SWA) agarose chips. Micropatterned
agarose chips for non-adherent cell culture were formed by replica molding. Patterned elas-
tomeric stamps of poly(dimethylsiloxane) (PDMS; Sylgard 184, Dow Corning) were repli-
cated from either etched silicone wafers or SU-8/silicone wafers and sterilized 10 minutes
in 100% ethanol. A 4% agarose solution (Ultra pure agarose, Invitrogen) was casted on
the PDMS stamp, demolded upon solidification and placed in a 12 well plate (S1). After
wetting using corresponding Exp. medium (500 microliters), a concentrated suspension
of cells (0.4 millions) was allowed to settle for 15 minutes on the chip. Excess cells were
rinsed away with culture Exp. medium and 1.5 milliliters of Exp. medium was added. Cell
clusters (~500 cells/cell cluster) spontaneously fused within 24 hours and could then be
used as building blocks for tissue assembly. Half of the medium was changed every day of
culture. After 150 hours of incubation on the MWAs, cell clusters were gently flushed out
using Exp. medium, centrifuged (1300 rpm, 1 minute), resuspended in the Exp. medium
and seeded on the SWAs. Cell clusters were allowed to settle in the wells for 1 minutes and
excess cell clusters were washed away and seeded again for optimal seeding (~600.000 cells/
tissue, thickness~250 um). The seeded chips were centrifuged (1300 rpm, 1 minute) and 1.5

milliliter of Exp. medium was added. Half of the medium was changed every day of culture.
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Co-culture. A co-culture of 92% hMSC and 8% huvEC was used for all experiments. A
total of 1.4 million cells was seeded on each MWAs containing 2800 wells. Cell clusters
spontaneously formed within 24 hours and were further cultured for 160 hours. Cell clus-
ters were then transferred to SWAs. Seven MWAs were used to seed a SWA of star shapes
containing 15 tissues. Cell clusters were allowed to fuse for 24 hours. At this time point,
Blebistatin (50 mM, Sigma-Aldricht) and Y-27632 (10 mM, Calbiochem) were added. Half
the medium was replaced every day with constant total concentrations of 50 mM of Blebi-

statin and 10 mM of Y-27632 until day 5.

Quantification using color maps. Color maps (figures 3) show values, in 5 consecutive
regions ranging from the tissue center to the tissue corners, of CLS density (scale from 1 to
4.8) and CLS/nucleus density (scale from 1 to 2.5) normalized to the central region. Values
are an average of 24 images from 3 biological samples. The same scale is used for normal
and impaired compaction. Contribution of tissue density to CLS density was measured as
the expected CLS density due to a strict effect of compaction as compared to experimental
CLS density. Color maps (figure 4) show values for VEGF density per nucleus (scale 1 to
3) and VEGFR?2 intensity per CD31+ area (scale 1 to 17) in 5 consecutive regions ranging
from the tissue center to the tissue corner and normalized to the region of weakest inten-
sity of both normal and impaired compaction. Values are an average of 24 images from 3
biological samples.

Statistics. Differences between groups are determined using a Student’s T-test as followed.
Figure 2a, n=10, two-tailed distribution, unpaired samples. Figure 4b, n=3, two-tailed dis-
tribution, paired samples. Figure 4c, n=3, two-tailed distribution, unpaired samples. Figure
4e, n=3, two-tailed distribution, unpaired samples. Figure S5, n=3, two-tailed distribution,

paired samples. Figure S6, n=3, two-tailed distribution, unpaired samples.
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Supplementary informations

S1. Tissue arrays. Tissue arrays are routinely fabricated in agarose (pink templates, left picture) by rep-
lica molding from a silicone or SU-8 master via an intermediate Polydimethylsiloxane (PDMS) stamp
with topographies (transparent template, left picture). Agarose templates are placed in conventional
culture plates and used for non-adherent cell culture. Tissue arrays of disc-, triangle- and square-shaped

tissues cultured on microfabricated agarose templates in a conventional 12-well plate.

- Corner, Star shape

— Corner, Square shape
-= Circle

- Side, Square shape
- Side, Star shape

Displacement (%)

0 50 100 150
Time (h)
S2. Tissue displacement. The displacement of tissue borders was measured as relative to the initial

distance between the center and the border using bright field pictures (n=>5). Displacement = 100 - % of

the original distance. Standard deviations, n=10.
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Bright field

F-actin

24 h. 60 h. 90 h. 120 h.

$3. The timeline of tissue compaction correlates with the F-actin intensity. Tissue compaction was
assessed using bright field images and quantified by measuring the projected area of tissues (n=5).
F-actin fluorescent intensity was assessed using a phalloidin staining and was quantified using an histo-

gram plot (Image J)(Standard deviations, n=>5).
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$4. Density of CD31+ cells. Radial Profile Plot were done using 5 images of the total cross-section
of a tissue for 3 different biological samples. Image J (http://rsbweb.nih.gov/ij/) was used to produce a
profile plot of normalized integrated intensities around concentric circles as a function of distance from
a point in the image. The intensity at any given distance from the point represents the sum of the pixel
values around a circle. This circle has the point as its center and the distance from the point as radius.
The integrated intensity is divided by the number of pixels in the circle that is also part of the image,
yielding normalized comparable values (see http://rsb.info.nih.gov/ij/plugins/radial-profile.html). For
the density of CD31+ cells as a function of the distance from the center to the periphery (S5, a), values
at similar distances on each spoke were averaged.

For the density of CD31+ cells in sides compared to corner (S5, b), shapes were divided into 6 or 8
equal areas, as depicted by the red spokes in ¢, values from each spoke and each area were averaged.
The value is the average for one samples sides and its respective corners. The statistical significance is

calculated using a T-Test (one tail distribution, paired, standard deviations, n=3).
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Periphery

Normal compaction
$5. Tissue hypoxia is homogeneous. Angiogenesis is mainly driven, during diseases and traumas, by

Impaired compaction
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local hypoxia which attract blood vessels through the activation of HIF1a which regulates VEGF pro-

duction. HIF1a is constantly produced and degraded in the cytoplasma of cells and translocate to the

nucleus upon hypoxia. Here, using antibody staining, we found that HIF1a is partly cytoplasmic and

homogeneously expressed across the tissues. This suggest that the preferential formation of CLS and of

VEGF production are not controlled by localized hypoxia. Scale bars are 100 micrometers.

Tissue corner

-

Tissue center ,

L4

24 hours 96 hours 144 hours
Circle 0.34 +/-0.22 1.03 +/-0.42 0.42 +/-0.26
Triangle 0.49 +/-0.14 0.38 +/-0.24 0.63 +/-0.15

$6. Cellular proliferation. Cellular proliferation was assessed by BrdU incorporation over a period

of 12 hours ending at 24, 96 and 144 hours of culture. Proliferating cells (green) are restricted to the

CD31+ cells and are not limited to the tissue periphery (Standard deviations, n=3.).
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S7. Average total number and area of CLS. The total average of number of CLS (a), number of CLS
per nucleus (b) and CLS area per nucleus (c) were similar during normal compaction and impaired
compaction. 24 images were quantified from 3 different samples. Statistical differences between normal
compaction and impaired compaction was not significant (T-Test, one tail distribution, paired). Note
that the wide phenotype of the CLS when compaction was impaired probably influenced the slight

increase in the total CLS area. Standard deviations, n=3.

VEGF expression in tissue periphery

VEGF

Nuclei

10 pm
-——

Normal compaction Impaired compaction

$8. VEGF is mainly cytoplasmic and overexpressed upon tissue contraction. VEGF production is
visualized using a specific antibody for all isoforms. Left panel is a representative picture of VEGF
intensity in the tissue periphery of compacting tissue. Right panel is a representative picture of VEGF

intensity in the tissue periphery of tissues with impaired compaction.

§9. VEGFR2+ cells strictly overlaps with CD31+ cells. CD31 and VEGFR2 in consecutive cuts.
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Chapter 6
Tissue complexity

This chapter discusses the results of this thesis and gives an overview of
currently known patterning mechanisms during vascular development.
We then discuss current limits and restrictions in investigating and un-
derstanding the mechanisms of pattern formation in living organisms

and the possible contribution of microfabricated multicellular systems.

Looking for the underlying pattern: Reality is hard to see.
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Tissue complexity - O how I learned to stop worrying and love biology

1- What did we learn from these experiments?

ascular development is a process central to tissue engineering and regenerative
medicine and we speculate that in vitro engineered vasculatures will contribute
to solve both therapeutic and fundamental problems in regenerative medicine.
First, due to its function in mass transport and its inductive role in organogenesis (i.e. liver
[1], pancreatic [2] and others [3]) the vasculature is a critical therapeutic target to enhance
tissue survival and to contribute to new tissue formation during regeneration processes.
Second, the engineering of microfabricated in vitro models of vascular development will
allow for the investigation of fundamental questions on vessel morphogenesis and pattern

formation in a context more closely mimicking in vivo situations.

The first part of this thesis (chapter 3) is dedicated to the engineering of a vascularized
graft as a template for endochondral bone regeneration. We showed the formation of a
vasculature inside a graft, its in vitro maturation using the morphogen Sonic Hedgehog
and its contribution to robustly improve the in vivo process of bone formation. These ex-
periments demonstrate that only a mature vasculature can efficiently contribute to tissue
formation. Indeed, the density of vascular lumens formed in vitro correlated with the den-
sity of lumens perfused in vivo. This raises questions on the stability of in vitro formed
vascular structures and role of the flowing blood in selecting, maintaining and promoting
further maturation of the engineered blood vessels. This approach aimed at mimicking the
regenerative process of endochondral bone repair which is critically dependent on vascu-
larization and occurs in large and mechanically challenged bone defects. We show for the
first time the formation of clinically relevant amount of bone tissue from a vascularized
graft, by a combination of intramembranous ossification and endochondral ossification.
The remodeling of the graft observed in vivo is reminiscent of the formation of a bone

callus during endochondral bone repair. Following the proof of concept experiment of pre-
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vascularization [4] using cell lines (clinically non-applicable) for skeletal muscle tissue, we
demonstrate the possibility to use pre-vascularization for endochondral bone formation
using clinically relevant human primary cells and serum-free medium. These experiments
open the possibility to form efficient grafts for the treatment of large and mechanically

challenged bone defects.

The second part of this thesis (chapter 4, 5) is dedicated to the microfabrication of mul-
ticellular systems prone to autonomous remodeling and organization. Free-standing, geo-
metric tissues were built using microfabricated templates, in a bottom-up approach, up to
the centimeter-scale, . Using hMSC and huvEC, we demonstrate that these multicellular
systems can autonomously and heterogeneously remodel their shape, spatially regulate the
VEGEF signaling by forming gradients of VEGF and VEGFR2 expression and form stereo-
typed patterns of vascular structures. This experiment demonstrate the possibility to form
self-organizing artificial tissues which contract, deform and organize in ways reminiscent
of naturally developing tissues. This is, to the best of our knowledge, the first experiment
showing artificial tissues which stereotypically and autonomously remodel their shape and
create stereotyped patterns. From the engineering point-of-view, this experiment shows
the possibility to form, in parrallel, high numbers of self-organizing tissues as building
blocks to form grafts. From the scientific point-of-view, this experiment shows the pos-
sibility to investigate mechanisms of pattern formation in microfabricated tissues and sug-
gest that the forms/boundaries of tissues and endogenous forces feed-back to control their
remodeling and organization. During angiogenesis, the formation of VEGF gradients is
thought to be mainly regulated by underlying gradients of hypoxia [5]. Concomitantly,
here we propose that tissue forms/boundaries and endogenous forces can spatially regulate

the VEGF signaling and angiogenesis thus integrate local signals at the global, tissue level.



Chapter 6

2- Pattern formation during vascular development

n the following text, I will discuss the current knowledge regarding the morphogen-
esis and formation of organized patterns in the vascular tree which involves the for-
mation of branches, their transformation into tubes, the control of their branching,

size and direction.

Vascular morphogenesis results from the combination of numerous overlapping processes:
(i) processes not precisely controlled; for example, if vascular development occurs random-
ly to fill available space, (ii) precise iterative genetic processes at the microscale by repeated
use of mechanisms, as in fractal models [6-7], (iii) self-organized processes meaning emer-
gent processes resulting from numerous local fluctuating behaviors, (iv) template processes
through guidance of environmental cues (i.e. the neuronal network, physical gradients of
forces or gradients of soluble molecules, extracellular matrix or hypoxia). We will try to
depict the respective contributions of each patterning process in forming and remodeling

the vascular tree and describe the currently known underlying mechanisms.

pon differentiation from mesodermal progenitor cells form round and un-

branched blood islands which then elongates and sprout in cord-like struc-

tures. Upon interconnection, these structures form a non-hierarchical lattice
(honeycomb-like structure), the plexus, which then lumenize. This process of plexus for-
mation is probably guided by an underlying templates (i.e. hypoxia/ VEGF gradients, neural
guidance) [8] and is patterned by a Notch-DIl4 self-organization process [9].

Upon connection to the heart and the first heart-beat, this plexus progressively remodels
into a fractal-like hierarchical network (i.e. tubes of different sizes) and specializes (i.e. ac-
quisition of arterio-venous identity, tissue-specific identity). During remodeling, the con-
trol of vascular development is increasingly taken over by feedback signals derived from
vascular function, including blood flow, pressure and tissue-specific cues including local
metabolic state and tissue compliance [10-11]. The orderly structure of the vasculature
emerges as each vascular segment reacts to the local conditions and stimuli that it experi-

ences, according to a common set of genetically determined responses.

Classical descriptions of the morphogenetic movements resulting in tubular structures
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suggest five different categories of wrapping, budding, cavitating, cord hollowing and cell
hollowing (vesicle coalescence) [12]. Blood vessels have been observed to form by budding,

cavitation, cord hollowing and cell hollowing.

Cell hollowing

Morphological processes of tube formation

Wrapping: a portion of an epithelial sheet invaginates and curls until the edges of the invaginating

region meet and seal, forming a tube that runs parallel to the plane of the sheet..

Budding: a group of cells in an existing epithelial tube (or sheet) migrates out and form a new tube as

the bud extends. The new tube is a direct extension of the original tube.
Cavitation: the central cells of a solid cylindrical mass of cells are eliminated to convert it into a tube.
Cord hollowing: a lumen is created de novo between cells in a thin cylindrical cord.

Cell hollowing: a lumen forms within the cytoplasm of a single cell, spanning the length of the cell.

(courtesy of B. Lubarsky)

enetic control of vascular development. The initial specification of the en-
dothelial progenitor cells and the early branching patterns are believed to be
controlled by genetics (see table 1 in the appendix for references). This genetic
control argues that specific clusters of genes are sequentially and reiteratively activated.

Indeed, bFGF (basic Fibroblast Growth Factor) and VEGF are two molecules which are
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critical for the differentiation of mesodermal progenitor cells into endothelial cells and
bFGF is iteratively activated at branching sites during vascular development [13]. Molecu-
lar pathways are then modified at each stage of branching by genetic feedback controls
to give distinct branching outcomes [14]. The expression of arterial and venous-specific
molecules before the onset of the blood flow also argues for a genetic predetermination of
the vasculature [15]. Sequential gene activation drives local molecular/cellular behaviors
but explains with difficulties the spatial and temporal emergence of organization. Beyond
genes, complementary organizing and regulatory principles are necessary [14, 16]. For in-
stance, why is a specific mesodermal progenitor cell differentiating among a population
and what controls the numbers and spatial distribution of mesodermal cells that will follow
this differentiation path? What are the principles underlying the controlled organization
of these endothelial cells into blood islands structures? Is this controlled by a genetically
hardwired program including a genetic clock and pre-determined gene expression patterns
or, for example, by random fluctuating, explorative behaviors and feedback controls? How

are these genetic programs interacting with the physical environment?

echano-transductional control of vascular development. The seminal

work of Donald E. Ingber argues for an important contribution of mi-

croscale cellular mechanical forces regulating the genetic expression pat-
terns of endothelial cells [17]. This genetic interplay with physical forces permit to regulate
the switch from proliferation to apoptotic and differentiation programs of endothelial cells
[18]. Local mechanical deformations of the endothelial cells (external or endogenous forc-
es) modulate cellular behavior through adherents cell junctions (i.e. cadherins), binding to
the extra-cellular matrix (i.e. integrins) and the cytoskeleton (i.e. actin-myosin, Rho and
Rac signaling)[19]. Similarly, at the multicellular level, internal patterns of stress can induce
local proliferation [20] and the site of initiation of budding by local extracellular matrix
remodeling [21]. These microscale mechanical forces might act as stabilizers channeling
genetic expression and cellular behaviors during the differentiation and the assembly of

vascular structures.
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ocal inhibition, competition and spacing control of vascular morphogenesis.

A question in vascular morphogenesis is how do some cells take on specific roles

within a local group of cells? This problem was addressed through a process of
local competition/inhibition [9]. Among fluctuating but relatively homogenous population
of cells, a cell differentiate and simultaneously creates a local signal preventing neighboring
cells to differentiate. The initial angiogenic sprouting and acquisition of the tip (leading)
cell and stalk (following) cell phenotypes is based on gene expression (Notch/Dll4) but is
dynamically organized through “social interactions” and lateral inhibition [9]. The tip phe-
notype is the default response to VEGF stimulation. VEGFR2 activation by VEGF-A results
in the up-regulation of DIl4 ligands. D14 binds to Notchl on neighboring cells, leading
to the down-regulation of VEGFR2 [9]. Upon fluctuation and competition, a quantitative
difference of DIl4 favors one cell follow the VEGF gradient and concomitantly prevents
lateral cells from assuming the lead [9, 22-23]. Upon initial competition, cooperation might
take place [23-24]. The iteration of the process allows the precise spacing between branch-
ing sites and the adequate ratio between tip and stalk cells required for correct sprouting
and branching patterns. This self-organized process allows for the integration of molecular
signals at the multicellular level and the coordination of a morphogenetic process. This
conserved mechanism was described for tracheal [23] and vascular branching [9] but also

for the regulation of the size of the developing wing of the fruitfly [25-26].

hanneling of the angiogenic sprout away from the mother vessel. Interest-

ing mechanisms were discovered lately which are channeling and guiding the

nascent angiogenic sprout away from the mother vessel. These mechanisms are
based on the formation of short gradients of inhibitors along the mother vessel which
prevent the sprouting vessel to form a closed loop back to the mother vessel. Nascent an-
giogenic sprouts are guided away by short gradients of inhibitors of the soluble molecule
Flt-1 (VEGFRI1) [27-28] or possibly by the sprouting inhibitor TgfB [29] which are both
produced by the mother vessel itself. Interestingly, the profile of the gradient is modulated
by local remodeling events (i.e. remodeling of the extra-cellular matrix) and by the geom-
etry of the of the blood vessel (the curvature of a blood vessel reduces the range of the gra-

dient and thus favors sprouting). These mechanisms allow, in conjunction with exogenous
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VEGF-A, for the local guidance of the sprout away from the mother vessel.

low control of vascular development. Haemodynamic flow continuously re-

models the identity (i.e. arterial/venous identity) of blood vessels depending on

local cues [30] and regulates the global patterning of arteries and veins in pe-
ripheral organs such as the yolk sac by selection/regression of vessels [11]. The flow selects
capillaries of the initial plexus which then grow according to the forces they experience
(positive feed-back loop). The enlargement is limited by the maximum pressure exerted
by and the distance from the heart (negative feed-back loop). When the flow is stopped
(heart removal), the vasculature spreads indefinitely by forming only small vessels [11].
Hemodynamic flow drives the fusion of small caliber vessels into large tubes, the selective
disconnection and transfer of endothelial cells from the arterial system to the venous sys-
tem and the guidance of lumenized vessel sprouts [30]. This adaptation relies on the local
conditions and stimuli, according to a common set of genetically determined responses
[31]. Numerous molecular elements are involved in the sensing and response to flow, from
integrins and cadherins at the cell surface (see D.E. Ingber, above) to shear-stress-respon-

sive-elements on gene promoters [30].

ypoxia guidance of vascular development. As discussed in the introduc-
tion, hypoxia is a driving force of vascular development acting as an underly-
ing template. Regions which become hypoxic upregulate HIF by stopping its
degradation. Stable HIF1a controls the expression of VEGF which attracts blood vessels
through a graded production. The range of action is partly regulated by the diffusivity of
the different isoforms of VEGE. Following vessel ingrowth in the target tissue, proper oxy-
genation results in a down regulation of HIF and a return to an homeostatic situation. This
autonomous system provides a template for the directional growth of both tracheal [24]

and vascular organs [32].
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ervous guidance of vascular development. The vascular system and the neu-
ronal system develop alongside one another and uses common axon guidance
molecules (see introduction). It is not known whether one comes first or not

and possibly act as a guiding template for the other [33].

issue endogenous forces guidance of vascular development. Local mechani-
cal properties of tissues (i.e. tissue compliance) and deformation fields has been
often suggested to form a path which guides vascular development. Using math-
ematical modeling, it was shown that the endogenous forces exerted by the tissue is suf-
ficient to remodel the vascular network and create straight vessels with regular branching
angles [11]. In chapter 5, we show that the endogenous tissue contractility of the surround-
ing cellular environment can also provide patterning signals through a spatial regulation of
the VEGF signaling and the formation of a gradient. This experiment suggest that the form/
boundaries of tissues can feed-back to create an heterogeneous distribution of mechanical

stress and VEGF signaling components leading to vascular pattern formation.

his synthesis of current state-of-the-art in patterning processes during vascular
morphogenesis emphasizes the numerous overlapping patterning mechanisms

and the difficulty to predict a vascular architecture a priori.



Chapter 6

3- Investigating tissue morphogenesis using in vitro models

3-1 Morphogenesis as an emergent phenomena

espite the complexity and intrinsic instability of biological systems (i.e. gene

expression noise and fluctuation), tissues are incredibly robust to variations,

stereotyped on large-scales and can self-repair. For example, many embryos
ablated from part of their cells develop correctly, an adult liver partly ablated will re-grow
to its initial size and newts can regenerate amputated limbs. From the engineering point-
of-view, these properties are extremely inspiring.
Here we discuss evidences that tissue organization and morphogenesis results from system-
level properties which emerge from large population of cells [34] according to sets of ge-
netically pre-determined responses. Such organization is characterized by the emergence of
structures at the global level of a system solely from numerous, iterative interactions among
its lower level components [34] and regulated by positive and negative feed-back loops
which are bridging local cell programs and global tissue behavior. Such emergent behavior
and feedback control mechanisms produce complex and robust patterning behaviors in tis-
sues [35]. The increasing importance of feed-back signals derived from vascular function
(i.e. blood flow, tissue-specific metabolic state and compliance) and the local adaptation/
organization of the vasculature according to local conditions and stimuli discussed previ-
ously are reflecting these large-scale self-organized mechanisms. In addition, the experi-
ment in chapter 5 and others [11, 18, 20, 29, 36-39] demonstrate that self-organization can
lead to pattern formation in engineered multicellular system and opens opportunities to

investigate these mechanisms in vitro and to apply them for tissue regeneration therapies.

rom this point of view, we will (i) discuss possible current restrictions in studying
and understanding morphogenesis, (ii) an alternative experimental approach to
the problem of pattern formation conducted in the field of self-organization, (iii)
depict an example of emergent behavior during embryonic development and finally, (iv)
discuss the possibility that microfabricated multicellular systems can provide integrated

models to investigate the questions of emergence in morphogenesis.
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3-2 Conceptual restrictions in understanding morphogenesis

eveloping and regenerating tissues are complex systems. Despite the inventory

of biological elements and their interconnections (human genome project,

molecular biology), we still have a primitive understanding of the system-level
dynamic leading to the organization of tissues, organs, organisms [40].
First, beyond their individual components (genes, proteins, RNA, microRNA, enzymes...),
cells form signaling networks, protein complexes or protein interaction networks whose
regulatory nature is not formally understood. Indeed, these regulatory networks use sto-
chasticity (stochasticity during transcription [41-42]), noise (gene expression noise [43-
45]) and fluctuation (transcriptome fluctuations [43]) to refine and extend their molecular
and physical machinery. Molecular pathways form large networks using hypersensitivity
(using microRNAs), by-pass and numerous feed-back loops to built tightly regulated and
robust processes. These regulatory networks generate emergent behaviors which are prob-
ably as important as their individual components. For example, these emergent behaviors
are currently thought to channel cell fate decision by creating attractor states leading for
instance to cellular differentiation in discrete cell types [46] and the intrinsic heterogeneity

of populations of cells [43, 47].

Over 50 years ago Waddington presented an epigenetic landscape as a metaphoric picture
of development (see figure and appendix) [48]. This view was lately formalized by control
theory and complex system theory and confirmed experimentally [43, 46, 49-51] which
suggests that the control of cell fate by genes has both deterministic and stochastic elements.
Complex regulatory networks define stable molecular states towards which individual cells
are drawn over time, whereas stochastic fluctuations in gene and protein expression levels

drive transitions between coexisting attractors, ensuring robustness at the population level.

///m/ i

f

Epigenetic landscape of Waddington. A metaphorical view of the modulation of development by

genes, 1957 (see appendix).
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These findings confirmed that (i) the regulatory patterns of biological networks are at least
as important as the individual signaling components and (ii) that cell behaviors are chan-
neled by these regulatory networks toward phenotypical states. There is thus a fundamental
gap between understanding the components of the genetic and molecular pathways of cells
and understanding cell behaviors, patterns of cell behaviors and multicellular organiza-
tion. In this view, the classical approach of one gene knock-out is both powerful and lim-
ited. It proved useful for the few master-keys (i.e. VEGF [52-53]) which are critical nods
to the regulatory networks but do not permit to investigate less central genes (i.e. among
many examples, PHD2 plays an important role during angiogenesis but knock-out mice
for PHD2 have a normal phenotype [54]) whose disturbance can been buffered or compen-
sated and do not give a phenotype.

Second, cells, tissues and organs are regulated by the physical environment. D’Arcy Thomp-
son postulated in 1917, that the shape of organisms are directly imposed by the action of
physical forces, by opposition to the internal (genetically-driven) forces [55]. For example,
organisms of small size (and cells [38]) are shaped by surface tension whereas bigger ani-
mals are shaped by gravity. In his view, the shape of an object is a diagram of forces and

physical constraints are orchestrating the organization of organisms.

L 2
i
Xy

e,
Fjv

Head of a crane (machine) and of a femur. From Culmann and Wolf, 1866. “The spatial arrangement
of bone trabecules are lines of physical constraint, the direction of the lines of tension and compression

exerting on the structure under a physical load” (D’Arcy Thompson, On growth and forms).
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Strikingly, while the organisms described by Thompson are objects whose life has been
excluded, his intuition was lately proven experimentally. Macroscale mechanical forces (i.e.
“Julius Wolf’s law” for bone remodeling), microscale tensional forces at the cell surface and
inside the cell (tensegrity model of D.E. Ingber) [56], the osmotic swelling of cells [57-58],
the surface tension-induced segregation of cells [37] or the shear of fluids [10, 59] are phys-
ical phenomena regulating genes/molecular signalling pathways, cellular phenotypes and
tissue morphogenesis [40]. As depicted in chapter 5, beyond individual cells, tissues are
shaped by emergent behaviors at the population level which arise from their interactions
inside a physical frame (tissue form and contractility). Physical phenomena shape biologi-
cal systems and can also be seen as attractors in the sense of Waddington: They channel the

possibilities of biological forms.

Based on these observations, it is clear that the integration of genes and molecular net-
works in the study of multicellular organization will require to understand their emerging
properties, the roles of stochasticity or the systemic control and regulatory mechanisms.
This explains why, for example, a signal in a specific context will cause a cell to differentiate
while elsewhere lead to mitosis and in a third context will induce cell death. In general, the
outcome of the signaling event is not determined by the signal itself but by the physical and
developmental state of the cell. While integrated on large-scales and regulated by feedback

loops, these modulations give rise to patterned cellular behaviors and tissue architectures.

3-3 Pattern formation: learning from self-organization?

ne important contribution to the study of systemic control and regulatory

mechanisms in biology is the field of self-organization which is most success-

tully applied to the behavior of social animals [34]. Up to this point in this the-
sis, we used the term self-organization as a phenomenological, not as a mechanistic term,
to depict the macroscale autonomous organization of the tissue. However, self-organization
also refers to a range of pattern formation processes in the physical and biological word in
which order and structures emerge at the global level of a system solely from numerous,
iterative interactions among the lower level components of the system [34]. The rules speci-
tying interactions among the system’s components are executed using only local informa-

tion, using feed-forward and feed-back loops, without reference to the global pattern. Re-
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markably, very complex structures result from the iteration of simple behaviors performed
by individuals relying on only local information [34]. This is classically studied in colonies
of social insects (i.e. ants or bees), sand grains assembling into rippled dunes but also in
cells, tissues and organs: homeostasis (the self-maintaining nature of systems from the cell
to the whole organism) or the chromatin and cytoskeletal assembly in cells (for precise ex-
ample of self-organization in the cell, please see appendix) are two well studied examples of
respectively large- and small scale self-organized phenomena. During tissue morphogen-
esis, the lamellar “plywood” structure of collagen fibers in bone lamellae (formed in chap-
ter 3) result from a self-organization process: they are determined to a large extent by local
stress-strain conditions and by the intrinsic chemical properties of the collagen molecules
rather than being specifically cell-directed [60-63]. Interestingly, such organizational phe-
nomena do not necessitate external guidance, blueprints, recipes or pre-existing templates
(for counter-examples of self-organization, please see appendix).

This approach of organizational phenomena leading to pattern formation emphasize the
importance of systemic regulatory networks. It uses relatively simple stimulus-response
which are executed in a probabilistic manner and contrast with the complexity of the emer-
gent collective phenomenon. Both chemically- and physically-induced feed-back loops ini-
tiate, control, regulate and stop the phenomena.

The interest of discussing the experimental approach in the field of self-organization in
animal behaviors lies in its focus on the dynamic of control and regulatory mechanisms
rather than on individual components. Beyond the simple analogy between morphogenesis
and social animal behavior, the question lies in the possibility that self-organized processes

also plays an important role during multicellular pattern formation.

In the first part of the thesis the CD31* cells self-organize to form branched networks
which are decently arranged, distributed, connected and stop growing at some point ; in
the second part of this thesis, the tissues autonomously deform their shape up to a point
of equilibrium (they do not round up) and spatially organized the VEGF signaling and the
patterns of capillaries. The mechanisms involved allow for the emergence of patterns with-
out external guidance or stimulation. It is though relevant to speculate that our vascular
patterns are formed by self-organization or directed self-organization (because an initial

shape is imposed using a template). In the first part of this thesis, a morphogen was used to
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trigger several cellular processes (formation of vascular lumens, overexpression of collagen
type X mRNA). Morphogens are, by definition signaling molecules which act directly on
cells to produce specific cellular responses dependent on its concentration. As described
in chapter 3, the distribution profile of the vascular lumens at a specific concentration
of 10 nM was wider and normal as compared to other concentrations. This organization
into a hierarchy and the normalization of the distribution profile of lumens is an emergent
behavior of the vascular network. In the second part of the thesis, as described in chapter
5, the formation of the gradient of VEGEF, the gradient of compaction and the vascular pat-
terns can be seen as an emergent behavior of the multicellular construct and of the vascular
network. The loss-of-function study (impaired compaction) show that the gradient of com-
paction, gradient of VEGF and vascular patterns arise from both the physical form of the
tissue and the genetic regulatory network. Interestingly, the shape of the construct stabilize
which suggest a negative feed-back of the remodeling probably due to a stabilization of the
cell-cell interactions and to the production of extra-cellular-matrix. Further experiments

are thus necessary to assess these regulatory loops.

3-4 Integrated models of pattern formation

3-4-1 Integrated in vivo models: drosophilia

The study of epithelial invagination (wrapping) in Drosophila embryo is relevant of cur-
rent restrictions in the study of morphogenesis [64-65]. Epithelial folding is observed in
numerous developmental processes including mesoderm invagination. Apical cell contrac-
tion is thought to trigger the formation of a ventral furrow by changing the morphology

of epithelial cells from cuboidal to bottle-shaped, which causes the tissue to bend and fold.

Global mechanism: This furrow was first thought to be formed by continuous, synchronous
apical constriction of epithelial cells, driven by a purse-string-like contraction of a cortical
actin-myosin ring underlying apical adherent junctions [66]. Live imaging ruled out this
hypothesis and revealed a more complex process whereby asynchronous, discontinuous
pulsatile contractions of cells are leading to a smooth global contractile movement at the
tissue-scale. Each cell displays a pulsing behavior, alternating between phases of rapid con-

traction and pauses where the cell apical surface area remains stable [64].
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“Ratchet” model of epithelial invagination of A.C. Martin & E.E. Wieschaus.

Genetic regulation: Cellular constriction occurs by iteration of two successive waves of
contraction. The first wave is a stochastic process mediated by randomly positioned me-
sodermal cells (~40%) and is controlled by the transcription factor Snail. The second wave
immediately follows and is controlled by the transcription factor Twist which maintains
and stabilizes the constriction of the cells between two contractions (“ratchet” mechanism).
The iterative process temporally involves Snail and Twist and drives productive apical con-

striction.

Mechanical positive feed-back: The invagination requires a spatial redistribution of the mo-
tor protein Myosin II to the apical side of the constricting cells. The mechanical tissue
deformation creates a positive feed-back loop which enhances the process of Myosin II
redistribution [65] since impaired redistribution of Myosin II and mesoderm invagination
are rescued by local mechanical deformation of the mesoderm with a micromanipulated

needle.

Emergent tissue behavior from local stochastic events: The global tissue contraction at a
steady rate results from the integration of stochastic, asynchronous contractions of individ-
ual cells which are physically coupled through cell-cell interactions. As E. Paluch and CP
Heisenberg wrote, “Chaos begets order” [67]. The emergence of a continuous behavior of

the system at the tissue-level from asynchronous, discontinuous contractions in individual
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cells has already been observed during convergent extension in Xenopus [68] and therefore

may represent a conserved cellular mechanism that drives precise tissue level behavior.

This example, which is currently one of the most advanced in terms of integrating signals
at different scales, depicts the current frontier in morphogenesis. Beyond the deterministic
gene-centered view, morphogenesis also results from emergent behaviors resulting from
the integration of local stochastic events. These studies are using a relatively simple organ-
ism as a powerful model (rapidity, throughput, genetic manipulation, imaging) and cur-
rently cannot be done in living mammalians. However, they reveal conserved mechanisms
and open a perspective for a coherent framework whereby local behaviors are integrated at
the tissue-scale through self-organized, partly stochastic processes emerging from popula-

tions and which orchestrate the organization of tissues and organs.

3-4-2 Integrated in vitro models: microfabricated systems

How to transit from a gene/molecule centered approach to a system approach in studying
morphogenesis? How can engineer contribute to an integrated approach to the problems

of pattern formation?

A next step solution is to look at dynamic, quantitative processes in these systems, focusing
on the sequence of cellular and molecular processes (actuation mechanisms, forward- and
feed-back loop mechanisms) rather than on their nature (genes/molecules). Here we pro-
pose that microfabricated multicellular systems can give new insights into the emergence

of tissue-scale mechanisms of pattern formation.

Microfabricated tissue models add the possibility to built by design experimental models
of intermediate complexity, between current cell culture protocols and in vivo situations,

which achieve the minimal level of structural complexity prone to induce organization.
What are the advantages and limitations of such artificial multicellular systems?

Technical advantages. As described above, the main advantage is to integrate the biological
complexity in engineered controllable systems. Models of intermediate complexity can be
assembled and designed at will. These systems theoretically allow for (i) precise variations
on, for example, the forms and dimensions, (ii) the spatial patterning of different geneti-

cally modified cell populations, (iii) the parallel culture of numerous units for screening
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purposes (only limited by the number of cells), (iv) an important control over the envi-
ronment using for example microfluidics (local delivery of a soluble factor or siRNA), (v)
an easy manipulation of the units (i.e. laser ablation to locally disrupt mechanical tension
[69-70]) and (vi) the possibility for live imaging. They should prove useful to recapitulate
slices of tissue development and regeneration. Interestingly, direct nuclear reprogramming
techniques opened perspectives to provide patient-derived cell sources to build these mod-
els [71].

Scientific advantages. Microfabrication approaches allow for the study of systems interme-
diate complexity with defined characteristic. The parameters of morphogenetic processes
can be decoupled and studied independently. To illustrate this in the context of vascular
development, we depict two classical examples of (i) single cell and (ii) pairs of two cells
behavior analysis on microfabricated templates.

This intermediate complexity was achieved at the single cell level in a seminal experiment
by Christopher S. Chen. Endothelial cells attached on microfabricated islands of increasing
sizes were physically stretched with a continuous variation of the cell shape from small and
round to fully spread. This continuous variation resulted in discrete, abrupt changes from
apoptosis to differentiation and proliferation [18, 39]. In an analogy to the abrupt phase
transitions of inorganic materials which result from the emergent properties of the atomic
network, the discrete cellular fates were thus described as emerging from the interactions

of the molecular machinery and physical constraints [72].

Another example using groups of two endothelial cells patterned, in the shape of a Bowtie,
on top of an array of mechanical sensors demonstrated that tugging force at cell-cell junc-
tion in itself modulates the size of the adherent junction through myosin and Racl. The
experimental set up allows for a precise decoupling of the intracellular cellular forces and
the intercellular tugging force. This mechanism was shown to regulate the sensitivity of
cells to physiological regulators of vascular permeability (thrombin, SP1) and coordinate
the assembly and disassembly of cellular junctions, thus possibly providing a mean to dy-
namically remodel the permeability of blood vessels according to the mechanical signal

they locally experience [73].

These two examples are involving either single cells or two cells coupled. Despite their ap-

parent simplicity, these set up allowed to reproduce complex phenomena and the precise
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measurements of the dynamic forces and molecular machinery involved. Current improve-
ment in microfabrication techniques will allow for the patterning of larger populations of
cells arranged in three-dimensional conformations and will help to investigate the dynamic
of regulatory networks (i.e. feedback loops) and emergent behaviors leading to pattern for-
mation and morphogenesis.

Limitation. These experiments are strongly hypothesis-driven or relies on grossly repro-
ducing architectures mimicking the tissue of interest. The self-organization of the multicel-
lular system depends on the adequate matching of the components (i.e. the cell source and
cell state) with the design (multicellular pattern or dimensions matching the cell source and
cell state). This necessitate important knowledge of the in vivo situations and thus should be

conducted in parallel to in vivo observations recapitulating the complete program.
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4- Is a formal approach to morphogenesis possible?

n parallel to the necessary reductionist approach making the inventory of the basic

biological building blocks (genes, proteins, enzymes...) and their interactions, the

systemic control and regulatory principles of morphogenesis can be investigated dy-
namically and quantitatively at the tissue-scale using integrated in vitro models.

Indeed, from the explosion of complexity revealed by genetic, biochemical and molecular
biology aroused some unexpected perspectives: Despite inherent complexity, developing
multicellular organisms use conserved mechanisms to orchestrate morphogenetic move-
ments (i.e. tissue compaction, elongation, bending or tubulation). This opened a perspec-
tive for conceptual frameworks explaining the stereotyped organization of organisms which
might be applicable from the fruitfly to the human, from embryos to adult tissues and from
physiological to pathological tissues. It attenuate the idea that multicellular organization is
too complex to be understood, recapitulated and thus manipulated for therapeutic applica-
tions. Instead, it suggested that multicellular organization is not necessarily refractory to

generalization and conceptualization.

However, beyond genes and molecules, we are just starting to grasp the importance of
systemic processes and feedback control mechanisms which are used to integrate signals at
the tissue-scale. These processes are partly stochastic, emergent and self-organized and are
strongly contributing to the precise, robust and versatile orchestration of morphogenesis.
Interestingly, these processes bridge local cellular/molecular processes to the emergence of

forms and patterns in tissues and thereby connect reductionism to complexity [74].

In parallel to the observation of complex living organisms, artificial multicellular system
might contribute to investigating these phenomena in vitro, benefit to the study of morpho-
genesis and to the development of strategies to promote tissue regeneration during diseases

or following traumas.
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5- Appendix to the discussion

Self-organization in the cell. A large part of the organization of the cell depends on self-
assembly processes that do not dissipate energy and are based on thermodynamic equilib-
rium (i.e. compartmentalization of the nucleus in domains). However detailed examples
of intracellular self-organizing behaviors include the formation of the chromatin spindle
during the cell cycle [75-77], microtubules [78-80] and the regulation of cell shape through
actin-myosin complexes [81-82]. The relation of this last example to cellular function was
done by looking at chemotaxis and cell polarization since polarization can occur in the ab-
sence of any cue through spontaneous symmetry breaking [83-86]. The study of the emer-
gence of forms in biology partly lack the understanding of how dynamic interactions be-
tween agents can lead to the emergence of patterns. Here, based on experiments described
in this thesis and on previously described work, we speculate that self-organization might

plays a role in the morphogenesis process of branching organs.

Counterexamples of self-organization: These examples are taken from the book of Scott
Camazine [34]. The concept of self-organization in biological systems can be conveyed
through counterexamples. A marching band forming immense letters on a football field
provides one such example. Here the band’s members are guided in their behavior by a set
of externally imposed instructions for the movementsof each band member that specify
in fine detail the final configuration of the whole band. A particular member of the band
may know that the instructions are to march to the 50-yard line, turn left 90 degrees and
march 10 paces. To the extent that the band member follows this recipe for contributing
to the pattern and ignores local information, such as position relative to neighbors, this
pattern formation would not be considered self-organized. Similarly, a team of carpenters
building a house is a pattern-formation process that functions without self-organization.
Here members of the construction crew are guided in their collective behavior by prede-
termined externally imposed instructions expressed as blueprints, that precisely specify the
final structure of the house. Letter formation by a marching band and house construction
by a construction crew both involve pattern building in space. Let us also consider two
counterexamples to self-organization that involve pattern building over time. One such ex-

ample is oarsmen in a rowing team pulling on their oars in perfect synchrony with one an-
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other and with appropriate adjustments of their stroke frequency. This pattern arises when
each oarsman responds to the coxswain’s shouted instructions indicating when to begin
each stroke. Clearly, this is an example of a group generating a pattern by following explicit
orders from a leader based on the overall state of the group members. The rhythmic con-
tractions of muscle fibers in the heart are also a counterexample to self-organization. Here
the pattern arises as the component building blocks (the muscle fibers), follow instructions
from special excitable cells that act as an external pacemaker and send a rhythmic electrical
signal to the fibers.

Difference between self-organization and self-assembly: in physic and biology, two types
of emergent behavior contribute to morphogenesis, self-organization and self-assembly.
In both cases, the final structure arise from the integration of isolated components in a
functional construct, however, two differences dissociate them. First, upon self-assembly,
the elements and their properties are not affected by their integration whereas their inser-
tion during a self-organized process modify their comportment, for example, their kinetic
of reaction. Second, once formed, a self-organized structure remains dependant from an
external source of energy or matter whereas a self-assembled structure is a stable entity,

relatively autonomous.

Waddington’s epigenetic landscape: Waddington’s view was that development occurs
similarly to a ball rolling down a sloping landscape containing multiple ‘hills’ and ‘valleys’:
as development progresses, cells take different paths down this landscape and so adopt
different fates. In this view, differentiation is not terminal, but instead different cell states
are maintained by epigenetic barriers which are balanced states of the underlying regula-
tory system that can be overcome given sufficient perturbation. This intuition was lately
confirmed by experiments which provided evidences of multiple attractor states and the
possibility to switch from one to another at the single cell level owing to transcriptome-
wide fluctuations in protein expression levels [43, 46]. This view is also suggested by the
reprogramming experiments which demonstrated the possibility to go “back up the hill” to
a pluripotent state [87] but also directly from one differentiated state to another [88] upon

disturbance of the transcriptome.
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Glossary

Angiogenesis: the formation of new blood vessels by sprouting and proliferation from an

existing one.

Vasculogenesis: the formation of new blood vessels “de novo” from endothelial progenitor

cells.
Chemotactic: movement by a cell or organism in reaction to a chemical stimulus

Complexity: complexity and complex systems generally refer to a system of interacting
units that displays global properties not present at the lower level. These systems may
show diverse responses that are often sensitively dependent on both the initial state of the
system and nonlinear interactions among its components. Since these nonlinear interac-
tions involve amplification or cooperativity, complex behaviorsmay emerge even though
the system components may be similar and follow simple rules. Complexity in a system

does not require complicated components or numerous complicated rules of interaction.

Conserved : A gene, molecule or mechanism that has remained essentially unchanged
throughout evolution. Conservation of a gene, molecule or mechanism indicates that it is

unique and essential and changes are likely to be lethal.

Emergence: defines the arising of patterns in complex systems, out of a collective multi-
plicity of relatively simple interactions. This term underlies the spontaneity of the trans-
formation and the impossibility to predict the final structure from a single component

(i.e.in contrary to crystal growth). An emergent property cannot be understood simply
by examining in isolation the properties of the system’s components, but requires a con-

sideration of the interactions among the system’s components.
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Extra cellular matrix: An insoluble protein scaffold on which cells reside. The ECM
provides the mechanical structure and attachment sites for soluble factors and signals
through cell surface receptors. Epithelial cells, endothelial cells and adipocytes rest on a

specialized ECM called the basement membrane.

Morphogenesis: from the Greek morphé shape and genesis creation. Formation of the
ordered tissue structures during the development and regeneration of a multicellular
organism. It occurs through the coordination of patterned cellular behaviors (differentia-
tion, migration, growth and death) and tissue movements. The word Morphogenesis was

introduced in 1789 by Goethe in The Metamorphosis of Plants.

Reductionism: empirical reductionism is methodological mode of analysis implying

the dissection of a biological entity or system into its constituent parts in order to better
understand it. Fundamentalist reductionism is a statement about the nature of the world:
living systems can be completely understood in terms of the properties of their constitu-
ent parts. Fundamentalist reductionism does not require emergent behavior and explains

the whole strictly with the sum of its parts (adapted from (1)).

Self-organization: a process in which pattern at the global level of a system emerges solely
from numerous interactions among the lower level components of the system. Moreover,
the rules specifying interactions among the system’s components are executed using only

local information, without reference to the global pattern. The word Self-organization was

introduced by Kant (2)
1. C. R. Woese, Microbiol Mol Biol Rev 68, 173 (Jun, 2004).
2. E. Kant, Ed., Critique de la Faculté de Juger, (1790).



Summary

Summary

issue engineering and regenerative medicine aim at restoring a damaged tis-
sue by respectively recreating the tissue in vitro, as an implant, or by directly
promoting its regeneration in vivo. The vasculature is central to these therapies
since (i) blood vessels allow for the irrigation the defective tissue with oxygen, nutrients or
circulating regenerative cells and (ii) blood vessels play an important role in producing lo-
cal signals inducing the development of the surrounding tissue (see chapter 1). This thesis
describes the in vitro formation of biological vascular networks for tissue engineering and

regenerative medicine applications.

n chapter 3 we show the formation of a vascularized tissue, using human mesenchy-

mal stem cells (hMSC) and human umbilical vein endothelial cells (huvEC), which

mimics in vivo some aspects of the natural regenerative process occurring in large
bone defects (endochondral bone repair). In vitro, the two cell types aggregated and spon-
taneously formed a primitive vasculature. We used Sonic hedgehog (Shh), a powerful mor-
phogen reactivated upon bone fracture, to promote further maturation of the vasculature
(lumen formation, different lumen size, distribution). When implanted subcutaneously in
mice, the vasculature connected with the vasculature of the mice, was perfused with blood
and, concomitantly, bone and cartilage tissues formed. The in vitro maturation of the vas-
culature was essential to become functional in vivo: (i) in vitro maturation (Shh-treatment)
enhanced the in vivo perfusion of the implant and (ii) only the mature vasculature (Shh-
treatment) induced a robust and consistent increase in bone formation as compared to
non-vascularized implants. The implants progressively remodeled in a process similar to
endochondral bone repair, forming of a vascularized bone callus-like tissue: Direct bone
formation occurred in the periphery of the implant while a cartilage tissue formed in the
internal part which underwent hypertrophy, osteoclasts digestion and progressive replace-
ment by bone. This resulted in the formation of a full bone organ with a trabecular-like
bone structure, blood vessels and apparent bone-marrow cavities. These vascularized im-
plants mimicked ectopically several aspects of the regenerative process of endochondral

bone repair via the formation of a vascularized callus-like tissue. This opens opportunities
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for the treatment of large, mechanically challenged bone defects.

n Chapter 4, we developed a microfabrication technique to form scaffold-free, three-
dimensional, geometric tissues by sequential assembly of cells into microscale clus-
ters and millimeter-scale tissues. We demonstrate the versatility and applicability
of this method for differentiated cells, adult stem cells and embryonic stem cells. When
formed by hMSC, the endogenous forces generated by the cells induced an heterogeneous
and stereotypical deformation of the tissues according to their external and internal geom-
etries. This method allows for the parallel formation of high numbers of self-remodeling

tissues as building blocks to form tissues or organs.

sing this method, we investigated in Chapter 5 a novel mechanism of vascular

pattern formation regulated by endogenous contractility and tissue geometry.

Self-remodeling tissues formed with hMSC and huvEC deformed heteroge-
neously and stereotypically. Tissue corners and periphery induced more important defor-
mations which led to the formation of internal gradients of cellular compaction, gradients
of VEGF molecules and a local over-expression of the corresponding receptor VEGFR2.
This resulted in a preferential growth and directionality (patterns) of the vascular struc-
tures in tissue peripheries and corners. Loss-of-function studies using pharmacological in-
hibitors of cellular force generating elements impaired the formation of vascular patterns.
This experiment shows the microfabrication of tissues which autonomously self-remodeled
and organize vascular patterns in vitro in a process mimicking the naturally deforming, de-
veloping tissues. We thus propose that endogenous tissue contractility and geometry might

act as a long-range patterning mechanisms during vascular morphogenesis.

n conclusion, these experiments show the applicability of the concept of pre-vascu-
larization for endochondral bone tissue engineering. We demonstrate the possibil-
ity to form vascularized tissues in vitro which recapitulate in vivo a process similar
to the natural regeneration of large and mechanically challenged bone defects. We then
show the in vitro microfabrication of self-remodeling and self-organizing tissues which

prove useful to investigate a long-range process of vascular pattern formation driven by
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tissue geometry and endogenous forces. Based on this work and others (see chapter 2), we
speculate that microfabricated tissue models are powerful tools which will contribute to
the investigation and understanding of emergent self-organizing processes integrating of
genetic and molecular signals at the tissue scale and driving the organization of tissue pat-

terns and morphogenesis.
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Samenvatting

e vakgebieden weefseltechnologie en regeneratieve geneeskunde richten zich
op het herstellen van beschadigd weefsel door het opnieuw maken van het
weefsel in vitro, als implantaat, of het op directe manier bevorderen van het
herstel in vivo. Het bloedvatenstelsel speelt een centrale rol bij deze therapieén, omdat (1)
de bloedvaten zorg dragen voor toevoer van zuurstof, voedingsstoffen en in het bloed
circulerende regeneratieve cellen naar het beschadigde weefsel, en (2) de bloedvaten een
belangrijke rol spelen bij de totstandkoming van locale prikkels welke het omliggende
weefsel stimuleren tot verdere ontwikkeling (zie hoofdstuk 1). Dit proefschrift beschrijft
de vorming van bloedvatenstelsels in vitro voor toepassingen in weefseltechnologie en de

regeneratieve geneeskunde.

n hoofdstuk 3 tonen we de in vitro vorming van een gevasculariseerd stukje weef-

sel aan met behulp van menselijke mesenchymale stamcellen (hMSC) en menselijke

endotheelcellen van de navelstrengader (huvEC). Dit bootst enkele aspecten van de
natuurlijke in vivo regeneratieve processen van grote botdefecten na (endochondraal both-
erstel). In vitro aggregeren de twee celtypen en vormen spontaan een primitief vasculair
netwerk. Een krachtig ‘morphogen’ genaamd Sonic hedgehoc (Shh) werd gebruikt om de
verdere rijping van het vasculair netwerk te bevorderen (vorming van lumen, verscheidene
lumen groottes). Bij het onderhuids implanteren van deze gekweekte weefsels in een muis
verbond het vasculair netwerk met het bloedvatenstelsel van de muis en werd doorbloed.
Als gevolg werd er bot- en kraakbeenweefsel gevormd. De in vitro rijping van het vasculair
netwerk was essentieel om in vivo de juiste functie te vervullen: (1) in vitro rijping (behan-
deling met Ssh) bevorderde de in vivo perfusie van het implantaat en (2) alleen na de rijping
van het vasculair netwerk induceerde deze een robuuste en consistente toename van bot-
vorming vergeleken met niet-gevasculariseerde implantaten. De implantaten ontwikkelden
zich op een progressieve manier, vergelijkbaar met endochondrale botvorming. Hierbij
werd een gevasculariseerd stukje callus-achtig botweefsel gevormd. Directe botvorming
vond plaats in de periferie van het implantaat, terwijl kraakbeen weefsel zich vormde in

de inwendige delen, waar er sprake was van hypertrofie, digestie van osteoclasten en pro-
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gressieve substitutie door botweefsel. Dit resulteerde in de vorming van een volledig ‘bo-
torgaan’ inclusief een trabeculair-achtige botstructuur, bloedvaten en ‘beenmergholtes. De
ectopische implantatie van deze gevasculariseerde weefsels vertoont overeenkomsten met
verscheidene facetten van het natuurlijke regeneratieve proces van endochondraal both-
erstel via de vorming van gevasculariseerd callus-achtig weefsel. Dit biedt mogelijkheden

voor het behandelen van grote en mechanisch complexe bot defecten.

n hoofdstuk 4 beschrijven we de ontwikkeling van een microfabricage techniek voor

het vormen van driedimensionale geometrische stukjes weefsel, zonder gebruik te

maken van ‘scaffolds. In plaats daarvan worden cellen op microschaal samenge-
voegd tot clusters, waarna deze vervolgens worden samengevoegd tot millimeterschaal
weefsels. We tonen de veelzijdigheid en toepasbaarheid van deze methode aan voor gedif-
ferentieerde cellen, stamcellen en embryonale stamcellen. Wanneer deze stukjes weefsel
gevormd worden door hMSCs, induceren de door cellen gegenereerde endogene krachten
een heterogene en specifieke vervorming van het stukje weefsel, athankelijk van de externe
en interne geometrie. Deze methode staat ons toe om eenvoudig grote aantallen zelfver-
vormende stukjes weefsel te vervaardigen die kunnen dienen als bouwstenen voor weefsels

€n organen.

n hoofdstuk 5 beschrijven we het gebruik van bovenstaande methode als een nieuwe

manier voor het vormen van vasculaire patronen, gereguleerd door endogene samen-

trekking van het weefsel in combinatie met de geometrie van het weefsel. Zelfvervor-
mende stukjes weefsel, gevormd uit hMSCs en huvECs, vervormden op een heterogene en
stereotypische manier. De hoeken en de periferie van de stukjes weefsel induceerden de
grootste vervormingen welke leidden tot de vorming van inwendige gradiénten van cel-
lulaire dichtheid, VEGF moleculen en een locale over-expressie van de overeenkomstige
VEGEFR?2 receptoren. Dit resulteerde in een voorkeursrichting en -groei (patronen) van
vasculaire structuren in de periferie en hoeken van de stukjes weefsel. Een functieverlies
studie, waarbij farmacologische remmers toegediend werden om de door cellen gegener-
eerde krachten in te perken, resulteerde in het ontbreken van de vorming van vasculaire

patronen. Dit experiment toont de microfabricage van stukjes weefsel welke zich in vitro
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autonoom vervormen en organiseren in vasculaire patronen in een proces welke de natu-
urlijke vervorming en ontwikkeling van weefsels nabootst. We stellen dus dat de endogene
samentrekking en geometrie van weefsels als lange-afstand mechanisme zouden kunnen

dienen voor de patroonvorming tijdens vasculaire morfogenese.

oncluderend tonen deze experimenten de toepasbaarheid aan voor het concept

van pre-vascularisatie voor endochondrale botvorming in weefseltechnologie.

De mogelijkheid wordt gedemonstreerd om gevasculariseerde stukjes weefsel
te vormen in vitro welke in vivo een proces imiteren gelijkend op de natuurlijke regen-
eratie van grote, mechanisch complexe botdefecten. We laten daarna zien dat de in vitro
microfabricage van zelfvervormende en zelforganiserende stukjes weefsel nuttig blijkt voor
het onderzoeken van een lange-afstand proces van vasculaire patroonvorming gedreven
door de geometrie van het weefsel en endogene krachten. We suggereren, gebaseerd op dit
werk en dat van anderen (zie hoofdstuk 2), dat de microfabricage van weefselmodellen een
krachtig hulpmiddel is om bij te dragen aan het onderzoek en begrip van zelforganiserende
processen omtrent de integratie van genetische en moleculaire prikkels in weefsels en het

sturen van de organisatie van weefselpatronen en morfogenese.
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Table 1: Lessons from knockout mice (Courtesy of RK Jain, Nature Medicine 9, 685 -

693 (2003))

Ligand/receptors/pathways

Phenotype
Survival
Gene Vasculogenesis Angiogenesis | Vessel maturation Other Ref.
Vegf-A E10.5 Abnormal Impaired Impaired lumen
differentiation of | angiogenesis formation 2
blood island Impaired special
vessel organization
Vegf-B Alive Atrial conduction
abnormality 4
Vegfl20/188 | Alive Impaired arterial
Vegfl20/164 | Alive development
Vegfl64/188 | Death Impaired Ischemic
postnatally myocardial cardiomyopathy
angiogenesis
Pgf | Alive Impaired
pathological
angiogenesis
VegfR-1 E8.5 Disorganized EC
VegfR-2 E8.5-9.5 Absent yolk sac
blood island
Reduced
hematopoietic
precursors
VegfR-3 E9.5 Enlarged vessel
lumens 0
Cardiovascular
failure
Nrpi Alive Impaired neural Agenesis and
vascularization transposition of the e
Disorder yolk sac great vessels
vascular network Persistent truncus
arteriosus
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Phenotype
Survival
Gene Vasculogenesis Angiogenesis | Vessel maturation Other Ref.
Impaired
vascular
sprouting at the
central nervous
system and
pericardium
Nrpl/2 E8.5 Avascular yolk
sac :
Nrp2 Alive Reduction of small
lymphatic vesels and 4
capillaries
Jaggedl E10 defects in
remodeling of the 3
embryonic and yolk
sac vasculature
Notchl/4 Defect of angiogenic
vascular remodeling ¢
EphB2/3 El11.5 Defects in the Defects in the
remodeling of remodeling of ’
embryonic embryonic vascular
vascular network network
Ephrin-B2 E9.5 Defects in Defect of
angiogenesis myocardial e
by both traveculation
arteries and
veins in the
capillary
network of
the head and
yolk sac
Pdgf-A El10 or Loss of alveolar
postnatal myofibroblasts o
death Reduced number of
oligodendrocytes
Dysmyelinat
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Phenotype
Survival
Gene Vasculogenesis Angiogenesis | Vessel maturation Other Ref.
ion
Pdgf-B E17.5- Lack of pericyte
18.5 Microvascular s
aneurysms
Pdgf-Rex Death at Abnormal neural
birth crest development *
Abnormal somite
pattern
Pdgf-Rf Death at Hemorrhage,
birth thrombocytopenia, 3
anemia
Edg-1 E12.5- Deficiency of
14.5 vascular smooth ¢
muscle cells/pericyte
Edg-3 Alive
Galphal3 Intra- Impaired Impaired fibroblast
uterin ability of movement ¢
death endothelial
cell to
develop into
organized
vascular
system
Angl E10.5 Dilated vessel
Impaired vessel ?
branching
Ang2 Alive Incomplete Absence of
development of the o3t
the superficial intermediate Lymphatic defect
vascular bed of and deep
the retina vascular bed
of the retina
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Tie-1 E13.5- Leaky vessels, unexpanded alveoli
14.5 Edema 23
Death Leaky vessels, Small
immediate heart
ly after
birth
Tie-2 E10.5 Dilated vessels
Impaired vessel :
branching
Tef-p1 Alive or Deficient Poor EC
E10.5 extraembryonic differentiationa and N
hematopoesis hematopoiesis
Tef-fRII E10.5 Defects in yolk
sac hematopoesis B
and
vasculogenesis
Alkl El115 Severe arteriovenous
malformation 637
AlkS E10.5- Severe defects in Absence of
115 vascular circulating red blood ¢
development cell
Endoglin E11.5 Poor vascular SMC
(Tgf-BRIN) development ?
Arrested EC
remodeling
Smad2 Perigastrul Defective in
ation extraembryonic and 042
lethality mesoderm
induction/formation
Abnormalities in
anterior-posterior axis
formation
Smad3 1-10 Accelerate wound
months healing 4
after birth
Smad5 E9-11.5 Defect of Mesenchymal gut heart and
angiogenesis apoptosis craniofacial defect 647
Fgf-2 Alive Abnormal cortical
neurogenesis e
Delayed skin wound
healing
Syk/Sip-76 Alive Failure to separate
pathway emerging lymphatic 0
vessels from blood
vessels
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Molecules of cell-cell interation

vessels defective in
vascular remodeling
and branching with
impaired pericyte
investment adjacent
to endothelial

structure

Phenotype
Survival
Gene Vasculogenesis Angiogenesis | Vessel maturation Other ef.
Ve-cadherin | E9.5 Impaired vascular
remodeling and 12
maturation
Cx37/40 Perinatal Vessel dilatation and
death congestion :
especially in skin,
testis,
gastrointestinal
tissue and lung
Cx40 Alive Lower atrial and
ventricular conduction | *
velocity
Cx43 Death at Right ventricular
birth outflow tract 3
obstruction
Cd31 Alive
6
Phenotype
Survival
Gene Vasculogenesis Angiogenesis | Vessel maturation Other ef.
Cdi48 E11.5 Enlarged primitive
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Molecules of cell-matrix interactions

Appendix

. Phenotype
Survival
Gene Vasculogenesis Angiogenesis | Vessel maturation Other ef.
af; Alive Defects in platelet
aggregation and clot §
retraction, prolonged
bleeding times, and
cutaneous and
gastrointestinal
bleeding
o fs Alive
9
f8 midgestation Distended and leaky
integrins capillary vessels and 0
aberrant brain
capillary pattern
Mmp-2 Alive
1
Mmp-3 Alive
2
Pai-1 Alive
364
Tsp-1 Alive Impaired pulmonary
homeostasis B
Phenotype
Survival
Gene Vasculogenesis Angiogenesis | Vessel maturation Other ef.
Tsp-2 Alive Increased vascular Abnormal bleeding
density time °
wPa Alive
Collagen Alive Eye abnormality
Xxvinn ¢
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Transcription factors

Phenotype
Survival
Gene Vasculogenesis Angiogenesis | Vessel maturation Other ef.
Hey2 Immediately Cardiac hypertrophy
(glidlock) | after birth ?
Bmx Alive
0
Hifla Ell Cardiovascular Neural tube defect
Complete lack of malformation Reduction in the 172
cephalic number of somites and
vascularization abnormal neural fold
formation
1d1/3 E10.5 Vascular
malformation in the :
forebrain
Absence of
branching and
sprouting of vessels
into the
neuroectoderm
c-Mye E10.5 Profound defect Defect of promitive
of vasculogenesis erythrogenesis 4
Proxi Alive Budding and sprouting
arrest and lympatics B
defect
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Table 2: Angiogenesis in diseases (courtesy of P. Carmeliet, Nature. 2005 Dec
15;438(7070):932-6.).

Diseases characterized or caused by abnormal or excessive (lymph)-angiogenesis

184

ORGAN

DISEASE IN MICE OR HUMANS

Numerous organs

Blood and lymph
vessels

Adipose tissue

Skin

Eye

Lung
Gastro-intestinal tract

Reproductive system
Bone, joints

Kidney

Cancer (activation of oncogenes; loss of tumor suppressors) and metastasis; infectious
diseases (pathogens express (lymph)-angiogenic genes ', induce (lymph)-angiogenic
programs “ or transform ECs *: antimicrobial peptides or bacterial infections increase
HIF-1 levels *7; HIV-Tat is angiogenic 8); vasculitis and angiogenesis in auto-immune
disorders such as systemic sclerosis, multiple sclerosis, Sjogren’s disease on (in part
by activation of mast cells and other leukocytes).

Vascular malformations (Tie-2 mutation '?); DiGeorge syndrome (low VEGF/Nrp-1
expression '*); hereditary hemorrhagic telangiectasia (mutation of endoglin or ALK "
'%): cavernous hemangioma (loss of Cx37/40 '®); cutaneous hemangioma (VG5Q
mutation "' '°); lymphatic malformations ~; transplant arteriopathy and atherosclerosis
(plaques contain blood and lymph vessels 20'22)

Obesity (angiogenesis induced by fat diet; weight loss by angiogenesis inhibitors 2*;
anti-VEGFR2 inhibits preadipocyte differentiation via effects on ECs ?*; adipocytokines
stimulate angiogenesis 2°; lymph induces preadipocyte differentiation 2527

Psoriasis (high VEGF and Tie2 ), warts 2, allergic dermatitis (high VEGF and PIGF
S 32), scar keloids ** 34, pyogenic granulomas, blistering disease S , Kaposi's sarcoma
in AIDS patients ®, systemic sclerosis *°.

Persistent hyperplastic vitreous syndrome (loss of Ang-2 ** or VEGF164 *); diabetic
retinopathy; retinopathy of prematurity 0. choroidal neovascularization *° (TIMP-3
mutation *')

Primay pulmonarg hypertension (BMPR2 mutation; somatic EC mutations
45, nasal polyps 3 ; rhinitis 47; chronic airway inflammation 43, cystic fibrosis 2

Inflammatory bowel disease (ulcerative colitis 5D) and periodontal disease 51, ascites,
peritoneal adhesions 52; liver cirrhosis %%

Endometriosis % 57, uterine bleeding, ovarian cysts 58, ovarian hyperstimulation *

Arthritis and synovitis 5&63, osteomyelitis o, osteophyte formation %; HIV-induced bone
marrow angiogenesis

Diabetic nephropathy (early stage: enlarged glomerular vascular tufts)

4244)- asthma

67, 68
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Diseases characterized or caused by insufficient (lymph)-angiogenesis or vessel

regression
ORGAN DISEASE ANGIOGENIC MECHANISM
IN MICE OR HUMANS
Nervous Alzheimer's disease Vasoconstriction, microvascular degeneration and cerebral
system angiopathy due to EC toxicity by amyloid-R 69,70,
Amyotrophic lateral sclerosis; Impaired perfusion and neuroprotection, causing motoneuron
diabetic neuropathy or axon degeneration due to insufficient VEGF production "'
Stroke Correlation of survival with angiogenesis in brain ’®; stroke due
to arteriopathy (Notch-3 mutations 7)
Blood and Diabetes Characterized by impaired collateral growth ’®, and
Lymph vessels angiogenesis in ischemic limbs 7°, but enhanced retinal
neovascularization secondary to pericyte drop out .
Hypertension Microvessel rarefaction due to impaired vasodilation or
angiogenesis ®#,
Atherosclerosis Characterized by impaired collateral vessel development
Restenosis Impaired reendothelialization after arterial injury *
Lymphedema latrogenic (post-surgery of breast cancer; elephantiasis caused

Gastro-
intestinal tract

Skin

Reproductive
system

Lung

Kidney

Bone

Heart

Gastric or oral ulcerations

Crohn’s disease

Hair loss

Skin purpura, telangiectasia,
and venous lake formation
Systemic sclerosis, Lupus
Preeclampsia

Menorrhagia (uterine bleeding)

Neonatal respiratory distress
syndrome (RDS)

Pulmonary fibrosis,
emphysema
Nephropathy (ageing;
metabolic syndrome);
glomerulosclerosis;
tubulointerstial fibrosis

Osteoporosis, impaired bone
fracture healing

Ischemic heart disease,
cardiac failure

by parasites); heriditary (VEGFR3 mutations) .

Delayed healing due to production of angiogenesis inhibitors
by pathogens &%

Characterized by mucosal ischemia
Retarded hair growth by angiogenesis inhibitors %
Age-dependent reduction of vessel number and maturation
(SMC drop out) due to EC telomere shortening *'.
Insufficient compensatory angiogenic response i

EC dysfunction, resulting in organ failure, thrombosis and
hypertension due to deprivation of VEGF by soluble Fit1 %%

Fragility of SMC-poor vessels due to low Ang-1 production *

Insufficient lung maturation and surfactant production in
premature mice with low HIF-2/VEGF *; low VEGF levels in
human neonates also correlate with RDS ¥/.

Alveolar EC apoptosis upon VEGF inhibition

50, 89

98-100

Characterized by vessel dropout, microvasculopathy and EC
dysfunction (low VEGF; high TSP1) 1'% recovery of
glomerular/peritubular ECs in glomerulonephritis, thrombotic
microangiopathy and nephrotoxicity is VEGF-dependent .

Impaired bone formation due to age-dependent decline of
VEGF-driven angiogenesis '®°; angiogenesis inhibitors prevent
fracture healing '®; osteoporosis due to low VEGF '""; healing

of fracture non-union is impaired by insufficient angiogenesis %

Imbalance in capillary-to-cardiomyocyte fiber ratio due to
reduced VEGF levels %% '%
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Acquired resistance to anti-angiogenesis treatment

KNOWN MECHANISMS

HYPOTHETICAL MECHANISMS

EC instability: In some human lymphomas, ECs

have cytogenetic abnormalities "% ",

Multidrug resistance: ECs are chemoprotected by
high levels of VEGF and other EC survival factors in
tumors, which upregulate anti-apototic signals
(survivin) and multidrug resistance-associated
protein (MRP, BCRP) """,

EC radioresistance: Hypoxic activation of HIF-1
renders ECs resistant to irradation "*°.

Vascular mimicry: A fraction of tumor vessels is
lined by malignant cells "' ""® and thus
unpresponsive to anti-angiogenic agents.

Angiogenic switch: Tumor cell clones, expressing
more of the same or other angiogenic factors, may
become selected at advanced stages or in response
to anti-angiogenic treatment (i.e. upregulation of
PIGF and FGF-2 after VEGF inhibition "> '%°; of
VEGF after VEGFR or EGFR inhibition '2'%*: of IL-8
after HIF-1 inhibition '**; etc). Anti-VEGF does not
prevent activation of VEGFR2 by VEGF-C.

Vascular independence: Mutant tumor cell clones
(such as those lacking p53 or HIF-1) or inflammatory
cells are able to survive in hypoxic tumors; their
reduced vascular dependence impairs the anti-
angiogenic response 1% 12

Stromal cells: VEGF" tumors recruit pro-angiogenic
stromal fibroblasts via upregulation of PDGF-AA ',

Lymphatics: Tumor cells metastatize via lymph
vessels; their growth is not (necessarily) blocked by
anti-angiogenic therapy .

Mature vessels: Pre-existing supply vessels are
covered by SMCs and not easily pruned by EC-
targeted treatment %1%,

Bone marrow-derived cells: Tumors or ischemic
tissues recruit pro-angiogenic EPC, HSC and
inflammatory cells independently of VEGF #1%

Micro-environment: HIF-1" glioma growth,
metastasis and malignancy are dependent on the
site, suggesting tissue-specific influences ™.

RTKIs: may not synergize with chemotherapy,
possibly because they don't block Neuropilin-1.

Gene mutations: RTKI monotherapy often results in
resistance due to the acquisition of novel mutations,
gene amplification, reduced RTKI uptake or activation
of downstream signaling pathways 2% 19138 do
VEGF-RTKIs induce similar phenomena? Do
mutations of PDGFRs " and Tie2 ? arise in tumor
vessels?

Cancer stem cells: Do cancer stem cells thrive better
in hypoxic tumors after anti-angiogenic treatment?

Endothelial cancer stem cells: Do somatic
mutations in single EPCs contribute to tumor
angiogenesis, as they do in clonal hemangiomas 7

Vessel morphology: Is improvement of drug delivery
by vessel normalization (too) transient '**? Or is drug
delivery inefficient due to excessive vessel pruning by
prolonged anti-angiogenic treatment "*? Become
tumor vessels after anti-angiogenic treatment
stabilized by an excess coverage with mural cells and
therefore resistant to pruning "4%?

Vessel cooption: Tumors coopt existing vessels "',

which may be less sensitive to anti-angiogenic
treatment and require anti-vascular agents.

Signaling redundancy: Does (epi)-genetic activation
of signals downstream of VEGFRs bypass VEGF(R)
inhibition, similar as increased PI3K activity in PTEN™
tumor cells impairs EGFR inhibition 2% 1% 137

Receptor activation in trans: Blocking a ligand will
not entirely eliminate RTK activation in trans by other
receptors (VEGFR-2 by VEGFR1 % EGFR by IGFR
123.135.1%) Heterodimerization with other receptors
may also alter angiogenic signaling '*.

Tissue-specific angiogenesis: Do different signals
regulate angiogenesis in the primary versus
metatstatic tumors?

DNA repair: Hypoxic activation of HIF-1 (resulting
from vessel pruning by anti-angiogenesis) inhibits
DNA repair ™ is this relevant for tumor ECs?

Cell adhesion-mediated drug resistance: Are tumor
ECs, most strongly adherent to ECM, resistant to
chemo- and anti-angiogenic therapy '*?

Pharmaco-economics: The costs of combination
anti-angiogenesis therapy are formidable.

For more information, the reader is referred to the following reviews

T145-T00




Appendix

Adverse effects of VEGF inhibition

ADVERSE EFFECTS IN HUMANS

PHENOTYPES IN (ADULT) ANIMAL MODELS

Thrombosis'?: Inhibition of VEGF increases
the thrombo-embolic risk 2-fold in the general
population ®', but >8-fold in cancer patients,
older than 65 years of age with a previous
history of arterial thrombotic events
(www.asco.org/ac/1,1003, 12-002511-00 18-
0034-00 19-003346,00. asp). The thrombotic
risk may be related to the reduced release of
fibrinolytic components and the increased
release of fibrinolytic inhibitors (unpublished)
and pro-coagulants 15?’; to the reduced release
of NO (inhibitor of platelet aggregation and
vasospasms) - andto EC dysfuction
resulting from deprivation of VEGF vessel
maintenance signals 155,156

Hypertension'2* likely attributable to reduced
vasodilation by NO, and possibly to pruning of
normal vessels and effects on renal salt
homeostasis 5% 154 157, 158,

Proteinuria and glomerulonephritis': related
to the maintenance role of VEGF in podocyte
functioning 159

Bleeding': in centrally located cavitary
necrotic lung tumors, likely due to vessel
disintegration.

Gastro-intestinal perforation': presumably
related to impaired wound healing.

Preeclampsia: thrombosis, hypertension,
renal dysfunction, edema due to EC
dysfunction due to trapping of VEGF by
elevated levels of endogenous soluble
VEGFR1 (sFit1) 9 94150,

Others: diarrhea™, leukopenia'?, nausea®®,
thrombophlebitis, neuropathy’2, vomiting?,
venous thrombosis?, dizziness, hand and foot
syndrome?®, fatigue®*, rash®.

Pruning of quiescent vessels (up to 68%) in healthy
organs, especially in endocrine organs with fenestrated
ECs, but also in muscle and other organs " 18

CNS: low VEGF levels in mice cause ALS-like motoneuron
degeneration 71, while VEGF-lowering gene varants
increase the risk of ALS and Alzheimer disease in humans
72.161. \JEGF inhibitors aggravate motoneuron degeneration
in the SOD1%%* mouse model of ALS (unpublished).
Microvascular disruption may underly diabetic neuroPathy,
Alzheimer disease and other neurological disorders 0.75,

82.183 |nhibition of VEGF in the CNS impairs learning by
decreasing neurogenesis 164,

Kidney: heterozygous loss of VEGF in podocytes results in
disappearance of EC fenestrations, loss ofg)odocyte foot
processes, proteinuria and hypertension 159

Lung: Inhibition or conditional loss of VEGF in the lung
cause emphysema due to apogatosis of alveolar septal cell
and bronchial epithelial cells 99,100

Preeclampsia: delivery of sFit1 causes hggertension,
proteinuria and renal endotheliosis 93,94, 100,

Bone: VEGF inhibitors impair fracture healing 165,

Reproduction: inhibition of VEGF prevents ovulation and
embryonic development 186,

Bone marrow: Inhibition of VEGF or VEGFR1 impairs
hematopoietic recover?( after myeloablation and
inflammatory disease 67-169

Heart & Limb: VEGF inhibition causes cardiac dysfunction
and dilatation after pressure overload; prunes 64% of the
capillaries in normoxic muscle with increased muscle fiber
apoptosis and decreased myoblast fusion; and impairs
functional recovery of ischemic hindlimbs 109, 188, 170,171

Pancreas: VEGF inhibition impairs pancreas regeneration
with progenitors (unpublished observations).

! toxicity observed in patients receiving anti-VEGF antibody (Avastin) and chemotherapy (phase Ill trials); **
toxicity in patients receiviq%RTKls (Vatalnib? Sorafenib®; Sutent*) and chemotherapy (phase Il trials). For more

detailed information, see
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