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Abstract

Cell therapy is a promising strategy to help regenerate the damaged heart. Recent studies have placed a lot of
hopes in embryonic stem cells and our lab had previously found a way to differentiate them into cardiac
progenitors, cells that can only differentiate into cardiomyocyte, endothelial cells or smooth muscle cells. This early
commitment decreases their proliferative capabilities, yet maintains their plasticity for better integration inside the
host tissue. However, clinical and pre-clinical injection studies did not really meet the expectations. Even though
slight improvements in cardiac function were demonstrated, very low cell viability has been observed, as well as
a very low retention of the cells inside the myocardium. To address this problem, my PhD projects not only focus
on the design of new biomaterials to act as a vehicle for cell delivery and retention in the infarcted area, but also
on the design of biomaterials that control the cellular environment during the differentiation of pluripotent stem
cells into cardiomyocytes. Going back and forth between the labs and the clinics, we first developed new
techniques for the fabrication and the characterization of a cell-laden fibrin patch that is now undergoing phase |
clinical trial. From the approved clinical formulation, we then propose new blends of clinical materials that will
eventually improve the maturation of the cardiac progenitors once grafted onto the failing heart. In this perspective,
we developed an in vitro model to investigate the combined influence of matrix elasticity and topographical
confinement on stem cell differentiation into cardiomyocytes. By using microfabrication techniques to pattern
pluripotent stem cells on substrates of controlled stiffness, we demonstrate that even using a widely recognized
chemical-based protocol to modulate signaling cascades during differentiation, much heterogeneity emerges
depending on the cellular physical environment. We thus extracted the main features that led to controlled and
reproducible cardiac differentiation and applied it to the fabrication of next generation of multi-layered anisotropic
cardiac patches in compliances with clinical requirements. This work opens new routes to high-scale production
of cardiomyocytes and the fabrication of cell-laden or cell-free clinical patches.

Keywords: Cell therapy, regenerative medicine, biomaterials and tissue engineering, cardiac development,
mechanotransduction, microfabrication, human pluripotent stem cells.

Résumeé

La thérapie cellulaire se positionne comme une stratégie prometteuse pour inciter le coeur infarci a se régénérer.
A cet effet, des études récentes placent des espoirs considérables dans I'utilisation des cellules souches
embryonnaires et notre laboratoire a déja démontré comment les différencier en progéniteurs cardiovasculaires,
un type de précurseurs cellulaires qui ne peut aboutir qu’a la formation de cardiomyocytes, de cellules
endothéliales ou de cellules de muscles lisses. Cet engagement précoce réduit leur capacité de prolifération
anarchique et en méme temps leur permet de rester suffisamment plastiques pour éventuellement s’intégrer plus
facilement avec le tissue hote. Cependant, les études précliniques et cliniques d’injection de ces cellules
s’avérérent décevantes. Malgré de Iégéres améliorations de la fonction cardiaque, on observa une trop faible
survie cellulaire ainsi qu’un taux de rétention des cellules dans le myocarde remarquablement bas. Afin d’étudier
ce probleme, mes travaux de thése ont porté non seulement sur la conception de nouveaux biomatériaux pouvant
servir de moyen de transport et d’intégration des cellules dans la zone infarcie, mais aussi sur la conception de
biomatériaux permettant de contrdler précisément I'environnement cellulaire au cours du processus de
différenciation de cellules souches pluripotentes humaines en cardiomyocytes. Grace aux importantes interactions
entre nos laboratoires de recherche fondamentale et de recherche clinique, nous avons tout d’abord développé
de nouvelles techniques de fabrication et de caractérisation de patches de fibrine cellularisés qui sont récemment
entrés dans un essai clinique de phase |. A partir de cette formulation clinique approuvée par les autorités de
régulation, nous avons élaboré toute une gamme de matériaux composites uniquement & base de matiéres
premiéres pertinentes dans ce cadre clinique, dans le but d’améliorer la maturation des progéniteurs
cardiovasculaires une fois greffés sur le coeur défaillant. Dans cette optique, nous avons également développé un
modéle in vitro permettant d’étudier précisément I'influence combinée de la rigidité du substrat et du confinement
spatial sur la différenciation des cellules souches en cardiomyocytes. Grace a des techniques de microfabrication
sur substrat mou, il a été possible de positionner précisément les cellules souches pluripotentes dans des espaces
restreints d’élasticité variable. Ainsi, nous avons pu observer que méme en utilisant des protocoles chimiques
éprouvés baseés sur la modulation de cascades de signalisation impliquées dans le développement cardiaque,
une trés forte hétérogénéité pouvait apparaitre en fonction de I'environnement physique des cellules. Nous avons
ainsi pu extraire les caractéristiques principales permettant une différenciation cardiaque efficace, reproductible
et standardisée et les avons appliquées a la fabrication d’'une nouvelle génération de patches composés de
matériaux cliniques et de couches multiples de bandes synchrones de cardiomyocytes. De fait, ces travaux
ouvrent de nouvelles voies dans I'utilisation de biomatériaux pour la production industrielle de cardiomyocytes et
pour la fabrication de patches cliniques, cellularisés ou non, dans le traitement de l'insuffisance cardiaque.

Mots clés : Thérapie cellulaire, médecine régénératrice, biomatériaux et ingénierie tissulaire, développement
cardiaque, mécanotransduction, microfabrication, cellules souches pluripotentes humaines.
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Main abbreviations

AFM: Atomic Force Microscopy

ATMP: Advanced Therapy Medicinal Product

BMP: Bone morphogenetic protein

BSA: Bovine Serum Albumine

CPC: Cardiac progenitor cells

EB: Embryoid Body (mEB for murine EB, hEB for human EB)
ECB: Engineered Cardiac Band

ECM: Extracellular matrix

EMA: European Medicines Agency

ESC: Embryonic stem cells (mMESC for murine ESC, hESC for human ESC)
ESCd-CM: Embryonic stem cell-derived cardiomyocytes
FBS: Fetal Bovine Serum

FDA: Food and Drug Administration

FGF: Fibroblast growth factor

GAG: Glycosaminoglycan

GMP: Good Manufacturing Practice

HA: Hyaluronic acid

HMDS: Hexamethyldisilazane

iPSC: Induced pluripotent stem cells

MCP: Micro-contact printing

MSC: Mesenchymal stem cells

NRCM: Neonatal rat cardiomyocyte

PAA: Polyacrylamide

PBS: Phosphate Buffer Saline

PCP: Planar cell polarity

PDMS: Polydimethylsiloxane

PEG: Poly-ethylene glycol

PEG-DA: PEG-diacrylate

PFA: Paraformaldehyde

PLL-g-PEG: Poly-L-lysine grafted PEG

PSCd-CM: Pluripotent stem cell-derived cardiomyocytes
RGD: Argininylglycyl aspartic acid. Peptide of sequence L-Arginine (R)- Glycyl (G) — Aspartic
acid (D)

RT: Room Temperature

SCD: Stem cell differentiation
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SCD-CM: Stem cell-derived cardiomyocyte

SEM: Scanning Electron Microscopy

SSEA-1: Stage-specific embryonic antigen-1 (also referred to as CD15)

SWE: Shear Wave Elastography

TFM: Traction Force Microscopy

TMCS: Trimethyl chlorosilane

UV: Ultraviolet light

wnt: (Wint) family of genes related to major developmental pathways. Wnt is a portmanteau
word made of int and Wg, for “Wingless-related integration site”.

Y-27632: small molecule that inhibits the ROCK pathway.

YAP: Yes activation protein
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Chapter 1 — Introduction

Important Note: The rationale for the PhD studies presented in this chapter is partly described in

French in the following article [1]:
Farouz Y, Chen Y, Menasché P, Ino J, Atlan M, Le Visage C, Letourneur D: Réparer les coeurs brisés

et les vaisseaux abimés. Biofutur 2012:1-4.
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Cardiovascular diseases

Cardiovascular diseases (CVD) are the main cause of mortality worldwide with more
than 17.3 million death per year [2]. Taking the example of the United States (US), there were
about 800,000 deaths due to CVD in the year of 2011, compared to less than 600,000 for all
cancers together [3]. Cardiovascular diseases are various and include myocardial infarction,
dilated cardiomyopathy, valvular heart diseases, hypertension (Figure 1.1). Not only
cardiovascular diseases are of prime importance because of their implied mortality, but also
because of the cost they represent for the Healthcare system as well as because of the
shortage in manpower it generates. In 2011, this cost was estimated to about $320 billion in
the US [3] and to about $863 billion worldwide [2].

A 100%
= QOther
80%
= Cardiomyopathy
60% E Cardiopulmonary
®Valvular and rheumatic
40% Heart Disease

E Hypertension

20%
Eischemic Heart Disease

0%
Western High Central & Asia Pacific EastAsia Latin America Sub-Saharan
Income Eastern  High Income & The Africa
Europe Caribbean

Blocked lumen in branch
of left coronary artery

Infarcted region

Figure 1.1 Ischemic heart disease is the major risk factor of heart failure in high income countries worldwide.
(A) Age- and sex-adjusted relative contributions of different underlying risk factors of heart failure in six world
regions (reproduced from [4]). (B) Schematic of the coronary occlusion leading to myocardial ischemia (adapted
from NursingCrib.com).

One of the recurring consequences of such diseases is cardiac failure. Cardiac failure
is defined as the inability of the heart to pump enough blood to the rest of the body, resulting
in tiredness, coughing, water retention in lower limbs and dyspnea (shortness of breath). Once
diagnosed, the 5-year survival rate from cardiac failure is only 50% [3]. There are many causes
of cardiac failure, and their incidence strongly varies between countries. However, it appears
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that cardiac failures usually results from ischemic heart diseases [4] (Figure 1.1-A), a problem
caused by the obstruction of the coronary artery, leading to the death of the downstream
cardiomyocytes that are no longer provided with nutrients and oxygen (Figure 1.1-B). Once
these cells are dead, this part of the tissue cannot regenerate nor can it contract. Therefore,
there is a tremendous loss in efficiency during heart contraction. In addition, scar tissue
comprised mainly of collagen is formed in the infarcted area, resulting in increased stiffness
and therefore, the healthy surrounding cells need to generate considerably more power to
supply the body with blood. This increased activity leads to accelerated tiredness of the
healthy cardiomyocyte, which eventually acquire an arrhythmogenic phenotype or even start
to die.

Rationale of the ESCORT Clinical Trial

Many approaches have been considered in order to improve the function of the
infarcted heart. Assisting devices can be implanted to stimulate cardiac pumping, but the best
solution is still heart transplant, which is problematic due to the shortage of available hearts.
Nowadays, cell therapy is considered as one of the most promising strategies to help
regenerate the damaged heart. Indeed, replacing the dead cells with new cells would be a
sustainable solution that corresponds best with physiological needs. Figure 1.2 shows a naive
representation of what could an ideal patch could look like in the close future, as imagine at
the beginning of my PhD studies.

A. Normal heart C. Interface between the patch and the infarct

cross-section

plane ~
> r( A
., Sy b )

T

blood vessel — — endothelial cells

— healthy cardiomyocytes

collagen fibers

— fibroblasts
Left ventricle

B. Infarcted heart
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gradient

,é,r pe\
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\
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Figure 1.2 The ideal cardiac patch.

Global view and sections of a nhormal heart (A) and an infarcted heart (B) with the strategy for positioning the patch.
The “ideal” patch (C) contains cardiac and endothelial progenitor cells. It delivers angiogenic factors and
mechanically supports the dilating heart to ensure improved contractility, while waiting for grafted cells to have
secreted their own extracellular matrix in the hope that they would replace the scar tissue made of stiff collagen
and residual fibroblasts. Figure adapted from Th. Winslow’s artwork and Y. Farouz’ schematic published in [1].
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Many cell types have been considered as good candidates for the repopulation of the
damaged heart. One would think that the best cells would be the exact same type as the ones
that have died. This would include mainly cardiomyocytes, but also blood vessel cell types like
endothelial cells or vascular smooth muscle cells. However, cardiomyocytes are very difficult
to obtain because they can hardly be harvested from the patient’s own body (and there would
be arisk to get some damaged cells) and because they are already mature (meaning that they
already established a well organized network of sarcomeres and formed gap junctions with
their neighbors). Hence, it would be almost impossible to expand them and there would be a
very low probability that they would be able to integrate in between the healthy cardiomyocytes
of the patient’s heart [5].

Another option is the use of myoblasts that can proliferate and then differentiate to
form myotubes. These cells are interesting because, like cardiomyocytes, they become
striated muscle cells. However, they lack of the ability to contract spontaneously and need an
electrical stimulus in order to contract. This is not a problem a priori, but again their integration
inside the already existing tissue is source of a lot of interrogations.

Therefore, recent studies have placed a lot of hopes in stem cells. Cells like
mesenchymal stem cells or adipocyte-derived stem cells are not expected to replace the dead
cells, thing that they can hardly do (although some laboratories claim they can) but instead
would support the revascularization of the infarcted region by generating paracrine factors like
VEGF, SDF-1 or PDGF. These growth factors will help the recruitment of new endothelial
cells, smooth muscle cells and reduce apoptosis in the infarcted area [6, 7].

If adult stem cells can only act by paracrine stimulations, embryonic stem cells have a
lot more potential, as they can actually differentiate into the three cardiac lineages:
cardiomyocytes, endothelial cells and smooth muscle cells. The only concern when using
embryonic stem cells would be their anarchical proliferation and their large panel of available
commitments. To avoid these problems, we think the best solution is to differentiate these
embryonic stem cells into cardiovascular progenitors (Figure 1.3), a type of cell that can only
differentiate into one of the three cardiac cell types [8]. This early commitment decreases their
proliferative capabilities, yet maintains their plasticity. It is this characteristic that we are

looking for when considering the integration of the cells inside the host’s tissue.
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Endothelial cell Smooth muscle cell Cardiac muscle coll

Cardiomyocyte

Figure 1.3 Short summary of the differentiation protocol from hESCs to cardiovascular progenitor cells
as patented and published by Blin et al. [9]

Scaffold type

Clinical trials and other pre-clinical studies did not really meet the expectations
mentioned above. Indeed, even though slight improvements in cardiac function were observed
in terms of wall thickness, ejection fraction during the cardiac cycle, or in term of
revascularization of the infarcted area, very low cell viability has been observed, as well as a
very low retention of the cells inside the myocardium.

To address this problem, several teams including ours are designing new biomaterials
to act as a vehicle for cell delivery and retention in the infarcted area [10, 11]. The ideal scaffold
will be the one that would allow the cells to attach and maybe proliferate inside the patch,
allowing them to generate a new extracellular matrix around them while the biomaterial is

degrading or resorbing.

Rationale

Different cell types require different environments in order to develop appropriately and
form a functional tissue. We want to start from human embryonic stem cells (Figure 1.4, step
1), to drive them to differentiate into cardiac progenitors (Figure 1.4, step 2), then we want to
incorporate them in a scaffold (Figure 1.4, step 3) that would be grafted onto the myocardium
(Figure 1.4, step 4) in order for them to integrate with the patient’s tissue (Figure 1.4, step 5),
forming new vessels as well as new contractile units. In each step of the project, different
mechanical properties of materials are important, such as the elasticity for the stem cell
differentiation, or the rate of degradability once the patch is inside the body. Also, mechanical

stability has to be taken into consideration for surgical reasons, as a good patch will not only
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be a patch that provides a physiological environment, but it will be a patch that would be easily

manipulated inside the operating theater.

Furthermore, as cells change their phenotype about twice (from embryonic stem cells
to cardiac progenitors to cardiac cells, see Figure 1.3), different environments need to be
provided for each of these phenotypes. Defining more clearly these two environments is

the global aim of my PhD projects.

differentiation yield and specificity
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Figure 1.4 The importance of scaffold parameters at every step of the fabrication process.
[Main image adapted from Julian George’s PhD thesis]

Although differentiation has been deeply investigated by the use of developmental
factors to induce cell maturation, it has been recently demonstrated that other properties like
matrix elasticity, composition and structuration are of prime importance in the differentiation
process. Culturing mesenchymal stem cells on surfaces with low stiffness (<1 kPa) led to their
differentiation into neuron like cells, while increasing the stiffness led to their differentiation
into skin cells (1 kPa), muscle cells (10 kPa) or bone cells (~100 kPa) [12]. Other independent
studies showed that culturing embryonic cells on surfaces that were patterned with lines led
to the formation of mature cardiomyocytes (see next chapter). Indeed, these cardiomyocytes
formed anisotropic sarcomeres and formed gap junctions in order to maintain electrical

coupling along the tissue [13-15]. Some studies also report variations in phenotypes
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depending on the type of extracellular matrix protein the cells were seeded on. For instance,
mimicking peptides like RGD (present in fibronectin or collagen, for instance) or YISGR
(present in laminin) do not allow cells to form mature sarcomeric structures [16, 17].

As shown in Figure 1.4, the next step toward the fabrication of a cardiac patch is the
sorting of the cells. Sorting is a step that usually takes advantage of the differential affinity of
cells for different adhesion proteins or substrates. The current technique is magnet-assisted
cell sorting where antibodies are attached to magnetic beads. These antibodies are selective
to the cell type we want to select or exclude. The current issues lie in the fact that we currently
need to do positive sorting, meaning that the cells linked to the beads are the cells of interest.
These beads, if not removed, can interfere with the good behavior of cells once inside the
patch and then in the body.

The next step is the incorporation of the cells inside a patch. Again, many approaches
have been considered. Patches can be made in two dimensions, where cells are seeded on
top of the film. This method is very attractive because cells have been extensively studied in
two-dimension and we know very well how to control their organization [18-20]. Also, it has
the advantage of putting the cells directly in contact first with the culture medium and second
with the host tissue. However, although we do not exclude such a strategy in the future, there
are currently some clinical hurdles that would need to be overcome. First, having cells on a
surface makes the patch handling much more complicated: the surgeon has to be very careful
not to scratch the cells away, making sure that the right side is put in contact with the tissue.
Second, the quantity of cells that we can seed on a surface is much lower than in a 3D gels,

even though stacking 2D layers of cells is still an option to keep in mind.

In order to compensate for the cell mortality during the surgery, it is interesting to
incorporate the cells in a three-dimensional matrix. It mimics better the natural cell
environment, ease the manipulation of such a patch and increase the number of cells that can
be delivered. However, it can be difficult to control the anisotropy and the porosity of the matrix

and ensure its mechanical stability at the same time.

We plan on varying the composition of the fibrin precursors to alter the porosity of the
fibrin gel, as well as to ensure good cell viability and manipulability. An important point will be
the thickness of the construct, which will have to allow nutrients and oxygen to diffuse inside

the patch.
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Presentation of the thesis project

As described here, the physical characteristics of the biomaterial, like its elasticity,
porosity, degradability, the biochemical characteristics of the biomaterial, like its growth factor
composition, its adhesion proteins and their distribution, have a dramatic influence on the cell
behavior, and this influence depends strongly on the cell type. The two main steps in this big
project starting from hES culture and ending in the operating theater will therefore be
investigated by taking into accounts these many parameters, but with very distinct points of
view. First, we describe what is known regarding differentiation of stem cell into
cardiomyocytes and how physical constraints play a role in it (Chapter 2). Second, we draw a
picture of the practical challenges that arise when trying to translate biomaterials based stem
cell therapies to the clinics (Chapter 3). From these observations, we came to the conclusion
that the most urgent would be to make sure that hESC are a viable choice and thus, we
focused on the fabrication of a patch made out of clinical components only. The cardiac patch
had to be optimized with regards to clinical constraints in order to quickly receive an approval
from the regulatory agencies to start clinical trials and get a first feedback from human patients
(Chapter 4). Next, we take a step back and investigate how we could improve cardiac
differentiation and finely control their final phenotype. Pluripotent stem cells will be studied
with a rigorous set of conditions to determine the best microenvironment for their differentiation
into cardiac progenitors (Chapter 5). Before taking another step back to look at the big picture
of what we have achieved and what remains to do (Chapter 7), we propose strategies to
design new ways to bridge the gap between cell culture and patch fabrication by taking
advantage of the preferential adhesion of the cells onto ECM proteins, and we propose new
blends of clinical materials that would allow modulating their mechanical properties while

keeping their potential for fast clinical translation (Chapter 6).
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Chapter 2 —On the design of biomimetic materials for

cardiac stem cell differentiation

Important Note: Most of the content of this chapter has been published in Stem Cells in 2015 [1]:
Farouz Y, Chen Y, Terzic A, Menasché P: Concise review: growing hearts in the right place:

on the design of biomimetic materials for cardiac stem cell differentiation. Stem Cells 2015,

33:1021-1035.
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Abstract

Tissue engineering aims at recapitulating permissive conditions that enable cells to
collaborate and form functional tissues. Applications range from human tissue modeling for
diagnostic purposes to therapeutic solutions in regenerative medicine and surgery. Across this
spectrum, human stem cells are the active ingredient, expandable virtually indefinitely and
with the propensity to generate new tissue. Engaging lineage-specific differentiation requires
a precise concerto of key spatial and temporal factors, such as soluble molecules and growth
factors, but also physical and mechanical stimuli. These stimuli compete to modulate distinct
developmental signaling pathways and ultimately affect the differentiation efficiency. The heart
is a chemo-mechano-electrical biological system that behaves as both a sensor and an
actuator. It can transduce electrical inputs to generate mechanical contraction and electrical
wave propagation. Such a complex organ arises from multipart developmental events that
interact with one another to self-regulate. Here, we overview the main events of heart
development and the role of mechanical forces in modifying the microenvironment of the
progenitor cells. We analyze the cascades regulating cardiac gene activation to illustrate how
mechanotransduction is already involved in the most popular protocols for stem cell
differentiation (SCD) into cardiomyocytes. We then review how forces are transmitted to
embryonic stem cells (ESC) by cell-substrate or cell-cell communications, and how
biomaterials can be designed to mimic these interactions and help reproduce key features of
the developmental milieu. Putting this back in a clinical perspective, many challenges needs

to be overcome before biomaterials-based SCD protocols can be scaled up and marketed.
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Introduction

Beyond chemical signaling, mediated by soluble growth factors, providing the foundation for
SCD protocols [2], there is growing evidence that environmental cues are also of prime
importance in guiding differentiation events [3]. Indeed, it appears that the whole stem cell
niche is important in determining cell fate. In addition to chemical factors (including
transcription factors and other proteins), oxygenation [4], extracellular matrix (ECM) proteins
[5-8], innervation, support cells [9, 10] and mechanical loading [11] are some of the key
parameters that have been identified. In the heart, cardiac cells form anisotropic layers able
to contract in response to electrical signals. Therefore, mechanical properties are thought to
contribute to differentiation and further maturation during embryogenesis. Here we focus on
the impact of the mechanical and topographical properties of materials used for cell culture on
the differentiation of stem cells into cardiomyocytes. Adequate differentiation of stem cells into
cardiomyocytes has significant medical applications offering the aptitude to recreate cardiac-
like tissue for patient-specific in vitro drug toxicity assays [12, 13] as well as designing cell-
based therapies for treatment of cardiac diseases [14-16]. Indeed, hopes were reinforced after
historical observations on the benefits of human embryonic stem cell-derived cardiomyocytes
(hESC-CM) on infarcted rat hearts[17] have been recently extended to non-human primate
hearts [18, 19].

With the formation of the four-chambered heart, the cellular arrangement of cells highly
evolves from a cardiac crescent to a cardiac tube, followed by two looping events, the
formation of the four chambers and finally septation (Figure 2.1-A). During these steps,
differential growth occurs as well as increased blood flow and the initiation of electrical signals.
Hence, cells are stretched, sheared, thereby resulting in different cell phenotypes at different
stages of development [20, 21].

However, in vitro SCD is often realized only by activating signaling cascades mimicking the
way they are activated during embryogenesis. This is achieved by using transcription factors
[2], small molecules [2], or miIRNASs [22, 23], often identified from high-throughput screenings
[24-27].

The most used protocols involve modulation of developmental signaling pathway such as the
canonical Wnt pathway [26, 28-32], the Wnt/PCP (non-canonical) pathway [33-36], TGF-$ and
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BMP pathways [37-40], and all their combinations [41]. These protocols are increasingly

efficient and simpler than the original ones [42], and while the first versions relied on reagents

that were either difficult to translate to the clinics or simply too expensive, a lot of effort is now

made in order to create the simplest cocktails possible [43].

Figure 2.1 General strategy for differentiating PSCs into cardiomyocytes.

A.

Observation of the heart’s developmental stages. After gastrulation and somite formation (i), the foregut arise and folding
brings the two branches of splanchnic mesoderm together (ii-iv) before eventually merging (v) and forming the heart tube
(vi, vi’). Cardiomyocytes are already beating and further differentiating but some keep proliferating (vii), cause the tube to
start its C-loop (vii’). The S-loop (viii’) causes the cardiomyocytes to stretch even more (viii) and when the four chambers
are finally formed (ix’), they almost completed their elongation and differentiation (ix)

Analysis of the relationships between external mechanical forces and gene expression. Although the main principles are
similar, ESCs (top) and cardiomyocytes (bottom) have different mechanosensing architectures. ESCs connect together
using E-cadherins and form round shaped colonies (cortical actomyosin network), while cardiomyocytes connect through
N-cadherins, establish gap junctions for electrical signal transmission and express an important set of proteins for
crystallization of actomyosin into highly anisotropic sarcomeric structures. Connections to the extracellular matrix are
regulated via chemical (angiotensin II) or mechanical stimuli. Along with differentiation, tissues secrete different kind of
ECM protein. For instance, the heart as a higher fibronectin:laminin ratio than the blastocyst.

Basic biochemical mimicry can be achieved by culturing ESCs on petri dishes coated with ECM mixtures or mimics.
Using sequential addition of cocktails of growth factors and/or small molecules, developmental signaling pathways are
triggered and ESCs are directed toward cardiomyocyte differentiation.

Advanced biophysical mimicry emerges through microfabrication techniques. 2D or 3D patterning of circular shapes
allow for mimicking of the blastocyst structure (top) while patterning of lanes allow for mimicking aligned cardiac tissues
(bottom).
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While the two main pathways used in in vitro cardiac differentiation are the Wnt/B-catenin
pathway and the BMP pathway, it is becoming clearer that the common denominators are
mechanosensing and calcium signaling (Figure 2.2). The Wnt/PCP pathway is responsible for
convergence/extension of the gastrulating embryo [44-46] while the BMP pathway and smad
genes activation is promoted by membrane mechanosensors [47] as well as calcium signaling
[48]. Calcium is also responsible for stabilization of cell-cell interactions through N-cadherin
[49]. As N-cadherins are ultimately coupled to B-catenin [50-52] and a-catenin, overpresence
of N-cadherin contacts at the membrane can trigger overactivation of N-cadherin as well as
inhibition of B-catenin translocation in the nucleus, which is equivalent to Wnt/B-catenin
inhibition or GSK3B overactivation [35, 53]. Another example of the importance of forces and
calcium signaling is the establishment of the Left/Right axis, which precedes cardiac looping.
Combining two models, it is thought that a right-to-left shear flow induces the generation of a
gradient of growth factors, but also induces the bending of the primary cilia. Bending of the
primary cilia will lead to the increase in calcium on the left side, cooperating with Nodal and
BMP signaling to activate Pitx2 and trigger cardiac looping [21, 54, 55]. Finally, calcium is also
one of the main actors of cardiac contraction, reestablishing the link between mechanical

forces and calcium signaling (Figure 2.1-B).

Of importance, the Hippo pathway has also been found to be involved in cardiogenesis
through the YAP/TAZ molecules [56], already known to act as mechanical transducers in
tissue-growth servo-regulation pathways [57, 58]. Similarly, myocardial differentiation was
observed by GSK3p activation (i.e. Wnt/B-Catenin inhibition) in a signaling cascade involving
the insulin-like growth factor pathways, under control of the YAP/TAZ pathway [59]. This is no
longer surprising under the light of a study by Azzolin et al., where Wnt inhibition is reinforced
by the presence of YAP/TAZ in the beta-catenin destruction complex, while Wnt activation
triggers both YAP/TAZ and beta-catenin release and nuclear translocation, a phenomenon
responsible for the inhibition of mesendodermal differentiation[60]. More details on the
relationship between Hippo, Wnt and stem cell differentiation can be found in recent reviews
by Hao et al. and Varelas et al. [61, 62]. As further discussed later in this review, both the
topography and the elasticity of the substrate influenced the fate of adult cardiac progenitor
cells (CPC) through a YAP/TAZ-dependent mechanism [63]. Signaling studies on the
relationship between the Hippo pathway, mechanotransduction and cardiogenesis have not
been translated to efficient SCD protocols yet, but increased evidence of their intricate
relationships can be found in other models, like for MSC differentiation [64] or neuronal
differentiation from iPSCs [65].
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In this review, we highlight the mechanotransduction effects in a hierarchical fashion, first by
defining briefly how cells can sense forces, and then, zooming out on the physical forces
generated by the cell-matrix interactions, the cell-cell interactions, aggregate mechanics,
tissue mechanics and finally the heart development itself. At each scale, we will summarize
current knowledge regarding the biophysics of development and maturation of
cardiomyocytes, and which techniques are available to recapitulate these environmental
properties in a modular bottom-up fashion.

ECM
Mechanotransduction
Wnt/ PCP
Calcium

BMP/TGFR
Nodal

D D @
o173 D S

: Cardia . o
Pluripotency SICSs Differentiation
A genes

Figure 2.2 Important players involved in conventional cardiac differentiation protocols, and their interactions with
physical factors (not published).

Debate 1: Murine vs. Human cells

Differentiation studies using murine models are very important in the field of developmental
biology. Like other model species (the fruit fly, the xenopus or the zebra fish), they allowed
identifying the main regulatory pathways that control embryonic development, with regard to
both biological and mechanical behaviors. However, major differences exist between murine
and human pluripotent cells. While murine ESCs (MESCs) can be cultivated on gelatin-coated
petri dishes with the only addition of LIF (Leukemia Inhibitory Factor), human ESCs (hESCs)
need a far more complex ECM coating (fibroblast feeder layer, Matrigel or vitronectin for non

cellular materials). Another distinction is the timing of development and of expression of
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membrane proteins. For instance, while induction of mesendodermal differentiation of mMESC
by BMP2 leads to CD15 negative cells, the same protocol on hESCs will give rise to a
mesendodermal population of CD15 positive cells. Hence, the sorting will be reversed [18,
66].

Additionally, the beating rate of mature cardiomyocyte is completely different. While murine
cells can be paced at more than 4Hz (240bpm), human cells prefer slower paces, of about 1-
2Hz (60-120bpm). These interspecies differences thus need to be cautiously taken into
consideration when trying to translate animal data into potential clinical applications. Still, in
this review, many animal models will be referenced in an attempt to identify interesting

mechanistic results or promising techniques that have not been translated to human cells yet.

Force transmission: Cell-Cell Interactions and Cell-ECM

interactions

Before being able to adapt to different mechanical environments, cells need ways to sense
the environment. Before compaction at the 8-cell stage, every single cell is only connected to
its neighbor through cell-cell interactions, using proto E-cadherins and a few integrins [67, 68].
Upon cell compaction, cells increasingly express E-Cadherins and start secreting other types
of cadherins[69], which can be seen as the first differentiation step before implantation of the
embryo in utero, as cells self-sort by cadherin-type affinity. Later, cells start to secrete more
and more ECM components, like collagen, vitronectin, tenascin, elastin, fibronectin, hyaluronic
acid (HA) or laminin [70]. Cells then bind to these components through different mechanisms,
for example by creating focal adhesion complexes through RGD-integrin interactions, or by
other specific receptors (like CD44 for HA) [71].

By the end of development, cells can sense external forces either through cell-cell interactions,
cell-ECM interactions, mechanosensitive ion channels or by directly sensing the force by wave
propagation throughout the cell and toward the nucleus [71]. Hence, in order to manipulate
the stem cell niche, the surface chemistry at the interface between the cell and the materials
must reflect the integration of all the coupled mechanical signals before it reaches the cell
membrane. Although not clearly demonstrated in the literature, one can think that if ECM
proteins are too weakly bound to the materials, cells will not be able to generate the same
amount of force, in similar ways as if it was linked to a soft material. Cells would then behave
as if in suspension. Also, if ECM proteins are not abundant enough, integrin clusters and focal

adhesions would be insufficient to form as efficiently as in a physiological context [72].
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Cadherins and integrins are both linked to the cytosolic network of actomyosin. When the
tension of this network is changed, a signaling cascade occurs, involving the Rho pathway,
directly deforming the nucleus. These signals are then integrated within the nucleus leading
to a differential gene expression and thus activating or repressing various developmental
pathways [73, 74] (Figure 2.1-B).

Providing cell-cell communication capabilities and cell-ECM coupling was the first strategy
stem cell researchers have employed. In contrast to mMESCs, one of the first attempts to culture
what we call now hESCs showed that regular petri-dish treatments for cell adhesion allowed
expansion but triggered spontaneous differentiation as early as the second passage [75].
These dishes are made adherent by exhibiting positively charged functional groups. Although
cells can form adhesions, they do not recapitulate the signals given by different ECM
components during embryogenesis. Additionally, the high brand-variability in terms of
nanotopography and surface charge can have dramatic effects on cell behavior [76]. Because
of their electrostatic properties, most of the ECM proteins can be adsorbed on the surface of
tissue-culture-treated plates. Thomson et al. in 1998 [77], followed by Reubinoff et al. in 2000
[78], were the first to demonstrate that hESCs could be cultured for months provided that they
were co-cultured on a layer of feeder cells. Later, feeder-free conditions were introduced by
just coating a mixture of ECM proteins (Matrigel), or laminin on the surface of a petri dish [67]
(Figure 2.1-C, top). However, it has been observed that ESCs behaved differently depending
on the coating protein: vitronectin would enhance self-renewal and proliferation of pluripotent
stem cells (PSC) while fibronectin, collagen IV or laminin would drive more easily the
differentiation of the cells towards various lineages. In addition to ECM proteins, the use of
recombinant cadherin coating to mimic cell-cell interactions occurring between feeders and
ESCs has been reported [79].

Debate 2: Choice of the right ECM

The choice of the right ECM proteins for cardiac SCD is intricate. Different ECM proteins at
different densities are present in cardiac tissues depending on the developmental stage [70].
Differentiating PSCs on Matrigel by an Activin A/BMP4 based protocol, Chan et al. observed
in vitro time-dependent levels of HA and versican in the cell culture [5]. This evolving
composition in ECM components not only affects the mechanical properties of the ECM but
also many signaling cascades triggered by these two glycosaminoglycans (GAGS).
Alternatively, Schenke-Layland et al. [80] made murine Embryonic Bodies (mEBs) on dishes

either coated with collagen I, collagen 1V, laminin or fibronectin, and evaluated mesodermal
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and cardiovascular markers after culture in medium without any exogenous factor. They found
that collagen IV induced significantly more mesendodermal cells (characterized by high Flk1
expression) than other ECM proteins. After sorting these precursors and seeding them again
on the four coatings, cardiomyocytes appeared to be significantly more present on fibronectin-
coated dishes. Also for mESC, Stary et al. reported that the protein SPARC acted in similar
ways as BMP2 by increasing cardiomyogenesis in EB with clear upregulation of Nkx2.5 [81].
These studies highlight the fact that it might be questionable whether or not it is best to let the
cells generate their own ECM components or designing biomaterials to use them as source
polymers to control simultaneously stiffness dynamics and chemical signaling.

Influence of substrate topography

There is growing evidence that cell shape is an important parameter during heart development

(Figure 2.1-A, vii-ix). Although cell proliferation may account for major mechanical events like
asymmetric looping, it cannot explain the whole process, such as how the looping direction is
controlled or why the growing four chambers are different from one another. Indeed, oriented
growth may explain how any of the four chambers grow differently [82]. It has been reported
that this kind of growth may be explained by mitotic spindle orientation [83], which can be
directly correlated to cellular shape and more generally ECM distribution [84]. Another event,
cardiac looping, is also highly influenced by the cell's geometrical shape. Studies in the chick
have highlighted the fact that the cardiac tube starts looping not only by differential growth but
mainly due to different morphologies of the cardiomyocytes at the outer curvature (elongated
cells) as compared to the inner curvature (packed cuboidal cells) [85]. In the mature heart,
cardiomyocytes are elongated and contract simultaneously in the direction of elongation. A
specific aspect ratio has been correlated with healthy cardiomyocytes, and any variation to
that aspect ratio may mimic features of the failing myocyte [86].

Technique Overview 1: Micro-patterning on flat hard substrates

There are multiple ways of controlling the distribution and topography of proteins on a substrate. Many
of them have been adapted from Chen et al. first experiment of cell patterning [87] and rely on
alternating regions of non-fouling coatings (or naturally non-fouling polymers), and ECM-like
proteins. Consequently, cells cannot extend their focal adhesions beyond the regions coated with

proteins:
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A. Micropatterning protocols B. Stiffness characterization techniques
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Figure 2.3 Overview of popular techniques for controlling and characterizing materials and cells at the microscale.
(A) Microfabrication techniques, (B) elasticity measurements (adapted from [89]).

a. Micro-contact printing (LCP) offers remarkable spatial control on 2D surfaces. Soft lithography
techniques (Figure 2.3-A, i-ii) are used to fabricate poly-dimethyl siloxane (PDMS, a kind of silicon)
stamps with micro-features. Acting as the ink like in a regular post office stamp, protein solutions

are rinsed, dried and then transferred on top of a flat rigid surface (Figure 2.3-A, ii).
b. Surfaces can also be selectively activated by exposure to UV-ozone. If the surface had been

previously rendered non-fouling (using PLL-g-PEG coatings for instance), the UVO will burn the

non-fouling molecules and activate the underlying substrate (Figure 2.3-A, i’), thus providing ways
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to protein adsorption a posteriori (Figure 2.3-A, ii’). Bypassing the stamping step improves the
resolution to sub-micrometer features and enables standard biology laboratories to develop micro-
fabrication strategies without the need for dedicated nano-fabrication clean rooms [88].
Nevertheless, one of the limitations might be that UV-ozone lamps still are an important investment

and still too few platforms for cell biology provide them.

The first step in deriving cardiomyocytes from ESCs in vitro is a step of specification. Like
during embryogenesis, cells first differentiate into one of the three germ layers (namely
ectoderm, mesoderm and endoderm, Figure 2.1-A, i). These three layers are more restricted
in their fate and cardiomyocytes can only arise from mesodermal or mesendodermal cells.
Peerani et al. showed that colony size mattered in driving this first specification [89]. They
micro-contact printed Matrigel islands of varying diameters on glass coverslips and seeded
them with ESCs without any exogenous inductive signals (Figure 2.1-D, top). By constraining
the size of the aggregates, they showed that, after two days in culture, smaller aggregates
(200um in diameter) expressed more endodermal markers and had higher levels of BMP2
whereas bigger aggregates (1000-1200 um in diameter) expressed more pluripotent markers.
This was attributed to the modulation of the ratio of pSmadl agonists over pSmadl
antagonists. Indeed, while pSmad1 antagonists increased with colony size, no correlation was
found for pSmad1 agonists, thus leading to lower levels of agonists in smaller colonies when
compared to pSmadl antagonists. Later, they repeated the same experiment but adding
Activin A and BMP2 in the culture medium to force mesendodermal differentiation [90]. This
time, cells on smaller spots (200-400 um in diameter) were found to express more endodermal
markers (GSC, Sox17, Cerl) while bigger patterns (800-1200 um) led to more mesodermal
cells (T, KDR). To investigate further the hypothesis that colony size influences differentiation
by changing cell number and thus local concentrations in proteins and chemical, they used
micro-titer plates coated with Pluronic F-127 (a poloxamer used to create non-fouling regions
on glass) to generate EBs by centrifugal aggregation [91, 92]. After sorting these cells for
KDR, c-kit and cTnt (markers for early to late cardiomyocyte differentiation), they concluded
that the largest number of cells was reached at an optimum of about 1000 cells per aggregate.
Endodermal markers were predominantly found at the periphery of the aggregates, creating
a higher ratio of endodermal cells over other cells for smaller aggregates (when calculating
the surface:volume ratio).

Similar conclusions were drawn by Hwang et al. [93] after they cultured ESC on non-fouling

micro-molded poly-ethylene glycol (PEG) wells of different diameter (from 150 to 450 pum).
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Endothelial cells emerged from cells that had been cultured in small aggregates while
cardiomyocytes emerged from cells cultured in bigger aggregates. Interestingly, they have
been able to correlate these differences with modulation in Wnt5a and Wntl11, two important
regulators of the non-canonical Wnt pathway.

Together, these four studies suggest that differential differentiation emerges from size-induced
variations in the concentration of modulators of key signaling pathways involved in
cardiogenesis (Nodal, BMP, Wnt). Although qualitatively consistent with each other, these
studies were not performed with the same ranges of diameters, and in a similar experiment
by Mohr et al., the greater relative number of cardiomyocytes was reached for 300 pum-
diameter EBs [94].

An explanation could be that they neglected the impact of mechanotransduction. In these
studies, radii of curvature are different depending on the spot size and therefore a surface
tension emerges at the periphery of the colony whereas pressure is increasing inside the
colony due to cell proliferation, as suggested by Nelson et al. [95]. Also, PEG microwells[93]
might have been softer than gold-coated polystyrene wells [94].

At a completely different scale, Myers et al. compared six of the most popular differentiation
protocols (all based on exogenous signals modulating either the BMP or the Wnt pathways)
while constraining initial colony growth to 2-mm wide spots of Matrigel [96]. Clearly,
micropatterning increased homogeneity in the yields of differentiation. Most importantly, this
study highlighted the important discrepancies that can affect cardiac differentiation depending
on the choice of the modulated pathway. Put together, these data emphasize the importance

of controlling the size of cell aggregates to optimize the cardiomyocyte vyield.

Contact guidance and topographical effects on cardiomyocyte maturation has been
studied in many ways. At the single cell level, in vitro studies on micropatterns [86, 97, 98] and
in silico models of sarcomerogenesis [99] conducted by Parker’s group suggested that a single
cell will form more mature sarcomeres when its shape is constrained to a rectangle with an
aspect ratio length:width of roughly 7:1. If the ratio is bigger, interdisc space will become bigger
and cells will behave as a hypertrophied cardiomyocyte. If smaller (like in the case of circular
patterns), sarcomeres will not be able to align in the same direction. They will be more
randomly distributed within the cells, as characterized by orientation factors, and they will
hence generate less force. At the multicellular level, they made the same observations
regarding force generation (Figure 2.1-D, bottom). In this case, what mattered was less the
aspect ratio than the elongated shape itself. If not all the cells were elongated in the same

direction, the gap junctions were less well established and electromechanical coupling was
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inefficient in the tissue. The force generated was then considerably smaller than for anisotropic
tissues [100-102]. These results have also been confirmed in 3D collagen gels encapsulating
neonatal rat cardiomyocytes (NRCMs) [103], thus confirming the importance of anisotropy
itself. A recent study by Wang et al. highlights that in the case of ESC-derived cardiomyocytes
(ESCd-CM), seeding cells on a topographically aligned substrate did not improve the
maturation state of the cells. The improvements in term of electrical stability and reduction in
induced reentrant arrhythmias were solely due to the spatial organization, as assessed by
monophasic action potential measurements [104].

Technique Overview 2: Micro-patterning on soft materials and curable polymers

a. Stamps can be fabricated by soft lithography (for micrometer resolution) or by standard
machining (micro-milling, 3D printer) for bigger features (Figure 2.3-A, i). Instead of transferring
proteins, they can act as replica molds while a polymer or hydrogel polymerizes (Figure 2.3-A,
left). Depending on the depth and spacing of the features, it provides the materials with quasi-
2D microstructures (low spacing and height < 100 nm) or with real 3D-cues (larger spacing
and height > 500 nm). Proteins are then coated uniformly, and thus cells will not constrain by
adapting to changes in chemical signals, but by sensing local variations in topography [105].
If deep enough, these techniques can be adapted for miniaturization of culture wells for high-
throughput screening on 3D aggregates [106, 107].

b. Coating proteins chemically on soft material is affected by the structural properties of the
material itself, and protein surface density will vary as a function of local porosity. When using
polyacrylamide (PAA), rather than using optochemical reactions to bind the proteins as in
Engler et al. in 2006 [3], it has been recently suggested that simple transfer of proteins could
be achieved by polymerizing a solution of acrylamide/bis-acrylamide sandwiched between a
micropatterned surface and a glass coverslip [108] (Figure 2.3-A right), or simply using uCP
on polymerized PAA rendered adhesive with hydroxyl -OH groups [109] or with coupled
streptavidin-acrylamide [110] (in this case, protein should be biotinylated prior to coating)
(Figure 2.3-A center). Further studies are needed to confirm that these techniques overcome,
as claimed, the artifact of the effect on cell mechanosensing of PAA’s variation in porosity with

regards to elasticity.

Many variations on this theme are proposed depending on the way the hydrogel of interest is
polymerized, like photocuration for methacrylated or PEGDA-based hydrogels [111, 112].
Although many 3D-patterning techniques are emerging, their resolution still does not allow for

single cell studies. We will briefly describe them in the Debate 4.
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If many studies have shown similar results with NRCMs [113-119], ESCd-CMs [113,
118] or extracted CPCs [120], there is little evidence of any effect of anisotropy of the ECM
proteins on earlier stages of mesodermal differentiation [121, 122]. It could be interesting to
know at which stage of development cells are able to sense lines of proteins and start aligning.
This switch could correspond to the loss or the gain of a phenotype, like, one might suggest,
the vanishing of the primary cilium, an important mechanosensing feature involved in
cardiogenesis [123]. Cardiomyocytes could also start aligning because fibroblasts first aligned
and hence anisotropically secreted ECM proteins, driving the orientation of other cells [124-
126]. Nevertheless, anisotropy is involved in many morphogenetic events and for instance,
researchers recently reported that the culture of human PSCs (hPSCs) on nanogrooved
surfaces let to rapid differentiation of the cells into neurons [127]. In a completely different
approach, it was found that reprogramming of fibroblasts into induced PSCs (iPSCs) was
enhanced on grooved substrates due to increased acetylation and methylation of histone H3
[128]. This phenomenon could imply that anisotropy would act as a global inducer of
epigenetic maodifications leading to increased genetic sensitivity to
differentiation/reprogramming protocols.

As for culturing beating cardiomyocytes on circular spots, experiments reported above
do not really encourage it in that it would rather mimic pathological behaviors than
physiological ones. However, in light of the high-throughput drug-screening platform designed
by Serena et al. [129], one can argue that circular micro-tissues of cardiomyocytes might still

give precious information on the relative behavior of cells subjected to different kinds of drugs.

Influence of Tissue elasticity

As cells are differentiating, their phenotype considerably changes, i.e., not only their cytosolic
composition is affected (resulting in a different stiffness by polymerization of the cytoskeleton),
but their proliferation rate as well. Regions of differential growth can be observed, leading to
different compressive or tensional forces applied to their neighbors. The composite material
that is the cell environment considerably changes - the overall stiffness changes as well as
the stretching forces. At the same time, cells are rearranged by affinity due to the different
expression and amounts of cadherins. Mimicking these dynamic changes of highly non-linear
materials is obviously very challenging but simple models of constant linear elasticity have

shown important results on SCD.
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Not only the cell-cell interactions but also the cell-ECM interactions play a large role in cardiac
differentiation and maturation. Particularly, the cardiac jelly, which interfaces the endocardium
and the myocardium, is composed of GAGs (such as HA), proteoglycans and proteins (such
as fibronectin, collagen or laminin). Based on the properties of GAGs to osmoatically attract
water, the cardiac jelly acquires a compressive strength and the internal pressure it generates
on the myofibrillar architecture of the myocardium is thought to drive cardiac chamber
expansion [21].

Technique Overview 3: Measurement of tissues elasticity in the developing and adult muscle

In order to mimic the mechanical properties of cardiac tissues, it is important to be able to
have precise measurements from tissue samples at different stages of the development. The
difficulty relies on defining precisely the “substrate”: is the tissue in its whole, only the ECM or
the ECM plus the support cells? And if we deplete the tissue from their cells, what are the
effects of the decellularisation techniques on the mechanical properties of the tissue? Many
laboratories have tried doing such measurements, either using Atomic Force Microscopy
(AFM) or standard rheology or tensile/compression testing. Moreover, elastic anisotropy
(different stiffness in orthogonal directions) has been identified for cardiac tissue but is rarely
considered as a requirement for biomimetic cardiac constructs in the literature [130].
Furthermore, measuring the stiffness of a material will not mean much if the bonding force

with the coated ECM protein is too weak [131].

In the field of tissue engineering, the measure most reported for characterization a material’s
elasticity is the Young’s modulus. However, depending on the technique used, it can be
indirectly derived from more or less complex mathematical extrapolations of other mechanical
characteristics.

a. Nanoscale elasticity can be measured by magnetic/optical tweezers. Nanobeads are
constrained in a magnetic field and attached to the material. The material is then pulled away
from the beads and the force needed to maintain the bead inside the field is measured (Figure
2.3-B, i). Similar setups can use twisting of the beads to measure shear elasticity (Figure 2.3-
B, ii).

b. Nanoscale and microscale elasticity can also be measured by AFM in contact mode
(Figure 2.3-B, iii). The cantilever tip is modeled as a pyramidal or spherical tip in herzian contact
with the material. Measuring the deformation upon nanoindentation is directly related to the
Young’s modulus and the Poisson ratio of the material.

c. Microscale elasticity of cells or materials can be measured by micrograph analysis of
deformation upon an applied force. Cells and materials can be squished between plates

(Figure 2.3-B, iv), or aspirated through micropipettes (Figure 2.3-B, V).
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d. Mesoscale elasticity (cell aggregates, hydrogel microspheres) can be measured by
micropipette aspiration (Figure 2.3-B, v) as well as microrheology. In microrheology,
fluorescent nanobeads displaced inside the tissue or material are optically tracked and
statistical analysis of their random motion can be related to a measure of elasticity.

e. Mesoscale indentation can also be performed with simple handmade setups by measuring
the deformation of a weight or small tip on the material or by hooking a small weight under the
material to measure the implied deformation.

f. Bulk elasticity of macroscale materials is often measured by standard mechanical
engineering testing machine, like the Instron. It can be set to apply uniaxial or biaxial strain in

tension or compression on the tissues.

In cardiac repair, it has initially been thought that the use of striated muscle, be it
skeletal muscle or cardiac, would be sufficient for engraftment and contraction inside the
infarcted heart. They have quite similar mechanical properties and one can think that the
properties of the matrix will feature a roughly similar elasticity. When Engler and Discher first
reported that matrix elasticity had a great influence on stem cell differentiation [3], they showed
they had been able to make MSCs differentiate into myoblast-like cells on polyacrylamide gels
of about 10 kPa in elasticity. From then on, material design studies for cardiac patches report
measurements of the elastic properties of their materials in order to show that they closely
match native heart muscle [105, 130, 132-135].

However, no strong evidence has been shown yet during the entire process of cardiac
differentiation and experiments are often performed only after exposition to exogenous
differentiation chemicals. Culturing pre-implantation stage embryos on 2D PDMS substrates
of varying stiffness resulted in significantly greater frequency of development from the 2-cell
stage to the hatching blastocyst stage, as compared to cultures in standard petri dishes [136].
Sun et al. linked higher levels of Oct4 expression to higher stiffness when seeding hESCs on
2D PDMS micropillars but did not really look at the whole panel of genes expressed by the
three germ layers [137].

As explained in Debate 1, many differences can emerge when switching from a mouse
model to human cells. But as importantly, researchers recently started to point out that the
influence of elasticity on SCD varies depending on the dimensionality (2D or 3D) of the
materials [138]. Indeed, the distribution of ECM cues are completely different and affect the
response of the membrane receptors (integrins for instance). It has been reported that cells in
2D tend to form more stress fibers than in 3D, which could prevent cardiomyocytes from
forming mature sarcomeres [139]. Also, if high stiffness allows cell to generate high traction

forces in 2D, it is not true in 3D where high stiffness can prevent the cell from moving around
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and force it to stay round. Interestingly, Zoldan et al. performed a strong investigation on the
effect of elasticity on early specification in the three germ layers by encapsulating hESC into
3D polymers [140]. As suspected before, there is a strong correlation between the material’s
stiffness and germ layer differentiation. Surprisingly, the ranges of measured elasticity are
several orders of magnitude higher than in the other studies afore-mentioned. Also, few details
are given on the impact of the surface chemistry of the various polymers used in this study.
One study, nevertheless, has been able to correlate cardiac differentiation to matrix
stiffness, through the regulation of YAP/TAZ expression [63]. Using Scal+ adult CPCs seeded
on polyacrylamide gels of controllable stiffness, the authors have showed that the control
CPCs differentiated best into cardiomyocytes on gels of 10kPa in elasticity, while YAP-
silenced CPCs would not differentiate at all into cardiomyocytes under the same

conditions.

Sarcomere maturation is probably the most studied effect among mechanical
properties. By isolating cardiac cells at different developmental stages of the mouse embryo,
Engler et al. have been able to establish a relationship between the variation in elasticity and
the developmental stage of the heart [132]. Interestingly, it has been shown that embryonic
cardiomyocytes beat best on substrates where the rigidity matches the embryonic tissue
rigidity. These cardiomyocytes were only able to form mature sarcomeres on PAA gels of
about 10kPa. On softer gels, sarcomeres were less spaced and not fully organized whereas
on stiffer gels, sarcomeres were not present at all and some sarcomeric proteins were
completely diffuse in the cytoplasm. This result was also confirmed for NRCMs [141] as well
as for ESCd-CMs [133, 142], although Hazeltine et al. found that the intermediate stiffness
supporting best ESCd-CM differentiation from a progenitor stage would be around 50 kPa
[142]. Previous studies on the differentiation of adipose stem cells into myotubes had already
shown that pathological tissue stiffness led to reduced differentiation whereas tissue-like

elasticity led to optimal maturation and striation formation of the myotubes [143].

Not surprisingly, it has been shown that depending on the type of extracellular element
that was linked to the hydrogel, there could be different cellular responses to stiffness.
Cardiomyocytes have been able to grow mature sarcomeres on HA-based gels of less than
500 Pa whereas it was only achieved at around 10 kPa with fibronectin-coated PAA gels [144].
This starts to show the limits of considering the Young’s modulus as the principal mechanical
parameter influencing cell phenotype. It is thought that the HA signaling cascade could bypass
the mechanotransduction pathway and direct sarcomerogenesis. One explanation could be

that in this case, HA does not convey its message through mechanical signaling but rather
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through chemical interaction with the CD44 receptors [145]. However, it was also shown that
the dynamic properties of HA gels are actually important in the cell response. Whereas PAA
has a static elastic behavior, HA gels show time-dependent stiffening and thus can go from
about 1 kPa to almost 10 kPa depending on its fabrication process [146]. This phenomenon
was also observed in 3D fibrin cultures of myoblasts, where the fibrin gel, initially softer than
5kPa, exhibited a stiffness of 15 kPa after several days [138].

This highlights the fact that static mechanical signals alone cannot act as a replacement of
chemical induction of differentiation. Both signals are complementary and will act
synergistically in a time-dependent manner. Furthermore, the point of introducing mechanical
compliance and mechanical stimuli in cell culture is to avoid mixed signals. As cells sense
their mechanical environment, adding pro-myogenic soluble factors can be hindered by the
pro-osteogenic mechanical signals of the rigid petri dish.

Debate 3: Elasticity vs. viscosity and porosity

If current techniques of microfabrication are increasingly simple, a few biases arise from the
technique itself. Trappmann et al. recently suggested that depending on the polymer (they
compared PAA and PDMS), the results shown initially by Engler and Discher could not be
reproduced in the case of PDMS [131]. This could be explained by a difference in porosity and
tethering of the ECM proteins to the synthetic polymer. Soft PAA gels (that led to neuronal
differentiation) were highly porous and the ECM density at their surface was considerably
lower than on stiffer gels, but these problems were not observed for PDMS, which has a more
constant porosity. To further complexify this issue, a new study addressing the problem of
porosity in soft polyacrylamide gels has refuted the hypothesis that tethering had biased the
observation of differential fates depending on elasticity [147]. Yet, it is unclear whether
tethering of ECM is the only source of this difference as very soft PDMS made out of big ratio
of the PDMS base and curing agent can exhibit significant viscous behaviors. The balance
between the viscous modulus and the elastic modulus of this kind of soft PDMS directly
influenced the cell’s migration properties [148]. Although other types of PDMS have been
reported as good candidates for traction force studies in purely elastic conditions [149, 150],
there is no doubt that further studies will underpin the importance of viscosity during guided

differentiation of ESCs into cardiomyocytes.
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Perspectives

In addition to designing biomimetic materials for stem cell culture and differentiation,
other mechanical stimuli can be dynamically applied to the cells. While shearing is considered
to be of prime importance in vascular remodeling, cyclic stretching and static strains mimic
more faithfully the mechanical behavior of muscle tissues. The effect of stretching on signaling
pathways has been reported in review by Brandon et al. [151]. When subjected to static
stretching, ESCs and iPSCs increased their markers of (cardio-) myogenic differentiation
[152]. Although many setups exist for stretching cells (in 2D or 3D), like magnetic stretcher,
manual stretcher or vacuum stretching [151], the results are usually consistent.

As for the cardiac cells, it has not been shown that stretching PSCs would act synergistically
with chemical factors for the induction of cardiac differentiation. In this particular case, it has
only been shown that either NRCM, endogenous CPC, or stem cell-derived cardiomyocytes
(SCd-CM) had better contractility and sarcomere maturation when subjected to cyclic
stretching [153, 154]. Cyclic stretching enhanced their alignment and favored gap junction
formation for a better electromechanical coupling. Not only can stretching improve the
alignment of cells, but also of the 3D matrix that surrounds the cells. When static strain was
applied on a polymerizing gel of fibrin, the nanofibers of the mesh tended to align in the
stretching direction [138, 155, 156]. A global review on some other physical signhals that can

affect cardiac differentiation protocols can be found in the review by Ghafar-Zadeh et al. [157].

Many efforts have been made to develop either conductive scaffolds or electrically stimulated
systems for recreating the cardiomyocyte’s natural environment [158-161]. In these articles,
emphasis is put on trying to mimic a healthy environment to avoid the appearance of diseased
phenotypes. The changes that have been demonstrated using these many proof-of-concept
materials are more related to phenotypic changes in already mature cardiomyocytes, rather
than to specification, differentiation or maturation events in cardiovascular progenitors or
PSCs. One of the main improvements observed by electrical stimulation is an increase in
connexind3 (Cx43) expression. This is a phenotypic change that considerably improves

cardiac contraction as compared to standard in vitro controls (without electrical stimulation).

The goal of these new materials and systems is either to help implanted cardiomyocytes to
integrate better with the host’s cardiomyocytes or to drive pathological cardiomyocytes to

regain a healthier phenotype by expressing more Cx43. Future studies involving the culture
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of immature cardiogenic cells or even PSC using these materials will be needed to address
guestions like the relationship of cardiac progenitor phenotype and the establishment of

electrical currents in the developing heart.

Debatable 4: 2D vs. 3D culture

2D models helped understand the signaling cascades in mechanotransduction, but this is still
far from reality and adding a third dimension should be the next step. However, although 2D
soft and patterned materials can now be prepared in a relatively high scale, 3D techniques
are still cost-prohibitive, time-consuming and poorly resolved. Multi-photon technologies allow
for 3D patterning by in situ chemical bonding of proteins to the backbone materials [162], as
well as for the localized cell encapsulation by polymerization of photosensitive materials [163].
If these techniques can be quite slow, complex microfluidic systems have been designed for
high-throughput and digitally-tunable fabrication of 3D-patterned cell-laden fibers and sheets
[164, 165]. Yet, the impact on PSC viability, pluripotency, and differentiation potential remains
to be addressed.

Another pitfall would be to expect the same effects than previously shown on 2D substrates
on 3D substrates from the same material or a material with similar mechanical properties.
Indeed, the distribution (and production) of membrane receptors will be completely
rearranged. Additionally, embedding cells in a 3D matrix will paradoxically decrease the
number of degrees of freedom of the cell system. While 2D substrates allow cells to move
freely on the topside, 3D materials constrain the cell in all directions. The stress distribution
will be completely different. This is even more true when considering the integration of MMP-
degradable sites inside 3D scaffolds, as it has been shown that it would induce, at least in
MSCs, traction forces different from those seen in non degradable materials, thus leading to
different fates [166].

As for in vivo cardiomyogenesis and embryogenesis, cells are arranged either in 3D or in 2D
assemblies depending on the developmental stage. At first, cells are clustered in 3D but soon
form the three germinal layers, which can be roughly modeled in 2D. Later on, gastrulation
leads to the primitive streak formation and the mesodermal cells that will become the heart
form 3D structures again. But after cardiac looping and the beginning of the formation of the
four chambers, cardiomyocytes are stretched and eventually define the final myocardium.
Although three dimensional in theory, ultrasounds and diffusion tensor magnetic resonance
imaging (MRI) studies have highlighted the fact that the myocardium is composed of layers of
anisotropic cardiomyocytes oriented with a variable angle from the endocardium to the
epicardium. Therefore, the myocardium can also be described as a monolayer of aligned cells

wrapped around the ventricle with varying angles. In that case, one could argue that 2D
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models are better. Nevertheless, the question remains whether the best strategy would be to
create a 3D scaffold and push it to self-organize into a multi-layered structure of aligned cells
(like what happens during cardiogenesis [167]) or to force the cells to align on multiple layers
before stacking them (as proposed by Takahashi [168] et al. for the design of cardiac patches
[169]). In both cases though, the limits of oxygen and nutrient diffusion will have to be
overcome in order for the construct to be viable, and this is particularly relevant to cells
embedded in its core.

Comments on nanofibers

Nanofibers have been extensively used to show the importance of surface roughness and
hydrophilicity in maintaining pluripotency in PSC cultures. They are often cited as a simple
way to have mesh-like topographies or substrates with aligned fibers [170]. Also, new
techniques demonstrate the possibility to overcome the slow speed, high variability [171, 172]
and high cost of electrospinning [173]. However, generating fibers only allows for two kinds of
patterns: random fibers and aligned fibers. Whenever different shapes are needed,
electrospinning has still quite a poor resolution [174] and needs to be combined with the most
popular techniques described here above [175, 176].

In this review, we have seen that two parameters, substrate elasticity and ECM protein
patterns, had a strong influence on sarcomerogenesis and cardiac maturation. Recent
advances in materials design have led to the possibility of studying the synergetic effect of
both properties [105, 108-110, 135] and it appears that appropriate stiffness (around 10 kPa)
and aspect ratio (7:1) enabled optimal sarcomeric organization and optimal contractility both
at the single cell level but also at the cell pair level [135]. This study highlights the fact that
cell-cell coupling also results from a balance of forces influenced by the environment.

Whether the end goal of producing striated muscle cells is to develop toxico-
pharmacological assays [12, 13, 177-180] or regenerative solutions [19, 181-183] does not
change the fact that cells would have to behave like in a healthy muscle. The fabrication of
scaffolds for regenerative medicine has the same requirements than when mimicking
developmental mechanics, but with additional constraints. First, in the case of surgical
applications, structural integrity of the patch is of prime importance. Although cell sheets are
a tempting option due to their fully natural compaosition and their promising results in cardiac
failure [168, 184-186], they were found to be quite fragile and hard to handle. Second, to our
knowledge, there is still no work reported on the combined influence of the materials properties
described here on earlier mesodermal induction and cardiac differentiation. One can suggest

that ESCs or iPSCs will behave like MSCs and differentiate into cardiomyocytes at around
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10kPa. However, studies reported above suggest that cell density will have an important
impact as well. This complexity needs to be addressed when determining the whole range of
materials that need to be used from the extraction, reprogramming or thawing of stem cells to
the patch fabrication. On one hand, scaffold-free techniques would ideally emerge and give
rise to bioreactors that act directly on the 3D stem cell aggregate by providing chemical,
mechanical and electrical stimulations to produce highly pure cardiomyocytes. These
techniques would naturally overcome additional constraints related to the “memory” a cell can
have of its previous mechanical environments, which, as described by Yang et al. [187], can
affect cell’s fate in a given physical environment. On the other hand, it might be more realistic
in a nearer future to develop multiphasic culture systems: one biomaterial-based bioreactor
for early commitment of ESC, then a second biomaterial-based bioreactor onto which cells
would be transferred for cardiac maturation (in parallel to the production of endothelial and
smooth muscle cells) and eventually, the three cell types would be mixed in a third bioreactor
prior to implantation onto the failing myocardium [188-190]. Notwithstanding the complexity of
streamlining the translational process for adapting these approaches to wide-scale clinical
applications, a key and yet unsettled issue is that one still ignores whether highly mature

cardiomyocytes integrate better or not than earlier progenitor cells in the host myocardium.

In a nutshell, the ideal scaffold for differentiation and maturation will likely be a scaffold that
can diffuse some key growth factors, like BMP2 or Wnt inhibitors, have the appropriate
stiffness and be coated with adhesion molecules that can trigger mechanosensitive events,
such as ECM protein or GAGs, or, when considering upscale of these processes, short
mimicking peptides. These elements would have to be patterned to direct oriented proliferation
and spreading of the differentiating cardiomyocytes. Such materials have been partially
reported by Agarwal, Farouz et al. when they showed that NRCM could adhere, align and
spread on soft micropatterned calcium-alginate scaffolds functionalized with fibronectin.
These muscular thin films showed enhanced contraction when stimulated electrically as
compared to isotropic equivalents. Thus, using these kinds of scaffold for ESC differentiation
could be the beginning of new standardized culturing conditions for cardiac differentiation
[105].
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Conclusion

Whether mechanical forces arise by activation of pathways resulting in varied cytoskeleton
behavior or developmental pathways are modulated in response to cytoskeletal modifications
promoted by mechanical forces is unclear. It can be seen as a “chicken and the egg” kind of
guestion and undermining one or the other component can dramatically affect the outcome of
the experiments to be performed.

A few efforts have been made toward the establishment of a global interactome of
cardiopoiesis [191-194] and this kind of approach keeps being expected by cardiovascular
researchers [195]. Additionally, in silico models are increasingly efficient in predicting
cardiogenic events during development [196].

Combining the latest high-throughput and high-content technologies [26, 197] to the
techniques described here in the design of micro-patterned stiffness-controlled materials will
eventually unravel many of the mysteries of cardiac development and provide invaluable
information for the establishment of robust analytical models [198] and reliable patient-specific

therapies.
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Introduction

To get approval for initiating a stem cell clinical trial is becoming increasingly difficult because
of the stringency of regulatory guidelines. The first section of this chapter presents an outline
of the major issues which should be kept in mind by investigators from the very early onset of
the program so as to frame it in such a way that it may satisfactorily comply with the multiple
constraints, thereby avoiding a waste of time, efforts, and money. While the regulators
legitimately require proof of efficacy of the stem cell product and mechanistic insights before
granting approval for a human study, their main concern still pertains to safety, particularly for
first- in-man interventions. The next section of this chapter briefly summarizes the main cell-
related complications that have happened or remain of concern, and which need to be
addressed by a risk plan analysis. Finally, stem cells pose unique ethical problems, particularly
when one is dealing with human pluripotent stem cells and some general considerations

surrounding this ethical debate are presented in the last part of the chapter.

Safety Issues

Overall, the safety record of stem cell trials has been excellent [2]. The incidence of adverse
events observed in treated patients has usually not been different from that of control groups.
Only two complications have raised specific concerns: arrhythmias and tumor development.
They are expanded accordingly in the sections below.

Concerns about arrhythmic events have been raised from the very beginning of our skeletal
myoblast trials where some patients experienced this complication (which was never lethal).
A possible explanation which had been provided was that failure of engrafted myoblasts to
express connexin-43 resulted in their isolation, thereby setting the stage for reentries. Indeed,
several factors can contribute to the arrhythmogenicity of stem cells, including the immaturity
of electrical phenotypes of the transplanted cells and poor cell-cell coupling [3]. Even ESC-
derived cardiomyocytes fail to consistently couple with host cardiomyocytes in a guinea pig
chronic infarct model [4], and recent data from Murry’s group [5] using a nonhuman primate
model of myocardial infarction have reported an early high incidence of arrhythmias. The
mechanism of these episodes is likely multifactorial, but highlights the fact that cardiac-lineage
commitment does not automatically result in a coordinated electrical integration. Furthermore,
two mechanisms not directly related to the cells themselves deserve special consideration:
the first is the underlying substrate since patients with heart failure are prone to develop
arrhythmias, as demonstrated by the occurrence of these events in the placebo-treated

patients of the myoblast transplantation (MAGIC) trial [6]. The second mechanism pertains to
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the mode of cell delivery. In most cases, cells are injected directly into the myocardium in
several areas; these multiple intramyocardial punctures induce inflammation and result in
isolated clusters which may slow conduction of electrical impulses and set the stage for
reentries; this hypothesis is actually supported by the observation that cells injected into the
myocardium cause more arrhythmias than when they are delivered through the systemic route
[7]. The additional finding that the epicardial delivery of a cell-loaded patch is also less
arrhythmogenic than when the same cells are directly injected into the myocardium [8]
strengthens the role of the cell delivery modalities in the pathogenesis of arrhythmias. Finally,
if allogeneic cells are to be used, a possible immune rejection and the attendant inflammation
can further contribute to this complication. In practice, conservatory preventive measures may
include a pulse of periprocedural anti-inflammatory drugs (a 24-h corticosteroid-based
regimen was used in our myoblast trials), the limitation of multiple myocardial punctures
(through the endocardium or transepicardially) and the implantation of an automatic
defibrillator, which may in any case be indicated or even be already in place given the extent
of the left ventricular dysfunction in heart failure patients eligible for stem cell therapy.
Conversely, genetic engineering of the cells to force them to over-express connexin-43 is
conceptually attractive and has been experimentally successful [9], (but this approach adds
so many additional layers of technical and regulatory complexity that it is unlikely to ever reach

the level of clinical applications.

This concern was initially relevant to culture-expanded MSCs, which can acquire genetic
abnormalities and even undergo malignant transformation. However, MSCs currently tested
in a huge number of clinical trials, extending well beyond the field of cardiology, usually
undergo only a limited number of passages and the outcomes of these trials have failed to
document an oncologic risk [10].

Concerns about tumorigenesis are clearly greater with the use of pluripotent stem cells
because their fundamental properties (self-renewal and pluripotency) are intrinsically linked to
a tumorigenic potential. It is well established that both ESCs and iPSCs can become
genetically unstable during in vitro propagation [11], and although some cells may respond to
these abnormalities by undergoing apoptosis, others can gain a selective growth advantage
[12] and generate teratomas (which are benign tumors but can be harmful through their
compressive effects as they grow) or their malignant variety (teratocarcinoma). Obviously, for
therapeutic applications, these cells will not be used in their originally undifferentiated state,
but rather are exposed to specific cues to drive their fate towards a given lineage prior to

transplantation. The risk, however, is that the ultimate lineage-committed population may
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remain, even at a low degree, contaminated by a fraction of pluripotent cells prone to
uncontrolled proliferation.

In practice, mitigation of the oncogenic risk requires three main categories of measures. First,
it is critical to purify the differentiated cell population as much as possible to “purge” it from its
unspecified components. Currently, selection based on flow cytometry is not compatible with
clinical standards (although a device may be under development). Enrichment for the target
lineage-committed cells has therefore to rely on immunomagnetic sorting using relevant
surface markers. In our experience with ESC-derived cardiac progenitors, we have found that
stage-specific embryonic antigen-1 (SSEA-1) could be used for labeling cells that have
entered a differentiation pathway [13], and thus the collected SSEA-1-positive cell yield is the
one used for transplantation. We acknowledge, however, that alternate and possibly more
robust purification strategies need to be investigated. They could be based on a negative-type
of selection, targeting markers of still pluripotent

stem cells like SSEA-5 [14] or lectins [15] or the selective elimination of residual
undifferentiated cells by metabolic interventions [16], cytotoxic antibodies [17] or genotoxic
drugs [18].

Second, the purified population should be extensively screened in vitro for genetic
abnormalities which might have arisen during the expansion/specification steps. As part of the
translational process which led to approval for our human phase | trial of ESC-derived cardiac
progenitor transplantation in patients with severe heart failure, we have used a combinatorial
approach including karyotype, oligonucleotide based-array comparative genomic
hybridization and fluorescent in situ hybridization focusing on chromosomes known to be
particularly unstable, as each of these methods provides a different and complementary set
of information.

Third, the teratogenic potential of the cells should finally be assessed using one of the different
tests that are available [19], of which injection of cells in severely immunodeficient mice is the
most widely used. In our preclinical studies, we have used this mouse model and tried to
sensitize the occurrence of teratomas by subcutaneous injections of cells mixed with Matrigel
[20]. We have also transplanted nonhuman primate ESCs into infarcted primates [13] since
this allogeneic setting could be more predictive of the tumorigenic risk than data collected in
xenograft models [21]. In fact, we have never observed teratomas in either model following
transplantation of the “purified” SSEA-1-positive cell population. For the clinical protocol, the
purity rate, which is one of the release criteria, has been set at 95 % and it is noteworthy that
when the SSEA-1-negative fraction collected at the completion of sorting was injected alone
at high doses in immunodeficient mice, it also failed to be teratogenic. The transcriptomic

analysis of this population showed that it still expressed pluripotency genes to various
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degrees, but likely not a level exceeding the threshold above which teratomas could develop
[22].

It should finally be emphasized that iPSCs share with ESCs this oncogenic risk since they
undergo the same type of expansion once they have been brought back to an undifferentiated
state. It has even be reported that they could be more tumorigenic than ESCs [23] because of
some additional tumorigenic factors like preexisting somatic mutations in the parent cells,
genomic insertion of transgenes or genetic instability associated with the global
hypomethylation state resulting from the induction of pluripotency [12].

In summary, the oncogenic risk of pluripotent cells cannot be ignored. It is there- fore
mandatory to fully inform the patients about it, but also to reduce it through the combination of
safety measures mentioned above. They are likely more clinically relevant than genetically
engineered cells with suicide genes that can be activated in vivo to eliminate transduced ESCs
that have escaped growth control [24], since this approach raises other mechanistic and
regulatory issues. Additional precautions include the exclusion of patients with an increased
risk of cancer because of a comorbidity, the limitation of immunosuppression (justified if, on
the basis of the paracrine hypothesis, the main target is optimization of early cell retention to
give cells enough time to release their protective factors rather than long-term engraftment)
and a regular monitoring of these stem cell recipients. It is also possible that failure of the cells

to engraft in the long-term provides a natural fail-safe protective mechanism.

This complication is obviously relevant to the use of allogeneic/xenogeneic cells only. As a
separate chapter of this book is devoted to the immunological issues associated with cell and
biomaterial therapies, this paragraph will be limited to two brief comments. First, only
immunosuppressive drugs have been used so far in clinical studies entailing transplantation
of non-autologous cells, but protocols have largely be empirical as many unknown factors
persist like the nature of the most effective drugs, their optimal dosage and the specific
interactions they may have with stem cells, independently of their immunosuppressive
properties [25]. Second, as alluded to above, it is increasingly believed that transplanted cells
do not act by generating new myocardial tissue by themselves, but rather foster endogenous
repair pathways through the release of an array of factors [26]. In this setting, what may be
critical is to optimize their early residency in the transplanted tissue, long enough for them to
release the bioactive molecules underlying their protective effects. In this context, their
expected clearance over time should not necessarily compromise the benefits of the
transplantation as long as endogenous paracrine signaling has been appropriately turned on
and remains long-acting. The exact time frame during which cells need to be present is not

precisely known but, based on literature data, the time mismatch between the fast clearance
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of the cells and the sustained maintenance of functional benefits suggests that the
“operational” time window is probably short, in the order of a few weeks at most. It will be
important to better quantify this time window as it directly impacts the duration of any
immunosuppression regimen which, if shortened, will correspondingly minimize the drug side-
effects and favorably shift the risk-to-benefit ratio. Induction of immune tolerance for a
relatively limited period of time could also become an attractive alternative to pharmacologic

immunosuppression.

There are no data to support that intra-coronary applications of bone marrow- or adipose

tissue-derived cells increase the incidence of in-stent restenosis or thrombosis.

One experimental observation of intramyocardial calcification has been reported following
transplantation of bone marrow-derived cells [27], but this isolated case described long ago
looks anecdotal and has never been confirmed by the follow-up clinical studies of stem cell

recipients.

Regulatory Issues

To successfully translate bench-scale methods to a manufacturing process complying with the
current Good Manufacturing Practices (GMP), a dialogue should be initiated from the very
beginning of any clinically targeted program to clearly identify what is allowed, what can be
tolerated in the setting of a limited phase | trial (but would no longer be accepted for a larger-
scale phase Il/lll study) and what is strictly forbidden. The guidelines of the European and US
agencies are publicly available on the respective websites of the European Medicines Agency
(EMA) and the US Food and Drug Administration (FDA), and their enumeration would be
tedious. We will then limit our comments to some general guidelines that may be helpful to
avoid waste of time and money and streamline the translational process leading to the initial

application for trial approval.

Renowned statistician George E. P. Box’s statement that “All models are wrong but some are
useful” is quite relevant. Most stem cell studies have been performed in rodents which are
actually useful for screening purposes and, if mice are used, for mechanistic gain-of-function
and loss-of function studies, enabled by the availability of transgenic strains. However, the
physiology of rodents markedly diverges from that of humans (which is best exemplified by

the differences in heart rates), and thus the regulators now commonly request additional large
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animal studies. Although pig, sheep, and even nhonhuman primates cannot fully duplicate the
complex patterns of human diseases, they may yet be useful for: (1) establishing dose—effect
relation- ships; (2) assessing function and tracking cell fate with front-edge imaging
technologies under clinically relevant scale conditions; (3) testing delivery devices; and (4)
allowing for more extended observation periods, which is relevant to the long- term
assessment of safety of cell-based therapeutics. To be reliable, however, these animal studies
should be conducted according to the same principles which govern clinical trials, particularly
sample size calculations, randomization, blinding, and choice of appropriate controls [28]. This
is mandatory to improve the predictive value of animal data. Table 3.1 presents a summarized
road- map of studies which may be required before submitting an application for an initial
clinical trial. Each component of the roadmap has, however, to be tailored to the specific
composition of the cell product, its manufacturing process, presumed mechanism of action

and anticipated mode of delivery as well as the target disease.

In vitro studies
e Cell genotype and phenotype, including epigenetic changes potentially induced by
differentiation/culture conditions
Optimal culture conditions
Electrophysiological properties
Resistance to stress/protective effects of interventions targeted at improving cell viability
Composition of the secretome
Small animal studies
¢ Comparative studies of different cell types (function, engraftment rate, phenotype, effects on
angiogenesis, fibrosis, apoptosis, recruitment of endogenous progenitor/stem cells)
e Dose-effect relationships
e Screening of biomaterials if used alone or combined with cells (safety, inflammatory, and
immune responses, effects on the local microenvironment)
e Mechanistic studies (gain-of-function and loss-of-function transgenic models)
Large animal studies
e Validation of cell efficacy under clinically relevant scale-up in species physiologically closer
to humans
e Assessment of best routes/techniques of delivery with collection of biodistribution data
e Extension of follow-up for efficacy (transient vs. sustained benefits) and safety (ectopic
seeding of cells in remote off-target organs) studies
Table 3.1 Summary of major steps to be taken into account before submission to the Regulatory Authorities

The source of the cells, the results of infectious disease screening and details about the
collection method (mobilization, surgery, leukapheresis, devices like those used for lipo-
aspiration of adipose tissue-derived stem cells) must be documented. Further cell processing
(isolation, scale-up, optimized enzymatic dissociation and, whenever required,
cryopreservation, storage and thawing) needs to be performed in GMP-approved facilities.

The regulators are much concerned about the full trace- ability record and quality controls for

Yohan Farouz’ PhD dissertation - 2015 54



Chapter 3 — Safety, Regulatory and Ethical Issue of human studies

all raw materials (reagents, media) and efforts should thus be made from the beginning to get
as much information as possible from the suppliers, which is not always easy. In contrast to a
common thought, the use of animal-derived products is not (yet) completely prohibited; for
example, fetal calf serum is tolerated provided the serum is irradiated and calves originate
from a transmissible spongiform encephalopathy-free country. However, because of bio-
safety concerns, there is an increasing trend to eliminate xenogeneic components as well as
feeder cells when they are required (for example, for growing pluripotent stem cells) and to
culture cells onto synthetic matrices and in fully defined chemical media (from this standpoint,
human platelet lysate has been promoted as a substitute for fetal calf serum with the additional
advantage that it may feature less variability from one batch to the other). Of note, the exact
composition of these defined media is usually proprietary information of the company, which
will not be transmitted to the investigators but can be communicated to the regulatory agency
under a confidentiality agreement. In addition, different growth factors often have to
supplement the media at one step of the procedure. They should ideally be GMP-grade
products, which is not yet the case for many of them; at least, their characteristics (origin,
mode of processing, type of sterilization, post-production quality controls) should be carefully
documented, preferably under the form of a company-issued Master File. Furthermore, as part
of a general trend to standardize procedures, minimize risks of contamination associated with
frequent changing of media, improve consistency, reproducibility, and production yield of the
cell product, and reduce costs, current time-consuming and labor-consuming manual handling
of cells in open flasks will increasingly be replaced by fully automated systems incorporated
in closed bioreactors [29]. A specific issue is raised by the techniques that may be required
for selecting a given subset of cells within a heterogeneous population. As previously
mentioned, enrichment for a cell fraction (for example, CD34+ or CD133+ progenitors from a
bone marrow harvest or cardiac lineage-committed progenitor cells derived from ESC) has to
primarily rely on immunomagnetic sorting. While some microbead-coupled antibodies
approved for clinical use are available, such is not the case for others targeted at some specific
surface markers which may be relevant to a particular indication. The regulators may then
tolerate a “research grade” antibody for a limited phase | trial provided a maximum of
microbiological data are provided. However, for a larger-scale study, antibodies will be
required to be upgraded to a “clinical” level. This implies starting from the hybridome, setting
up master and working cell banks, going through con- trolled purification procedures and
finally performing a full set of functional assays and microbiological controls to ensure that the
final product has the required affinity for the target surface antigen and is free from
contamination by adventitious agents (microbial or viral). The time required for completing the
whole process and the cost of such a development should not be underscored. The whole

manufacturing process should be controlled by a robust quality management system allowing
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to monitor quality parameters at each processing step to ensure that the final product will meet
the preset specifications with regard to stability, functionality and safety (absence of aberrant
culture-induced changes, absence of contamination, and in the case where pluripotent stem
cells have been the starting material, a high purity rate providing the greatest guarantee
against a tumorigenic potential). Although the development of cell therapy products is
governed by common principles on manufacturing and quality control plans, specificities exist
in relation with the origin of the cells (Table 3.2). Furthermore, when cells are not intended to
be used immediately but undergo an initial storage in cell banks, each of these banks (Master
Cell Bank and Working Cell Bank) needs to be extensively qualified to adequately establish
the safety, purity, biological activity, and stability of the cells. In particular, the impact of the
freezing and thawing steps as well as the effects of cryoprotectants should be evaluated. In
all cases, labeling, storage, and transport conditions also need to be extensively characterized
and validated.

All e Cell source
(autologous and allogeneic) e Mobilization protocol
e Collection or recovery method
e Donor screening and testing
Autologous e Assessment of the potential risk of propagation of

pathogenic agents that may be present in the donor due to
manufacturing process.

e Precautions to prevent the spread of viruses and other
adventitious agents to persons other than the autologous
recipient

Allogeneic e Screening and testing for HIV-1, HIV-2, hepatitis B virus
(HBV, surface and core antigens), hepatitis C virus (HCV),
Treponema pallidum (syphilis) and CJD (screening only)

e Documentation of tests used, description of the type of
serological, diagnostic and clinical history data obtained
from the donor

e Typing for polymorphisms and human leukocyte antigens
(HLA) matching, where appropriate

e If cord blood or other maternally derived tissues, testing
and screening performed on birth mothers

Table 3.2 Main regulatory requirements for autologous and allogeneic cells.

Adapted from the Content and Review of Chemistry, Manufacturing, and Control (CMC) Information for Human
Gene Therapy Investigational New Drug Applications (INDs) (http://www.fda.gov/cber/quidelines.htm)

These are an important component of the regulatory requirements. Some of them, like cell
counting, viability, sterility, or identity (based on the expeditious flow cytometry-based
assessment of the relevant surface markers on an aliquot of the final cell product) can be
performed in a straightforward fashion. Conversely, demonstration of potency is more

challenging as it implies measuring a biological activity which is linked to the biological
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property of interest. This requires the investigator to perform functional assays both in vitro
(such as gene expression profiling) and in vivo (animal testing), in which case readouts will
lag behind the time of cell delivery and, whenever the product has a short half-life, will require
surrogate assays which may be acceptable as long as they are reliable and sensitive enough.
These hurdles emphasize the several advantages of using banked allogeneic cells: off-the-
shelf immediate availability; possibility of an extensive functional, genetic and microbiological
qualification prior to use; elimination of the batch-to-batch variability intrinsic to patient-specific
products; and availability of fully documented quality controls at the time of batch release. The
drawback of allogeneic cells is rejection. However, as stated above, this may not be a
roadblock if reliance on the paracrine hypothesis leads to privilege cell engraftment during a
relatively limited period of time post-transplantation with a correspondingly short immuno-
suppressive regimen. Like for tumors, clearance of the cells could even be looked at a natural
fail-safe mechanism preventing the occurrence of potentially delayed cell-induced
complications. Table 3.3 presents a summary of the major release criteria which are usually
required by the Regulatory Authorities before a specific batch can be used for human use.

Identity
e Expression of specific markers indicative of cell type, pluripotency, lineage commitment,
and/or assays of functionality
e Characterization of the profile of the final product if heterogeneous cell population (MRNA-
based markers, if used, should be validated by corresponding protein marker expression
Purity
e Minimisation of undesirable non-cellular impurities or cell debris
o Demonstration of product consistency (previous development and selection of appropriate
in-process controls and release tests)
Potency?
Functional tests and/or marker-based assays showing correlation with the intended therapeutic
effect:
e Invitro and/or in vivo tests
Release of a biologically relevant substance
Formation of extracellular matrix
Demonstration of differentiation
Interactions with immune cells, migration
Tumorigenicity and genomic stability
e Cytogenetic analysis (Karyotype, FISH, CGH-arrays)
e Telomerase activity
e Proliferative capacity
e Senescence

Stability

Description of a stability protocol Measure of product sterility, identity, purity,
quality, potency

In-process stability testing Analyses carried out pre-freeze and post-thaw

Final product stability testing Product integrity, sterility, and potency

(under proposed shipping conditions)
aGuidance  for Industry Potency Tests for  Cellular and Gene  Therapy Products,
http://www.fda.gov/BiologicsBloodVaccines/GuidanceCmplianceRegulatorylnformation/Guidances/default.htm
Table 3.3 Major properties of cells that need to be characterized prior to a clinical use
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Of note, cells (as well as tissue-engineered products, i.e., products which may contain
“biomolecules, biomaterials, chemical substances, scaffolds, or matrices”) belong to the
category of biologics now covered in Europe under the general term of Advanced Therapy
Medicinal Products (ATMP). If, however, cells are to be combined with a scaffold, the latter
will fall under the medical device regulation and will thus be evaluated according to tissue
engineering-specific requirements (biocompatibility, description of the manufacturing process
and characterization of its residuals, sterility, toxicity). For the combination product, cell
seeding onto the material needs to be documented (dose response, cell growth, cell functions,
cell- scaffold interactions) and the final cell/scaffold product will then have to undergo
extensive in vitro and in vivo testing specifically assessing safety, potency, durability, cell fate,
structure and biomaterial decomposition products. In particular, it is relevant to assess to what
extent the device may impact the biologic with regard to genotypic/phenotypic changes,
survival of cells within the scaffold, possible protection against immune responses or
adventitious agents and, on the other hand, to equally assess to what extent the biologic may
impact the device such as changes in rate of breakdown of biodegradable materials or any
other biocompatibility issues. Some specific regulatory steps are summarized in Table 3.4 but
the readers interested in having a broader view of the regulatory framework are invited to look
at the websites of the European and US Agencies, particularly the Reflection paper on
classification of Advanced Therapy Medicinal Products issued by the EMA
(http://www.ema.europa.eu/emalindex.jsp?curl=pages/requlation/general/general_content 0
00296.jsp&mid=WC0b01ac058007f4bc) and the FDA-issued draft guidance entitled

“Considerations for the Design of Early-Phase Clinical Trials of Cellular and Gene Therapy

Products”

(http://www.fda.gov/BiologicsBloodVaccines/CellularGeneTherapyProducts/default.htm).

At the end, the investigators’ decision to proceed to a clinical trial and its ultimate approval by
the regulatory authorities remain largely based on the classical risk-to- benefit ratio. Diseases
for which there are still unmet medical needs clearly remain the priority targets of new
interventions, including those entailing the use of stem cells. We acknowledge, however, that
it may be occasionally challenging to find the right balance between a permissive attitude
aimed at not depriving severely sick patients from a potentially efficacious therapy even
though uncertainties may persist regarding mechanism of action or validation of preclinical
models and a more conservative attitude dictated by the willingness to avoid exposing the
patients to the risks inherent to any novel intervention. Finally, it is worth mentioning that a
current important area of research aims at leveraging data on the paracrine effects of the cells

by assessing whether their transplantation can be replaced by the administration of the sole

Yohan Farouz’ PhD dissertation - 2015 58


http://www.ema.europa.eu/ema/index.jsp?curl=pages/regulation/general/general_content_000296.jsp&mid=WC0b01ac058007f4bc
http://www.ema.europa.eu/ema/index.jsp?curl=pages/regulation/general/general_content_000296.jsp&mid=WC0b01ac058007f4bc
http://www.fda.gov/BiologicsBloodVaccines/CellularGeneTherapyProducts/default.htm

Chapter 3 — Safety, Regulatory and Ethical Issue of human studies

secretome with equivalent outcomes. As shown by the definition given above, such cell-
derived biologics would still fall under the regulatory framework of the ATMP, but this approach
is nevertheless attractive because it might streamline the manufacturing process and improve
cost-effectiveness. The same holds true for acellular biomimetic materials intended to

duplicate the stimulating effects of cells on host-associated repair mechanisms [30, 31].

Cells e Characterization (similar to cell
therapy products)

Composition

Degradation profile

Biomechanical performance
Biocompatibility (with respect to host
response to the scaffold and to the cell
components of the product)

Scaffold

Biological responsiveness e Proof-of-concept studies using
morphological and functional end
points

Dose response

Durability of the response

Safety e Tumorigenicity

Altered tissue function at the delivery
site

Inappropriate cellular differentiation
Inflammatory infitrates

Immune response

Ectopic tissue formation due to cell
migration

Table 3.4 Main regulatory requirements for biomaterials alone or associated with cells (combined product)

Ethical Issues

The objective of this section is not to discuss the general ethical issues which surround
research on human tissues or the design and conduct of clinical trials, which fall under the
general principles issued in the Declaration of Helsinki

(http://www.wma.net/en/20activities/10ethics/10helsinki/index.html). We would rather like to

highlight two issues that more specifically pertain to the use of stem cells.

The first issue is related to the procurement of the cells and, as such, fundamentally differs
depending on their origin. When cells are harvested from the patient, there are practically no
ethical issues and only the risk-to-benefit ratio of the intended clinical trial needs to be
considered. The problem is obviously completely different for human ESCs. The legislation in
this area greatly varies from one country to another and reflects the diversity of political
positions which is, to a large extent, driven by religious considerations. Banning this research
has indeed been the long-standing fight of the pro-life lobbies. Their arguments should be

respected as long as they do not tend to be justified by erroneous scientific statements. The
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most commonly used of these arguments is that these cells are tumorigenic. Definitely they
are, if they were to be used in their pluripotent, undifferentiated state. However, the opponents
of ESC research pretend to ignore that nobody has ever thought of using them without a prior
step of lineage commitment and a subsequent phase of purification intended to discard the
potentially residual “contaminating” cells, as discussed in the previous sections. Another
commonly heard argument is that despite the huge amount of money which has been devoted
to ESC research, nothing has yet come out in terms of improvement of patient outcomes.
Again, those who disseminate these statements pretend to ignore that clinical trials entailing
transplantation of human ESCs have just started, that there are still few of them (currently
limited to the spinal cord, retinal diseases and heart failure) and that it will necessarily take
time before any conclusion regarding efficacy can be drawn. The third argument which has
been repeatedly brought up is that the availability of iPSC has made ESC research obsolete.
The best counter-argument has come from Yamanaka (father of the iPSC) himself in a paper
whose title “New advances in iPS cell research do not obviate the need for human embryonic
stem cells” speaks for itself [32], and which strongly supports the cross-fertilization between
these two areas of research and thus the absolute requirement to pursue their development
“hand in hand.”

Finally, it should be reiterated that these cells are derived from leftover embryos conceived in
the setting of in vitro fertilization, once the fully informed parents have given up a parental
project. As the alternate option would then be the simple destruction of these supernumerary
embryos, it is really debatable that their use for research and, possibly, therapeutic
applications, is ethically condemnable. At the opposite, there is a wide consensus that the
intentional creation of embryos for research would be ethically unacceptable but the huge
number of cryofrozen embryos which are already stored and thus potentially available for
scientific and/or medical purposes makes such an approach largely irrelevant.

A second specific ethical concern is related to the design of clinical trials and, more
specifically, to the choice of the control groups. Here, scientific rigor may come in opposition
with the respect of ethical principles. This is best exemplified by studies entailing intracoronary
infusion of autologous bone marrow-derived cells following successful percutaneously
induced revascularization of the culprit artery. One can question whether it is ethical to impose
the patients with the discomfort and risks (even if they are limited) of a sham iliac crest
puncture followed by a repeat intra-coronary catheterization for delivery of a placebo medium.
On the contrary, one can argue that such a stringent design is important to minimize biases in
interpretation of outcomes. In our own initial experience with skeletal myoblasts, we have been
committed to perform a muscular biopsy and in-scar injections in all randomized patients,
which implied that those assigned to the control group eventually received the myoblast-free

suspension medium[6]. This strategy proved useful to document, for example, that after 6
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months, there was no significant differences in arrhythmic events (as documented by
recordings of the automatic defibrillators implanted in all patients) between the myoblast-
treated and untreated cohorts. To avoid any “loss of chance,” one possible option when
harvested cells are not reinjected because of the allocation of the patient to the control group
is to cryopreserve the cells and, once the trial is completed, to deliver them in a minimally
invasive fashion (whenever feasible) if the outcome has been positive. However, this requires
a detailed characterization of the cryopreservation procedures which may not have been
initially planned as well as additional quality checks to ensure that thawed cells remain
functionally competent. Clearly, such a “study within the study” may represent a significant
burden in terms of time, efforts, and budget. In practice, the dilemma is often resolved by the
local Ethical Review Boards whose variable permissiveness is actually reflected by the large
variability in the nature of the “control” groups, which range from the absence of any
intervention (standard of care) to the delivery of placebo and active treatments without any
possibility of distinguishing them so as to ensure a rigorous double blinding [33].

Conclusion

In conclusion, stem cells and other biologics in therapy pose a unique set of technical,
regulatory, and ethical challenges. It is critical not to expose patients to the unavoidably
unknown risks of any novel therapy. However, it would be equally unfair to deny them the
possibility of even a relief if it can be provided by a treatment targeting diseases for which
there is still an unmet medical need. The main driver thus remains a balanced estimate of the
risk-to-benefit ratio which can be optimized by a tight and permanent cross talk between
scientists, clinicians, engineers, regulators, and trialists. Furthermore, given the magnitude of
the technical and regulatory challenges associated with stem cell therapy, it is clear that
whereas phase | studies can still be academia-driven, the same is no longer possible for larger
Phase II/1ll trials which require the involvement of industry. In turn, this does not only imply a
possible control over intellectual property but also the setup of a cost-effective manufacturing
process. As such, the company incentives on the one hand, and the safety, regulatory, and
ethical guidelines on the other hand, join together under the form of the “KISS” (Keep it Safe

and Simple) principle that should govern clinically targeted stem cell programs.
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Introduction

Materials have been implanted in human bodies for thousands of years already. Some are
harmful, some are not. However, hESCs have been discovered and harvested only very
recently and very little is known on the damages they can cause to the body. Therefore,
although they raise a lot of hope, it is critical to ensure that they can be tested rapidly in human,
in order to determine as fast as possible whether they constitute a viable solution or a threat.
In this project, we bore in mind that the safety would be the main concern, and for this reason,
there was no need to start designing a new biomaterial from scratch, i.e. a biomaterial that
would need to pass all the safety tests from in vitro assays to preclinical studies before being
available in the clinics. The fact the hESCs are so controversial adds to the urgency to
demonstrate or infirm their benefits. First, we need a clinical biomaterial to make sure that the
cells are safe. Second, we need to define the specifications that would have to meet new
biomaterials for fostering the cellular therapeutic effects. And only then can we think of a
perfect patch for the treatment of congestive heart failure.

In 2010, Blin et al. identified a population of cardiovascular progenitors that could be easily
purified before injections into the hearts of diseased animals [1]. After purification by
immunospecific magnetic sorting, the remaining cells demonstrated the ability to differentiate
into either contractile cardiomyocytes, or vascular cells, such as endothelial cells and smooth
muscle cells. In addition, it was shown that these cells had completely lost their ability to form
teratomas, making them good candidates for clinical trials. Last but not least, these cells were
able to engraft into the heart of non-human primates, creating great hope in the scientific
community.

While the results were really encouraging from a research point of view, translating this
discovery to the clinics was yet another challenge. As described in Figure 4.1, the generation
of these cardiac progenitors necessitated to be adapted in many ways to ensure GMP
compliance [2].

Choice of the cell line

The cell line had to be carefully chosen. Since not all hESCs are equal, some may respond
better to cardiogenic growth factors than others [3]. The selected line is called 16 and comes
from the Technion Institute (Haifa, Israel), with the approval of Prof. J. ltskovitz and M. Amit

to proceed to clinical trials.
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Choice of the culture conditions for hESC amplification

The culture conditions need to be fixed to generate a bank of pluripotent hESC. To maintain
their pluripotency, hESCs need very specific chemical and physical signals. Some chemical
signals were already available through commercial culture media, but others and the physical
signals could, at the time, only be generated using either a layer of support cells (called the
feeder cells), or a mixture of extracellular components extracted from cancerous mice. The
latter, commonly called Matrigel, is obviously not approved clinically and thus the choice was
naturally oriented towards the feeder cells. These cells, fibroblasts, are extracted from human
foreskin tissues, then amplified (cell bank from Edouard Henriot Hospital, Lyon, France), and
ultimately irradiated to stop their proliferation. Because they will not proliferate, they will not
compete with hESCs and thus can support hESC adhesion, self-renewal, and maintenance
of pluripotency by providing cell-cell adhesion clues, by secreting growth factors and

extracellular components.

Choice of the conditions for Detachment, Conservation, Thawing and
Specification

After reaching confluency, hESCs are likely to start losing their pluripotency and start behaving
erratically if left in culture. Either the required number of cells has been reached for banking
(at passage p38, in GMP conditions, by Mabgene, Alés, France), or cells need to be amplified
further, after having been cautiously split into many different dishes (for clinical preparation).
For the clinics, Collagenase IV was chosen (NB6, GMP grade, from Coger), for being an
enzyme acting only on the extracellular matrix and not on the cells themselves, thus reducing
the risks of damaging the therapeutic agents. Also, keeping hESCs in aggregates was crucial
for their survival and the maintenance of their pluripotency. Conservation can then be
achieved by supplementing the culture medium with 10% DMSO, a chemical that slows down
ice formation to avoid the apparition of crystals that could potentially rupture the cell membrane
and induce cytolysis. Note that while some chemicals like the Rock inhibitor Y-27632,
regulating cytoskeleton’s mechanics, have been found to dramatically improve viability after
cryopreservation and during seeding, they were not included in the protocol because to date,

no clinical trial has shown their safety.

As a result, there is an average loss of 50% of the cryopreserved cells after thawing. These
cells are first re-amplified for about two weeks, in order to let them recover from the stress of
cryopreservation and to reach the required amount of cells to be included in the cardiac patch.
Once enough cells have been generated (at passage P41), the specification consists only in
adding a growth factor, BMP2, responsible for pushing cells toward a mesendodermal lineage.

Luckily, this protein is already produced and approved in the clinics, in the treatment of bone
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defects, in combination with a collagen network that serves as scaffold (Inductos®, Wyeth
pharmaceuticals, now part of Pfizer, New York, NY). Unfortunately, the feeder cells were found
to inhibit the specification by secreting TGF-Beta, a factor known to be important in
pluripotency maintenance and also for neuronal differentiation. Therefore, BMP2 also had to
be administered with a supplement of SU-5402, an inhibitor of the TGF-Beta signaling
pathway.

Cell sorting and choice of the dose

After four days of specification, where medium was changed everyday to freshen up the
BMP2, cells are ready to be collected and sorted depending on their surface markers. There
are many different cell populations in the mixture, from potentially undifferentiated cells to cells
of other lineages than the cardiovascular mesendoderm. Consequently, positive cell sorting
was found to be the best option to select the cardiac progenitors, even considering the
damages that could cause immune-magnetic labeling. Antibodies were produced in GMP
facilities (Miltenyi, Teterow, Germany) and functionalized to magnetic beads. These antibodies
can only bind to very specific membrane markers, such as CD15 (also named SSEA-1) in our
case. After collecting these cells, a small amount is then fluorescently labeled in order to
guantify, using flow cytometry, the proportion of impurities (non
cardiovascular/mesendodermal cells) in the positive fraction, as well as the amount of dead

cells and even the proportion of lost cells (CD15" cells found in the negative fraction).

Ten million cells were chosen to be delivered. This value was the result of theoretical
calculations with a focus on patient’'s safety. As a result, an under-evaluated doses was
preferred in this first step. It was assumed that above 1,000 residual undifferentiated cells per
milligram of tissue, tumoral clusters could emerge [4, 5]. For a 400-g heart with one fourth of
the tissue being infarcted, we would reach 10 millions of grafted cells per 100 grams of covered
tissue, or 100 cells/mg of tissue. After 2 divisions, this value will reach 400 cells/mg, and, in
the worse-case scenario where 10% of the CD15" fraction would correspond to
undifferentiated cells, we would observe an average of 40 undifferentiated cells per mg of
tissue. This value is thus well below the threshold of 1,000 cells/mg defined here above.
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Figure 4.1 Description of the cell production process in GMP conditions
Adopted from Menasché et al. 2014 [2]

Design of a cardiac patch for clinical applications

As the reader would have already convinced himself, this protocol is already very complex
and bringing it up to GMP specifications took years. The next step was to find a way to deliver
the cells onto the heart. Many clinical materials had already been tried with other kinds of cells
with limited success, and many criteria for optimal cell survival and retention, and even easy
surgery and handling, had not been met [4-8]. In that context, fibrin emerged as a potential
candidate for it had already shown success in rats and most importantly was available in a
clinically approved formulation: Evicel®.

Fibrin

Among natural biomaterials, fibrin is a central one in scaffold design. Even if absent from the
extra-cellular matrix, it is present during the wound healing process as the primary component
of blood clot and as a scaffold to promote wound repair. Fibrin (factor la) is formed from the
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interaction between fibrinogen (factor 1) and thrombin, in the presence of Ca?*, and is then
polymerized [9] (Figure 4.2). Once polymerized, the structure of fibrin presents pores that block
some biological components and allow others to go through. Fibrin also promotes cell
adhesion and proliferation [10]. Even though it is highly flexible and not much brittle, its

mechanical properties remain limited [11].
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Figure 4.2 Fibrin polymerization process

As an already clinically approved material for the incorporation of cardiac progenitors,
we decided to make scaffolds based on fibrin sealant formulations. We chose the brand
Evicel® for it does not contain aprotinin, a protein that stabilizes fibrin polymerization. In spite
of its efficacy in reducing post-operative bleeding, aprotinin was withdrawn from many
pharmaceutical markets worldwide after safety concerns had been raised by results from the
BART clinical trial in 2008 [12]. While recent studies are generating new debates on the real
benefits of aprotinin for antifibrinolytic treatments, questioning the advantages and drawbacks
of its main replacement, tranexamic acid [13-15], it was safer to avoid taking the risk of
delaying further the start of our clinical trial.

The literature from pre-clinical biomedical research groups has a lot of references
regarding the fabrication of cardiac tissues with fibrin [16-19], sometimes using chemical-
grade bovine fibrin, sometimes using clinical grade human fibrin, either with or without

aprotinin, factor Xllla and other additives (see Table 4.1 for references).
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Fibrinogen Thrombin Young’s modulus  Reference Method
(mg/mL) (Ul/mL) (kPa)
" [20-22] Tensile
Evicel 140 2000 38 Testing
Tisseel 87 (+ aprotinin) 512 15 [20, 21] Tens_lle
Testing
Huang: Tisseel 87 (+ aprotinin) 512 15?
Huang: [23] Hang up
Standard 95 500 21 loads
Liu 100 400
Godier-
Furmémont 40 200
[23] Hang up
Huang 95 50 9.5 loads
Huang 95 10 5.3 [23] Hang up
loads
Xiong 25 75
Huang 9.5 50 5.7 [23] Hang up
loads
Vallée 10 40
Rowe 2 2 10 [24] Tensile
testing
2 0.2 10
2 0.02 19
2 0.002 29

Table 4.1 Literature survey of the use of fibrin for cardiovascular applications.

Yet, no study has been done with hESC-derived cardiac progenitors and their behavior in such
a cardiac patch.

Mechanical characterization

As described in Chapter 2, there are many ways to characterize the mechanical properties of
materials, and the choice of the protocol depends on the application of the material and the
environment destined to interact with it. While in chapter 2, we have only described technigues
for assessing the mechanical properties at the cellular level, there exist solutions for evaluating
the performance of a material at the macroscopic scale, which we thought would be more

relevant for our cardiac patch in a clinical setting.

The problem in measuring elasticity is that it requires a perfect knowledge of other parameters
of the sample to be tested, such as its thickness and its geometrical shape, and sometimes,

parameters such as the viscosity of the materials.

For compressive testing using an apparatus like Instron machines, one requirement is
absolute flatness of the cylinder-shaped sample. If the sample is not flat, compressive forces

are not applied uniformly on the sample, causing differential deformation and possible sample

slipping.

Also, for very soft materials and especially hydrogels, one has to make sure that the sample
does not deform under its own weight, which would bias the measure. Soft formulations of our

fibrin patches were found to be too soft to handle their own weight.
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For tensile testing, similar problems can emerge such as a precise measurement of the
thickness of the sample, and the ability to mold it in a bone-like structure that fits in the
machine. Fibrin was found to be too deformable and yet too resistant to be cut out with a

cutting die without being torn apart and damaged.

Many people [23-28] found ways to characterize fibrin gels in the literature (Table 4.1), but not
only all these solutions are disputable, but they also are all different from each other and from

measurements of the mechanical properties of heart tissues [29-31], [32, 33].

And even the characteristics of heart tissues are rarely determined in vivo when the tissue is
still fully functional, but rather in vitro, where post-mortem stiffening and processing techniques

may have altered their mechanical properties.

Therefore, we sought a way to characterize the gels that would be relevant in a clinical setup.
The idea behind it would be to become able to determine the characteristics of a healthy tissue
versus a diseased tissue in terms of its elasticity, and to compare it to the elasticity of our

engineered cardiac patches.

While previous collaborations with the Langevin Institute had already led to the demonstration
that ultrasounds could be used to dynamically measure contraction forces in vivo [32, 33], it
had never been shown that we could use this technique to measure the elasticity of materials

destined to the fabrication of cardiac patches or cellular cultures.

Shear Wave Elastography (SWE) is a very powerful technique that was first developed as a
non invasive tool for the diagnosis of breast cancer. Because it allows a measure of the
elasticity of tissues in real time, the observation of a very stiff ball in mammary gland would be

the sign of a developing tumor.

Here, we used this technique because it allowed non destructive characterization of the
Young's modulus of our materials, without any requirements in terms of geometry, thickness,
or possible analytical troubles such as the determination of the point of contact of a tip of the

AFM cantilever.

However, this technique has a very narrow range of applications, which happened to fit
perfectly in our study. While new models can be developed taking the sound propagation
speed in other media (such as PDMS, for example), the (commercially available) clinical
version of the SWE only uses mathematical models using the velocity of sound in water, as it
is the main component of bodily tissues. The range of stiffness that it can discriminate without
any loss of precision corresponds to the range of stiffness found in soft biological tissues
(excluding bones), i.e. from a little less than 1 kPa to about 200 kPa. Finally, the observed

sample needs to be echogenic, meaning that the generated ultrasonic waves can bounce
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back to the probe. For this to be possible, there has to exist particles the size of at least half

the wavelength of the sighal generated by the ultrasonic probe.

While most bodily tissues meet these characteristics, due to the presence of many

imperfections and cells as the echogenic particles, it was not the case of our cell-free samples.

The solution was therefore to add particles, enough to make the entire hydrogel echogenic
with a good signal-to-noise ratio, and not too many not to bias the measure of the hydrogel's

elasticity.

In this chapter, we detail the results of the preliminary investigations that led to the
establishment of the final protocol for the fabrication and use of a fibrin patch loaded with
hESC-derived cardiac progenitors in an attempt to get the green light from the regulatory

authorities to proceed to clinical trials.

Material and methods

A solution of fibrinogen from the Evicel® package was diluted 10 folds in NaCl and then
subjected to a Von Clauss clot formation assay. Briefly, the diluted fibrinogen solution is placed
at 37°C, to which is added an excess thrombin solution followed by a calcium solution. Clotting
time was recorded with t=0s corresponding to addition of calcium. Clotting was considered
complete when the optical density had reached a certain threshold. Clotting curves were then
compared to a calibration curve constructed using a reference plasma solution and the final

fibrinogen concentration was derived by simple interpolation.

Thrombin’s concentration is measured by its activity for clot formation. Therefore, any
parameter that can affect the activity of thrombin, such as freeze-thaw cycles, conservation
temperature, etc., will bias the “concentration” initially determined. Hence, we chose to fix an
arbitrary value to thrombin concentration, corresponding to the center of the concentration
range provided by the manufacturer, i.e. 1000 U/mL for an official range between 800 and
1200 U/mL.

An aqueous solution of agarose 2% v/v was overlaid on the bottom of each well of a
24-well plate, so as to avoid important adhesion of patches. A 5 mg/mL fibrinogen solution
(diluted from the Evicel’s vial) was mixed with suspended cells, and a volume of 150 pL was

poured in each well. Thereafter, a 1 U/ml thrombin solution (diluted from the Evicel’s vial) was
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overlaid on top of the fibrinogen solution at a ratio of 1:1 v/v, and mixed by swirling and tilting

the plate. Gels were incubated for 45 minutes at 37°C and 5% CO..

The structure of the fibrin gel was then modulated by varying fibrin volumes and initial
fibrinogen concentrations at a constant fibrinogen:thrombin ratio (5 milligrams of fibrinogen
per 1 unit of thrombin). In the rest of the present document, samples are referred to using their
fibrinogen:thrombin concentrations, “F” standing for the fibrinogen concentration in mg/mL and
“T” standing for the thrombin concentration in U/mL. For the qualitative assessment of fibrin
handling and stability, patches were polymerized into 24-multiwell plates with a-MEM as the

culture medium.

After polymerization, patches were embedded in Tissue-Tek OCT compound Mounting
Media, and cut into 10-uym-thick sagittal sections using a cryostat. A selected set of sections
was mounted on microscope slides. After 24 hours, they were rinsed with ethanol 70% and
washed with Phosphate Buffer Saline (PBS).

The sections were then stained with Hematoxylin for a few seconds, and then rinsed
with ddH.O. Next, they were counterstained with Eosin for 5 minutes, and then rinsed with
ddH20. A solution of 60% Warm glycerol was added and slides were covered with glass

coverslips.

After polymerization of the patches, 1 mL of glutaraldehyde was added into each well
for 2 hours at room temperature (RT). Then, patches were washed twice with PBS for 15
minutes and water was progressively removed by replacing the PBS solution with an
ethanol/PBS solution of increasing ethanol concentration. More precisely, the concentrations
v/v of ethanol were 25%, 35%, 50%, 60%, 70%, 80%, 90% and finally the solution was
replaced by pure ethanol. Each incubation lasted 15 min.
Ethanol was then progressively removed and replaced by hexamethyldisilazane (HMDS)
using a similar procedure with solutions of HMDS 33%, 67%, and 100% v/v in ethanol.
Samples were transferred into multi-well plates covered with aluminum foil in order to avoid
attachment of the samples to the bottom of the dish. After the HMDS had fully evaporated, all
samples were sputter-coated with 10 nm of gold and imaged using a Scanning Electron

Microscope under full vacuum.
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Image analysis

Pore sizes were quantified by measurement of the pore diameter of H&E-stained fibrin cross-
sections using Image J software (NIH, MD, USA) (n = 3). At least 10 pores were assessed in
each sample. Manual measurements refer to handmade delimitations of the pores, while
automatic measurements denote the use of Image J plugins for particle counting after the

images had been filtered using binary thresholds.

Materials characterization

Compressive test

The Young’s modulus in compression was derived from stress-strain curves obtained
using an Instron 5565 mechanical apparatus (Instron, Norwick, MA), equipped with a 10 N
load cell (Figure 4.3-A). Briefly, fibrin pieces were formed in flat-bottomed syringes to have a
controlled geometry. The height of cylinders was measured and placed in the apparatus and
the strain was recorded at different loads. The Young’s modulus in compression was
calculated as the slope of the stress-strain curve, at the beginning of the deformation, where

the stress-strain curve can be assumed to be linear.

f x
Figure 4.3 Mechanical characterization of fibrin hydrogels

(A) procedure on Instron device for compressive testing. The upper surface will compress the hydrogel (in pink)
at a controlled speed and resistance is recorded at the same time. (B) Aixplorer® Ultrasound imaging system

Shear Wave Elastography (SWE) — Aixplorer® Ultrasound Imaging

SWE is an adaptation of standard ultrasound imaging techniques (Figure 4.3-B)
provides in real-time a quantitative map of soft tissue’s shear modulus (Figure 4.4) by
tracking remotely induced shear waves at high spatial and temporal resolution. To our
knowledge, this method has already shown success in breast cancer diagnosis but
had never been exploited in the field of tissue engineering and biomaterial design. As

hydrogels were transparent to ultrasounds we added agarose powder during the
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preparation. Hydrogels required no specific geometry but cylinders appeared to be

more practical. Hydrogels were prepared the same way as for compressive tests.
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Figure 4.4 Elasticity measurement with Shear Wave Elasticity on Aixplorer® Ultrasound System
[example for F20T4HA2.5 (see Chapter 6)]

Results

Biological materials are often very difficult to purify and depending on their application, they
might not require a very precise control of their concentration. This is the case of the surgical
glue commercialized under the name Evicel®. Indeed, the manufacturer’s specifications reads
a fibrinogen concentration ranging between 50 mg/mL and 90 mg/mL, which is a very broad
interval. As lot to lot variability from patch to patch could lead to dramatic variations in the
outcome of the future patients, we routinely assessed the real concentration in fibrinogen,
since this data could not even be provided by the manufacturer itself (Figure 4.5). Results were

highly heterogeneous, with a higher frequency for concentrations between 50 and 55 mg/mL.
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Figure 4.5 Lot-to-lot variability in fibrinogen concentrations

Structural characterization of fibrin patches

At the nanoscopic level, we observed a woven network of homogeneously distributed
and randomly oriented fibers (Figure 4.6). Qualitatively, unlike other groups had previously
reported, there was no visible difference between our conditions, neither in terms of fiber
diameter nor in terms of fiber spacing (i.e. overall porosity).

Figure 4.6 Electron Micrographs of fibrin patches.
(A) Patch with 5 mg/mL of fibrinogen and 1 U/mL of thrombin. (B) Patch with 10 mg/mL of fibrinogen and 2 U/mL
of thrombin. (C) Zoom in the structure of patch A.
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Figure 4.7 Fiber diameter as a function of fibrin composition

After quantification (Figure 4.7), fiber diameters for F5T1 was about 327 nm, and
decreased for F10T2 with a value of 258 nm. Similarly, when the concentration was doubled
to F20T4, there was no difference in fiber diameters with a value of 328 nm. Finally, at the
highest concentration of fibrinogen and thrombin F40T8, there was also no difference in fiber
diameters with a value of 292 nm. This could be explained by the processing conditions
needed for a hydrogel to be imaged under an old SEM without variable pressure. Despite our
attempts to use confocal microscopy on fibrin hydrogels made of Evicel® supplemented in
fluorescently labelled fibrinogen (Figure 4.8), it was not possible to acquire images with

sufficient resolution to perform better in situ quantifications.

F5T1 F20T4
Figure 4.8 Confocal imaging of fluorescently labelled fibrin hydrogels

At the microscopic level, histological sections revealed bright pores clearly

distinguishable from dark purple clusters of fibrin fibers (Figure 4.9).
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Figure 4.9 Photomicrographs of histological sections of fibrin patches, stained with Hematoxylin/Eosin stain.

(A) Patch with 5 mg/mL of fibrinogen and 1 U/mL of thrombin. (B) Patch with 10 mg/mL of fibrinogen and 2 U/mL
of thrombin. (C) Patch with 20 mg/mL of fibrinogen and 4 U/mL of thrombin. (D) Patch with 40 mg/mL of fibrinogen
and 8 U/mL of thrombin. Scale bar: 200 um

Qualitatively, pore size seemed to increase with fibrinogen (and thus, thrombin)
concentration. Furthermore, fibers seemed, in this case, to have a larger diameter with
increasing fibrinogen concentrations. Interestingly, these microscopic observations were
hardly interpretable in the light of what had been previously seen at the nanoscale. Indeed,
the pores that were visible in cryosections (Figure 4.9) did not seem to correspond to the
porosity observed for confocal images (Figure 4.8).
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Figure 4.10 Variations in pore diameter (um) as a function of patch concentrations (mg/mL-U/mL).
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Quantitatively, after manual measurements (Figure 4.10, blue histogram), there was a
linear increase in pore diameter with increasing concentration of fibrinogen. Indeed, the fibrin
pore diameter for F5T1 was about 55 uym, and increased for F10T2 with a value of 86 um.
When the concentration was doubled to F20T4, fibrin pore size increased to 158 um. Finally,
the biggest pore diameter was about 200 um, which corresponded to the highest concentration
in fibrinogen and thrombin F40T8. Therefore, fibrinogen exerts a clear dose dependent effect
on the diameter of fibrin pores (Figure 4.10).

Surprisingly however, automatic measurements gave different results (Figure 4.10, red
bars). Indeed, the lowest value of diameters was found for F5T1 with a value of 52 ym whereas
the highest value was found for F20T4, and was 79 ym, with error bars of the same order of
magnitude as the means. While a similar qualitative increase was observed, this was not
enough to be interpreted rigorously. Yet, it might shed some light on the reasons why
nanoscopic observations are clearly different from microscopic observations. In fact, one
explanation of the bad performance of the automated method could be, in addition to
inhomogeneous lighting problems, the presence of very thin and small fibers or fibrin
aggregates (especially visible on Figure 4.10-A and Figure 4.10-C) that seemed to form a sub-
network within the bigger network. We can hypothesize that these smaller fibers do match
those revealed by SEM and Confocal imaging, while bigger fibers might result from their
aggregation due to various mechanical constraints. While bigger fibers are more mechanically
stable, small individual ones are weaker and probably removed from the samples during the

cryo-sectioning and staining steps, leaving behind microscopic pores.

Mechanical characterization

70

[o2]
o

(kPa)

Young's modulus

10 VA
0 e == B

F10T2 F15T3 F20T4 F25T5 F30T6 F35T7

Figure 4.11 Compressive testing results for fibrin hydrogels of increasing fibrinogen:thrombin concentrations.
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On one hand, compressive tests showed high variability both between replicates of the
same condition and between condition themselves. Even though structural analysis had
shown an homogeneity in the evolution of the fibrin network from low concentrations of
fibrinogen to higher concentrations, the compressive results, taken independently, could have
suggested a complete decorrelation between fibrinogen and thrombin concentrations and
elastic modulus, where concentrations as low as 15 mg/mL fibrinogen would result in an
average Young’s modulus above 20 kPa (with a SEM of more than 15 kPa) and F25T5
patches, composed of 25 mg/mL fibrinogen, would have an elasticity lower than 5 kPa (Figure
4.11). Additionally, the patches with the lowest concentrations of fibrinogen:thrombin
happened to be too soft to withstand their own weight and to allow precise compressive
testing. As described earlier, this could be explained by technical hurdles and the very high
manufacturing constraints that may limit and distort the results.

A
14
B n .
S 12 2
o
© 10 (3
O —~3
ES e
Qg
_U') :\C" 0.4154x - 2.4138
4 y =0. X - 2.
? R2 =0.9698
=) 2
O
>- 0 T T T
5 15 25 35

Fibrinogen concentration (mg/mL)

Figure 4.12 SWE measurements of fibrin elasticity.

(A) Representative images of B-modes superimposed with elasticity heat maps for the 6 concentrations tested,
from the lowest F10T2 (A-i) to the highest F35T7 (A-vi); (B) Variations and linear fitting of the patch’s elastic
modulus depending on fibrinogen concentrations.

On the other hand, SWE measurements (Figure 4.12) showed homogeneous results with

lower variability, suggesting an increase in stiffness with the increase of the fibrinogen and
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thrombin concentrations. These data concord with both confocal and brightfield micrograph.
Indeed, although unquantifyable, the pores observed in situ were wider for formulations of low
fibrinogen (Figure 4.8-A) than for their more concentrated counterparts (Figure 4.8-B). This
higher porosity would eventually results in weaker mechanical properties for F5T1. As for
sections of patches, the presence of very thick fibers resulting from aggregation of smaller
fibers would have undoubtedly strenghtened the hydrogel at higher concentrations in
fibrinogen and thrombin (Figure 4.9). Additionally, there was a linear correlation
(R?=0.97,Figure 4.12-B) between elasticity and fibrinogen concentration. This observation will
allow us to interpolate with confidence the elasticity of scaffolds with different fibrinogen
compositions that might be needed in the future.

We then determined the most appropriate patch volume and reduced its size as much as we
could to limit nutrient and oxygen diffusion problems but keeping in mind that the surgeon has
to be able to handle the patch without breaking it during the surgery. For the handling test of
fibrin patches, four different volumes were tested for each concentration: 50 pL, 100 uL, 200
pL and 300 pL.

Concentrations Medium Volume Pinch Retention Re- Number of
F [mg/mL] — T [U/mL] (uL) grip spreading samples

F40T8 aMEM 50 1 - - n=3
aMEM 100 + + - n=3

aMEM 200 + + + n=3

aMEM 300 + + + n=3

F20T4 aMEM 50 - - - n=3
aMEM 100 + - - n=3

aMEM 200 + - + n=3

aMEM 300 + + + n=3

F10T2 aMEM 50 - - n=3
aMEM 100 + - - n=3

aMEM 200 + - + n=3

aMEM 300 + + + n=3

F5T1 aMEM 50 - - - n=3
aMEM 100 + - - n=2

aMEM 200 + - - n=3

Table 4.2 Handling of patches as a function of fibrinogen and thrombin concentrations.

“Pinch grip” corresponds to the ability to seize the patch using standard flat teethed tweezers. “Retention” denotes
whether the patch immediately folds on itself or retains its circular shape. “re-spreading” refers to the ability of the
patch to spread back to its original shape when deposited back in the conservation solution.

Results presented in Table 4.2 suggest that 300 uL of fibrin was necessary for an
optimal handling of the hydrogel. However, there was no qualitative difference in handling
between the four concentrations. While the optimal volume was considered to be 300 pL for
patches destined to be grafted on rats, upscaling our system for sheep and thus for humans
made us realize that an even thicker patch (up to 1-mm thick) was needed for better surgical

performances.
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Cell-laden fibrin patches

We then focused on how to make the patch usable in the operating theater. We defined
ways to keep it under tension for 24 hours (until implantation) and to avoid patch contraction
due to adhesion-mediated cellular tension. Even before detaching the patch from its
substrate, it was possible to observe the important traction exerted by test cell lines (here NIH-
3T3 fibroblasts) inside the fibrin patch (Figure 4.13, B-D). Immediately after cell tripsynization
and fibrin polymerization, cells had kept their round shape (Figure 4.13-A), yet after a few
hours, it was not possible to distinguish between fibroblast’s cellular extensions and thickened
fibrin fibers (Figure 4.13-B), confirming reported analyses that fibrin is highly remodeled by its
host cells to the point where fibers can eventually be re-oriented [34]. Again, as compared to
histological analyses of cellularized patches [35], looking at fluorescently conjugated fibrin
patches under a confocal microscope (Figure 4.13, C-D) revealed both the nano-pores in
between fibrin’s nanofibers and the micro-/meso- pores generated by cellular traction (or other
external stress). It also revealed the formation of thicker fibers, as suggested by stronger

fluorescence intensity.

Figure 4.13 Representative images of the behavior of fibroblasts seeded within fibrin patches.

(A-B) Phase contrast image of fibroblasts in F20T4 fibrin patches (A) at t=0 (B) at t=20h (scale bar: 100 pm).
(C-D) 3D projections of confocal images of fibroblasts in F20T4 fluorescently conjugated fibrin patches after 4
hours in culture. Note how fibroblasts are pulling on the fibrin, generating holes and thickening some fibers. Scale
bar: 50 pm.
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Furthermore, after observing this phenomenon on a patch made with cardiac
progenitors (data not shown), in vitro tests with murine fibroblasts confirmed that patch’s
surface area significantly decreased over time if left without constraints in culture medium
(Figure 4.14 A and B). However, having no adhesion between the patch and the culture dish
would allow surgeons to easily take the patch out with no risk of rupture. Therefore, we defined
a trade-off where the bottom of the dish is coated with agarose to remove adhesions with the
fibrin gel, while the wall of the well remain untreated, allowing the hydrogel to be maintained
under tension for as long as the patch is not removed nor are adhesion forces compensated
(Figure 4.14 C-E). Consequently, fibroblasts could adhere and spread in the patch without
shrinking it.

Figure 4.14 Shape and handling of the fibroblast-laden fibrin gels
(A) After unmolding at t=0 (B) Unmolded for 20h (C-D) After unmolding at t=20h (E) Unmolded for 30min after the
20h.

Manipulation during surgery

When deposited on the surface of the epicardium, first patches would slip on the sides
of the sheep’s heart and had to be sutured. However, after a few optimization steps, we now
have a patch of about 1-mm thickness that looks reasonably thin (even though it is still thicker
that the admitted diffusion limit of 200 um), that can be handled easily (patch unfolds itself on
the heart), that sticks to the epicardium and that does not contract after 24 hours of incubation
in vitro (before surgery). One of the interesting techniques developed during surgery is the
use of the pericardium of the sheep as a “kangaroo pouch” (Figure 4.15). This flap allows
maintaining the patch on the infarcted area, and, as pericardial cells are adipose tissue cells,
we are confident that this pouch will act as a source of paracrine factors that will further recruit
autologous endothelial cells to help form a hew vasculature inside the patch and the infarcted

regions.
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Figure 4.15 Grafting of the patch on a sheep’s heart.
(A) Handling of the patch with tweezers (B-C) Placing the patch between the epicardium and the kangaroo-like
pericardium pouch (D) Suturing the pericardium.

Effect of the patch on rats and sheep

Such patches have then been more thoroughly tested on rats (Figure 4.16) and sheep
(Figure 4.15), and analyses have been reported by Bellamy et al. for the long term outcome of
treated rats [35] and by Menasché et al. for the lessons learnt during this 10-year long journey

until the authorization to proceed to clinical trial by the regulatory authorities [2].

"t:'h

Figure 4.16 Grafting the patch on a rat’s heart
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Conclusion and Discussion

The aim of this study was to determine the appropriate conditions needed to retain
hESCs-derived cardiovascular progenitors inside a fibrin hydrogel for the treatment of
congestive heart failure.

After having defined standard methods to quantify fibrinogen concentration in the
commercially available fibrin sealant Evicel®, structural studies were performed in absence of
cells to qualitatively assess the optimal volume and concentration to obtain sustainable
patches, and then to quantify the pore size inside each patch. Measurements of pore
diameters were performed first manually, based on the measurement of 10 pores by patch.
These measures have permitted to show that there was an increase in pore size, when the
concentration of thrombin and fibrinogen were increased, while keeping the same ratio 5:1
fibrinogen:thrombin (mg/mL : Ul/mL). Surprisingly, the automatic and manual techniques did
not lead to the same conclusion. The automatic technique gave a global value of pore size
from 50 to 80 um. This could be due to the larger distribution of pores analyzed for one patch,
with a less accurate discrimination between the two networks resulting from a hierarchical
organization of fibrin’s hydrogels: (i) the nanoscopic natural network, formed during
polymerization, and (ii) the meso-scopic aggregation of fibers, probably resulting from external
stimuli. While measurements of nanoscopic fiber diameter did not give much information
regarding the optimal concentration in fibrinogen, the comparison of these values to those of
ECM fibers such as collagen and elastin (around 30-300 nm) places fibrin hydrogels among
the scaffolds of highest fiber thickness.

Two technigues have been used to assess the mechanical properties of fibrin patches.
One more traditional technigue on one hand: macroscopic compression testing, using an
Instron device with a 10 N load cell. And a far younger one, specially designed for the clinics,
on the other hand: shear wave elastography, taking advantage of the attenuation rate of high-
frequency ultrasound propagation velocity when penetrating soft tissues. This technique
permits to have access to local elasticity measures, when conventional compressive test gives
only a global elasticity of the material. Our base material, fibrin, showed a progressive increase
in stiffness, from about 2 kPa to 12 kPa with increasing concentrations of fibrinogen and
thrombin, from F5T1 to F40T8, respectively. This linear trend may be explained by the
fluorescent and histological profiles of these networks. As the real natural pore size is
progressively reduced with increasing concentrations, fibers tend to aggregate and both
components (dense network and apparition of thick fibers) might act synergistically to form a

more rigid network.
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Some studies have shown that a good retention inside scaffolds seems to be
necessary for promoting hESCs differentiation and preventing loss due to cell mobility (either
by passive diffusion or elimination or by active cellular motion) into surrounding tissues [36].
This leads to the conclusion that narrower pores are better at retaining cells inside the fibrin,
like those represented in F5T1 patches. Nevertheless, the ideal patch should allow cells to be
integrated with the scar tissue or with the healthy tissue at its closest vicinity, and then to
repopulate, to revascularize and eventually to replace the necrotic tissue. Considering that
scenario, too much retention could be prejudicial for cell migration. Based on our multiple
qualitative and quantitative assays of fibrin patches, the optimal size of pores of fibrin gels
seemed to be about 100 to 200 ym in diameter. This range matched with the structure of
F20T4 patches, that presented an average pore diameter of 158 ym. With regards to stiffness,
this formulation had a Young’s modulus of about 6.2 kPa. While this is soft compared to a
healthy adult myocardium, it lands in the range of fetal heart tissues, as reported by Engler et
al. [30].

In order to make sure that the fibrin concentration selected was really efficient for cell
encapsulation, cell-laden fibrin patches have been implanted in vivo. After sacrifice, the
presence of the patch, its vascularization and the presence or remaining CD15* progenitor
cells have been assessed in the hearts of treated animals. Also, the evaluation of cardiac
function showed improvements at shorter terms for sheep and in the long term for bigger
cohorts of rats. The comparison between the histological profiles and the functional
improvements suggested that the benefits would in fact result from paracrine signals, with
both the patch and the cells disappearing in a 3-week time frame. Nevertheless, as the goal
of the phase | clinical trial is only to demonstrate safety, the first patient has now been treated
since October 2014 and a first case report has recently been published [37], showing with
loads of caution the promising benefits of the cardiac patch on the treated patient.

Because we chose not to use aprotinin in the composition of the fibrin hydrogels, it was
natural to observe a rapid degradation of the cardiac patch after implantation either in rats,
sheep or even humans. However, recent findings showed that polymerization of fibrin gels in
presence of a genetically modified recombinant aprotinin led to dramatic improvements in the
degradation rates of the fibrin patch [38]. By combining this modified aprotinin with VEGF, a
growth factor involved in the differentiation or the recruitment of endothelial cells, they could
promote a long lasting vascularization of the region where fibrin was injected. This is an
important step in the field of tissue engineering, where one of the major hurdles is the
vascularization of the constructs in order to avoid premature cell death in vitro or in vivo.

Furthermore, even though we did not discuss it in details here because of important
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controversies (see Anderson et al. and subsequent replies [39]), cell injections are still
considered the best strategy by some groups [40] who are considering clinical trials. Another
recent study also reported that small changes in injection techniques, such as aggregating
hPSC-derived cardiomyocytes into big clusters prior to injection, could promote a real
engraftment of the delivered cells with the host myocardium, while superficial epicardial
grafting of a large flap of clustered hESC-derived cardiomyocytes prevented their integration
in the host myocardium due to the presence of an interfacial layer of cells that isolated the
deposited patch [41]. Consequently, if paracrine-induced regeneration is already a
considerable step and is undoubtedly worth further investigation (especially regarding
microvesicles, as discussed at the end of this dissertation), there is growing evidence that
what we described as our ideal patch, with generation and delivery of new contractile units, is
not out of reach in a not-so-far future. We are confident that optimizing the cardiomyocyte and
vascular progenitor production step as well as the patch fabrication and delivery steps would
help prove or infirm this utopic hypothesis.
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Introduction

While cardiovascular diseases do not cease to progress worldwide, no new drug has
been marketed in the last 10 years. Not only the important cost for developing a new drug and
testing it on models such as cell cultures, small and big animals has been discouraging. But
also, the status of gold standard of afore mentioned models have become more and more
guestionable. At the same time, cell therapy has emerged as a bankable alternative with a
simple hypothesis: there is probably no need to screen for new, complex drugs if we can
harvest the healing and regenerating properties of the body itself. As a matter of fact, the
human body possess many types of cells that can help regenerate or heal organs. As a result,
being able to harvest and produce large quantities of these cells with a good yield is probably
one of the biggest challenges to date. Not only would it help making banks for future cell
therapies, but using tissue engineering techniques, these cells can help form micro-tissues
able to mimic the physiological or pathological behavior of certain organs more reliably than
common culture dishes or even animals, small or big.

From the pioneering work of Laflamme and colleagues [1], protocols have been refined
to take into consideration the production costs of these cells as well as the risks (and hence
the regulatory requirements) for patient's health [2-4]. Laboratories worldwide have been
moving from growth factors-based differentiation protocols to small molecules in xeno-free cell
culture media. While they start to be very efficient, they are performed in conditions that have
been shown to affect the differentiation stage itself. Engler and colleagues reported in 2006
that the fate of MSCs could be altered by cultivating them on substrate of different elasticity
[5]. Since then, it has been established that cell fate is highly dependent on substrate stiffness,
culture dimension (2D or 3D), ECM protein type and density, as well as ECM organization [6].
Placing cells in the wrong environment can lead to counterproductive effects that are not to
be neglected when considering both clinical and pharmaceutical applications. In an attempt to
create standardized culture methods for cardiomyocytes differentiation, a few groups have
already proposed either circular geometries (in the case of 2D cultures) or spherical
geometries (in the case of 3D cultures). However, optimal dimensions and protocols were very
different from group to group, and microfabrication was either used for very practical reasons
[7], or used to address more foundational questions, be it the effect of local concentrations of
growth factors [8] or to study the formation of cardiac micro-chambers from pluripotent cellular
monolayers [9].

Here we study two parameters of the cell environment that can be controlled to make
reliable and high-throughput differentiation of embryonic or induced pluripotent stem cells: the
elasticity of the substrate, and the cellular confinement (materialized by the ECM spot size).

While many protocols have been published regarding microfabrication techniques on soft
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materials as reviewed earlier in this document [6], they proved inappropriate for the
differentiation of hESCs or hiPSCs in an environment as close to the clinics as possible.
Indeed, most studies questioned very short-ranged phenomena related to cytoskeletal
architecture and the related mechanotransduction pathways [10, 11]. The cells of interest were
rarely human and did not require the absence of antibiotics to behave healthily.

These challenges led us to go back to a completely non-clinical in vitro model, rather
than pursuing in trying to use clinical resources to study a fundamental phenomenon.
Consequently, we removed all the uncertainties that arose from restricting our options to
clinically acceptable solutions. Instead of using feeder cells, we preferred Matrigel and
recombinant vitronectin fragments. Rather than using a growth factor-based differentiation
protocol, we used small molecules to modulate developmental signaling pathways. Last but
not least, hESCs were replaced by commercially available hiPSCs, for obvious practical
reasons. Here, we present the effects of substrate elasticity and confinement on cardiac
differentiation. As a conclusion, we will discuss how, after having used a model environment
to isolate the effect of our two parameters of interest, elasticity and topographical confinement,
we can adapt the proposed model protocol either to the clinical needs or to higher-throughput

protocols for pharmacotoxicology screening.

Materials and methods

Poly-dimethylsiloxane (PDMS) stamps were fabricated using standard photolithography
techniques. Briefly, a chromium mask was exposed using a pPG 101® and then developed
and etched. Silicon wafers were cleaned with acetone and isopropanol, dried and plasma
cleaned. Then, negative or positive photoresist was spun coated onto the wafer, baked, and
exposed through the chromium mask using broadband ultraviolet (UV) light. The wafer was
then post-baked, developed, dried and silanized using gaseous trimethylchlorosilane (TMCS).
PDMS was prepared at a 10:1 base to curing agent ratio, poured on the silicon wafer,
degassed and cured for 2 hours at 80 °C. Then, stamps were cut out of the PDMS and stored
in a sealed box at room temperature (RT).

A mixture of 178 pg/mL of Matrigel, 50 pg of fibronectin and 15 pg/mL of Alexa-fluor-647-
conjugated fibrinogen was prepared in PBS. The PDMS stamps were covered with a small
amount of this mixture and left at 4 °C for 45 min.

Glass coverslips were cleaned with ethanol and plasma treated for 30 seconds.
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After 45 min, the protein solution was carefully collected. Then, the stamp was quickly rinsed
in Ethanol and in ddH2O. The stamp was completely dried and rapidly transferred on the glass
coverslip. After ensuring full contact between the microstructures and the glass, the stamp
was allowed to sit for 10 min, then removed. Micropatterned coverslips were then transferred
in the multi-well plate and covered with a solution of Bovine Serum Albumine (BSA) 5% in

PBS for the duration of the quality control by fluorescent microscopy.

Supporting glass coverslips were cleaned with ethanol and plasma treated for 3 min. Then,
they were covered for 10 min by a solution of 2% Silyl Methacrylate, 1% acetic acid in ethanol.
The coverslips were then rinsed twice, dried and stored at 80°C for at least 1 hour.

A solution of Acrylamide/Bis-Acrylamide 19:1 (BioRad®) was diluted in PBS to reach various
concentrations (3.5%, 5.5% and 9.5%) depending on the expected stiffness.
Tetramethylethylene diamide (TEMED) and ammonium persulfate (APS) 10% were rapidly
added to the Acrylamide solution at a ratio of 3:500 v/v activator:acrylamide. The mixture was
thoroughly mixed by agitation and then pipetted up and down multiple times before being
applied on the silanized coverslips. The liquid solution was quickly covered with the patterned
coverslip, avoiding any bubble formation. Remaining PAA was kept as a control of the good

gelation.

ECM proteins

\vaes
M  POMS k‘l? /M"S’M Poly-AcrylAmide (PAA) \u
. — @ - - - - \\v _,

photopatterning mold fabrication p-contact printing blocking transfer + crosslinking ready for cell culture

Figure 5.1 Micropatterning ECM proteins on soft polyacrylamide hydrogels.

Instead of using regular petri-dishes coated with Matrigel or vitronectin, we used microfabricated coverslips made
of PAA with varying elasticity, covered with a micropatterned mixture of Matrigel and Fibronectin, and blocked with
BSA.

The coverslips were left 30 min at RT, then placed 5 min at 37 °C in a humid chamber,
transferred in PBS and kept 5 more minutes at 37 °C. Still in PBS, the top coverslip was then
carefully removed and discarded using sharp tweezers with bent tips (Figure 5.1).

Extensive washing with PBS was performed and the coverslips could be stored a few days in
BSA at 4 °C before use. On the day of the experiment, coverslips were left at RT to equilibrate,
then washed once with PBS, submerged in complete Essential 8° medium and stored in the

cell incubator while the cells were being prepared.

Human iPS cells from Life Technologies® were cultured on Matrigel-coated dishes in Essential
8® medium. Medium was changed every day. When cells had reached confluency, they were

detached with Versene® (0.05% EDTA), resuspended in Essential 8® supplemented with 10
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MM Y-27632 and counted. Cells were seeded between passages 15 and 25 at a density of
50,000 cells/well of a 12-well plate, i.e. at about 14,000 cells/cm?. The seeding volume was 1
mL so as to be able to shake relatively strongly the plate to spread the cells on the entire

surface. This step is considered as t=D-2.5.

+Insulin
(. )*CHIR9302112uM resting +WP25uM restng ()
- | ST A I e J — — — — - ~,I
— & NP R 24 hours 48 hours 48 hours 48 hours 5
Subconfluem. ESCIiPSC Confluent colonies Beating cardiomyocytes
colonies at~D8

Figure 5.2 Culture conditions and small molecule treatments for purely chemical-based cardiomyocyte
differentiation.

Cell culture media, small molecules and the timing of the differentiation protocol are described in details in Lian et
al.[4]. After being maintained in 2 days in Essential 8 Medium, cells are then exposed to CHIR99021, medium
alone, IWP2, medium alone, and then medium supplemented with insulin.

After 6 hours of incubation (with regular observation and shaking to avoid inhomogeneous
sedimentation), 1 mL of Essential 8% without any rock inhibitor was added. On the next day,
half of the medium was replaced twice at a 6-hour interval so as to reach a concentration of
1.25 uM Y-27632. On D-0.5, half the medium was replaced again. On DO, the medium was
replaced by 2 mL of RPMI with B27 Minus Insulin, supplemented with 12 uM CHIR-99021 to
inhibit the GSK3-3 pathway. From this moment on, the exact protocol of Lian et al. was
followed until D13 or later (Figure 5.2), when samples were processed for further analysis [4].

Samples were washed with PBS and fixed with a solution of 3.7% Paraformaldehyde (PFA)
and 0.05% TritonX-100 for 15-20 min. After fixation, the samples were washed again and
placed on drops of a solution of primary antibodies. After 45 min, samples were washed and
then placed on drops of secondary antibodies for another 45 min. They were then washed
again and stored at 4 °C before preliminary observation and mounting (FluoroShield® has

been used as preservation agent).

For RNA extractions and RT-qPCR, patterns with a single spot size were used. Coverslips
were washed with PBS and cells were then resuspended and dissociated in Trizol® reagent.
The RNA was then extracted using standard phase separation protocols, and DNA and
proteins were discarded. The RNA was then reverse transcribed using RevertAid® First Strand
cDNA Synthesis Kit from Life Technologies using random oligonucleotides. Quantitative PCR
was performed at the PCR platform of the Institut du Cerveau et de la Moélle épiniére (ICM)

on 1,536-well plates, with the primers described in Supplementary Table 5.1.
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Statistical analysis

Experiments were repeated not only in terms of number of spots that were patterned on the
coverslip, but at least 3 times with different lots of patterned gels. Whenever possible, the
different lots were seeded with the same cell passage.

D12 D15 D12 D15 D12 D15 D12 D15 D12 D15
Glass 1 3 2 3 3 3 3 3 3 3
100 kPa 2 1 2 2 2 1 2 3 2 3
10 kPa 2 2 2 2 1 2 1 3 2 2
1 kPa 2 0 0 1 1 1 2 1 2 1
800 um 1600 pm 1600 pm 2000 pm 4000 pm
Table 5.1 Number of coverslips available for PCR extraction
D12 D15 D12 D15 D12 D15 D12 D15 D12 D15
Glass 33 25 17 26 21 30 38 45 7 13
100 kPa 28 15 40 31 26 11 31 28 4 5
10 kPa 44 21 38 35 11 15 30 23 6 5
1 kPa 22 0 0 16 11 3 11 7 7 1
800 um 1600 pm 1600 pm 2000 pm 4000 pm

Table 5.2 Total number of cluster images for movie analysis
Data are represented using mean + STD. For movie analysis, student t-tests is used to

compare conditions together. Significance is displayed using one, two or three stars

depending on whether the p-value was < 0.1, < 0.05 or < 0.01.

Movies

E E Movies of contracting clusters were filmed using a CMOS Camera from
ThorLabs® at a frame rate of 20 fps for 10 s. They were then processed using

E-.ﬁ'-.. q a custom made software written in Processing (Supplementary Movie 5.1).

s ooanairo Briefly, RGB frames were filtered using a binary mask on a selected Region

of Interest (ROI) so that white pixel density would vary simultaneously with cell
contraction, allowing measuring their beating rate. Additionally, the beating area was
measured, together with Boolean parameters such as whether the clusters were cystic,
detached from the substrate, presenting a ball, not beating at all, beating in circular waves or
irregularly (Figure 5.3). Some movies were removed from the analysis when noise had been
too important to extract these parameters. All the data were saved in a Simple Query
Language (SQL) table and accessed later on using a custom made software developed in

Processing language.
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Figure 5.3 Example of beating patterns observed through movie analysis.

(A) Regular patterns, with either i) very fast contraction, ii) slow contraction or iii) slow relaxation. Iv) Some
orthoradial waves ("circular" contractions) have been observed in some cases. (B) Irregular contractions, showing
either i) a bimodal behavior, ii) an arrhythmic pattern, iii) missing beats, or iv) cell clusters that would stop beating.
Total duration for each representative pattern is 10 s.

Results

Characterization of the substrates

In order to make measurements that could be later on linked to clinical observations, we chose
to perform mechanical testing using Shear Wave Elastography (SWE)s, a non-invasive
technique developed primarily to quickly diagnose tumor, but whose interest in cardiovascular
diseases is constantly growing. We have been able to make gels ranging from 1 kPa to 150
kPa just by changing the concentration of a 19:1 solution of acrylamide/bis-acrylamide (Figure
5.4-A). Around 3.5%, the stiffness approached 1 kPa while above 10%, the Young's modulus
approached 150 kPa.
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Figure 5.4 Characterization of the substrates.

(A) The Young's modulus of the PAA substrates have been derived from Shear Wave Elastography data. (A-i)
Representative picture of the superimposition of echographic visualization and (A-ii) SWE elasticity mapping. (B)
Quality of the micropatterning on glass (B-i) and after transfer/molding on PAA (B-ii).

Quiality of patterning was systematically assessed by mixing a small amount of fluorescent
fibrinogen solution together with a Matrigel/FN solution. Since it appeared that fluorescence
decreased between the first patterning step and the transfer on PAA, we chose to double the
initial concentration compared to the producer's recommendations (Figure 5.4-B). Surprisingly,
we observed that the transfer was not as good when the volume of PAA was too high, and
this effect was even more pronounced for low concentrations of Acrylamide/Bis-Acrylamide.
Additionally, blocking the coverslips with BSA right after the first patterning step was critical to

allow for clean unmolding of the PAA after it had polymerized.

While the samples could not be stored in PBS at 4 °C for a long time without contamination
happening, we found that maintaining the coverslip in the solution of 5% BSA supplemented
with 0.01% NaNs led to a good preservation without contamination for weeks. In this way, after
washing the coverslips, cell viability was normal, while any attempt to supplement the solution
of Acrylamide/Bis-Acrylamide with NaNs; had led to high cell mortality at seeding, even after

several washing steps.
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Morphology of the colonies and cell density
The controlled microenvironment allowed for reproducible conditions of differentiation.
On each coverslip, we could observe similar organization from spot to spot, with only few

variations.

>

Glass

00

1

10

Elasticity (kPa)

800 1200 1600 2000 ‘ 4000
Diameter (um) -

800 um 4000 pm

Figure 5.5 Morphological analysis of the differentiated clusters.

(A) Snapshots of bright field movie recordings. For each conditions, we can distinguish a cystic beating ring and a
non beating central region, either very dense (low diameters) or very flat (high diameters). Scale bar: 2 mm (B)
Alpha-actinin immunofluorescent micrograph of spots of 800 um diameter (B-i) and 4,000 um (B-ii) with a zoom in
the inset (B-ii’). Scale bar: 500um. Inset scale bar: 10 pm

At the time of the removal of the pluripotency medium, cells were covering the surface
of the spot and formed monolayers of epithelial colonies such as those observed in regular
iPSC cultures. However, the initial density was different depending on the substrate's elasticity
(data not shown). For soft substrates, colonies were spread and formed a bigger dome in the
z direction. The cell density also seemed smaller. On glass, cells were proliferating more
quickly, with a dense flat monolayer at the center (with very small cell volume) and, from time

to time, a denser ring at the periphery. Overgrowth would lead to detachment of the colony,
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which would hang out in the medium like a crepe. During the 24 hours or GSK3-R3 inhibition,
no significant change has been observed regarding the morphology of the colonies.
However, as soon as the CHIR-99021 had been removed, cells started to go out of the
epithelial layer and individual migratory cells could be observed.

By day 3, the organization of the colony had reached a point that barely
changed during the rest of the experiment, with similar morphologies as
depicted on Figure 5.5. On small spots, colonies formed a dome-like or
spherical structure, with the presence of some cysts. For bigger spots, less

htps-//qoo.l/kphCab  cysts were observed, but rings were already present at the periphery of the
colony, confirming previous observations of Myers et al. 2013 that constrained differentiation
reliably led to the apparition of ring of contractions regardless of the differentiation protocol [7].
From 2000 um to 4000 um, rings formed as soon as day 3-4, and appeared to be the regions
were cells could beat later in the differentiation (Figure 5.5-A, xiii to xx, schematic Figure 5.6-D
and Supplementary Movie 5.2).

Although by the end of the differentiation, contractions had caused the cellular clusters
to detach from the spots, the final surface area remained, on average, close to the initial one
(Figure 5.6-A). The thickness of the ring, regardless of the elasticity, depended linearly with
the spot diameter, with a correlation factor R? of 0.98 (Figure 5.6-B). Nevertheless, albeit non

statistically significant, rings appeared bigger with decreasing elasticity (Figure 5.6-C).
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Figure 5.6 General morphology of cell colonies at the end of differentiation.

(A) Diameter of the colony as a function of the initial ECM spot diameter. (B) Size of the beating ring as a function
of spot diameter, as depicted in (D). (C) Heatmap of the size of the beating ring as a function of both elasticity and
diameter. (D) Schematic of the general morphology of the colony, with a beating ring close to the periphery
surrounded by a thin monolayer and surrounding a denser region of flat non beating cells. (E) Ratio of the beating
surface area over the total area of the colony. [p-values are summarized in Supplementary Figure 5.4]
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Consequently, a semi-quantitative approach was used to evaluate an approximate
yield of cardiomyocyte differentiation, with the following assumptions (Figure 5.6-D-E). First,
we considered that no cardiomyocyte was present in the non-beating areas, which had been
confirmed in preliminary stains (Figure 5.5-B). Second, we neglected the 3D architecture of
the ring. With these hypotheses, we calculated the ratio between the surface area of the spot
that was actually occupied by cells and the surface area of the beating clusters. Since we
found a linear relationship between ring thickness and spot diameter, it was not surprising to
find that the smaller the spot, the better the ratio. Even though the ratio was maximal for the
condition “800 ym — 10 kPa”, no significant correlation could be established regarding the

impact of the elasticity.

Apparition of beating cells

Beating could be observed as soon as day 6 of the differentiation protocol, i.e. 24 hours
after removal of the IWP-2. The apparition of beating seemed more related to whether the
clusters were well attached to the substrate rather than the elasticity itself. Indeed, beating
usually started on very soft substrates, but glass coverslips that had imperfect regions showed
early beating as well. In addition, small aggregates that formed outside of the coverslip started
beating quite early too, indicating that 3D organization and detachment are necessary
conditions for early establishment of contractions. However, it was repeatedly observed that
there was an optimal spot size for which beating started first, between 1200 and 1600um, but

additional experiments would be needed in order to confirm this qualitative statement.

As for the total percentage of beating colonies per condition (Figure 5.7), it could be
noted that there was almost 100% beating colonies on large patterns, above 2000 pm, while
smaller diameters were only beating in between 60% and 100% of the colonies on day 12,
and this percentage dropped below 50% on day 15 (Figure 5.7). Of importance, Figure 5.7-A
shows that elasticity changes was related to high variations in beating percentages as a
function of time. It was observed that beating percentage was systematically dropping on days
10 and 13 for samples of lower elasticity. As these two days actually correspond to medium
changes, we suggest that this is in fact an artifact related to perturbations that happen during
this process, such as a decrease in temperature, and a renewal of medium contents. However,
even though movie acquisition was always performed after medium change and temperature
stabilization, it is uncertain whether it is the stress related to the old medium or the stress

related by the medium change operation itself that caused such an irregularity in the beating
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patterns. Yet, regardless of the cause, we can already conclude that it affects more strongly

the colonies on softer patterns, below 100 kPa.
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Figure 5.7 Percentage of beating spots as a function of time and spot diameter (A-i), time and elasticity (A-ii), and
spot diameter and elasticity on days 12 (B-i) and 15 (B-ii).
[p-values are summarized in Supplementary Figure 5.5]

The first beating days
From day 6 to day 8-9, all the colonies started beating with increasing
frequency. Remarkably, small spot diameters led to more uniformly beating

colonies, while, above 2000 pm, the beating ring did not show strong,

synchronous contraction of all the cells at the same time, but rather the
https://go0.gl/98Yxtl

propagation of a contraction wave initiated in only one region (Supplementary
Movie 5.3). These patterns of "circular beating" were orthoradial, while regular synchronous
contraction occurred radially (Supplementary Movie 5.2). Also, these auto-stimulated colonies
beat may have contributed to the significantly faster pace on large patterns, compared to the
average of the regularly beating colonies, as shown in Figure 5.8-Bi, at day 12.

Yohan Farouz’ PhD dissertation - 2015 103


https://goo.gl/98Yxt1
https://goo.gl/98Yxt1
https://goo.gl/98Yxt1
https://goo.gl/98Yxt1
https://goo.gl/98Yxt1

Chapter 5 — From the clinics to the labs: development of new microfabricated platforms for the standardization of
cardiomyocyte differentiation

i 63.0
Al g B
o
<
—_— o
E 2
== o~
5 =] i.Day 12
s 8 30.4 g
E .
© g g e
o 2 - f
E 2
=4 w
(=]
© -
12.6
1" 2 13 14 800 1200 1600 2000
Diameter (pm)
Time (dfys) |
ii. Day 15
58.0 g
-—= £
z
2 =]
E e
w

1

32.3

800 1200 1600 2000 4000
Diameter (um)

Elasticity (kPa)

15.7

9 10 11 12 13 14
Time (days)

Figure 5.8 Beating frequency as a function of time and spot diameter (A-i), time and elasticity (A-ii), and spot
diameter and elasticity at day 12 (B-i) and day 15 (B-ii).
[p-values are presented in Supplementary Figure 5.6]

Stabilization over time

Especially after the addition of insulin, colonies started beating more strongly in all
conditions. However, the beating rate started decreasing over time, after day 12 (Figure 5.8).
On soft substrates, the frequency was higher (52 bpm) during the first days, and dropped
under 15 bpm after day 12 while the difference was less marked on hard substrates, with a
rate of 30 bpm at first and a stabilization around 20 bpm (Supplementary Movie 5.2).
Conversely, spots of higher diameter showed a very high beating frequency in the early days,
mainly due to the high proportion of “circular-beat” rings (Figure 5.9 and Supplementary Movie
5.3), while very small spots showed very slow contraction with a less important decrease after
day 12.

Variability decreases with spot diameter and does not depend much on

elasticity

When considering higher-scale applications, it is important to assess the variability of the
experiment. One of the main problem of regular culture dish differentiation protocol is their
high variability for small changes in cell density. Peerani et al. [8] as well as Myers et al. [7]
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already showed that it is important to homogenize the density in order to have reproducible
results. In a regular petri dishes, there will always be regions of higher density, and experience

have led us to conclude that the important parameter is cell density.
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Figure 5.9 Percentage of spots with circular contraction wave behavior, as a function of time (A), spot diameter
(B) and elasticity (C).
[p-values are summarized in Supplementary Figure 5.7]

Here, we show that not only colonies stabilize their beating rate over time, but we observe that
there is less and less variability between different colonies in term of beating rate. While spot
diameters above 1200 um still show the highest degree of variability, all the colonies of lower
spot diameter behave similarly after day 12.

With regards to the elasticity, although the variability decreases after day 12, there is no real
difference between the conditions.

In addition to colony-to-colony variability, we also looked at the proportion of colonies that
exhibited non synchronous or non periodic beating patterns. Only after day 14 could we
observe variations in irregular beating behavior with a reasonably low standard deviation
(Figure 5.10-A). On day 11 (Figure 5.10-C), when irregular colonies were most observed (about
20%) and with the highest standard deviation, the most irregular regions were found in wide
and soft patterns (diameter of 4000 um and elasticity of 1 kPa) or hard and intermediate spot
sizes. Yet on day 15, even though the highest rate had reached 35% (Figure 5.10-D), this was
largely compensated by all the other formulations, since the average only reached 7.2% of

irregularly beating colonies.
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Figure 5.10 Percentage of irregularly beating spots as a function of time, spot diameter and elasticity.
[p-values are summarized in Supplementary Figure 5.8]

Transcriptional analysis

General Transcriptional characterization

We first grouped all the conditions together and compared them to expression levels of
undifferentiated hiPSCs isolated before cell seeding at D-2.5 (Figure 5.11).

As mentioned in the introduction, one of the key parameters that need to be controlled when
processing pluripotent stem cells for clinical application is the risk of teratoma formation.
Therefore, it is of prime importance to verify that all the pluripotency genes are well down
regulated in differentiated cells as compared to naive hPSCs.

Then, the second question that needs to be addressed is the approximate stage of
development reached by the cells, i.e. whether they will behave more like the early mesoderm,
the cardiac mesoderm or more like fetal cardiac cells and even neonatal cardiac cells. While
some research groups are targeting the latest differentiation stages possible, it is clearly
uncertain whether better integration in the host myocardium will be achieved with more mature
cardiomyocytes or more plastic early progenitors. As for pharmacotoxicological assays, the
more mature the better.

Third, even though it is similar to assessing maturity, it can be important to determine whether
cardiomyocytes have more an atrial or a ventricular phenotype. Indeed, it had been previously
reported that genes associated with atrial phenotypes are similar to those expressed in the
immature fetal heart [12-15].
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Finally, vascularization is key to promote the integration and survival of the cells of interest.
More independently, we wanted to verify if the softness or the substrates would promote
neurogenic or osteogenic differentiation, as reported by Engler and Discher, but with
Mesenchymal Stem Cells [5]. Although the main difference was that we modulated the Wnt/3
-catenin signaling pathway to trigger cardiomyocyte differentiation, it has to be noted that
neurons are often a side product of uncontrolled, spontaneous differentiation of pluripotent
stem cells, and, on the other side, it is well documented that BMP2, albeit at significantly higher
doses, can promote osteogenic differentiation [16-19].
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Figure 5.11 Gene expression in change fold versus undifferentiated hiPSC before seeding on micropatterns.

Pluripotency and non-mesodermal markers

The most downregulated genes associated with pluripotency were Oct4 and Sox2 (150 and
20 times less expressed, respectively) whereas Nanog was only downregulated more than 5
times, on average. This is surprising since Nanog is considered to be one of the pluripotency
genes that are repressed the earliest, while Oct4 is more persistent, especially in the

mesodermal lineage.
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As for the three germ lineages, ectoderm related genes were the most downregulated. It is
important to notice that the fact that ectoderm genes are not present cannot be correlated with
the presence or absence of cells that usually originate from it. In fact, early neurogenic markers
such as NeuroD1 and Pax6 were overexpressed on average, but with an important variability
from condition to condition. Nonetheless, advanced neuronal markers like R-Tubulin Il
(TUBB3) were generally downregulated, which is consistent with published literature, where
axonal extension (and hence overexpression of TUBB3) is reported to start relatively late,
often after the two first weeks of differentiation.

Endoderm-related genes were still slightly expressed even after 12 or 15 days, highlighting
the fact that differentiation always gives rise to relatively heterogeneous cell populations. As
reported by Warmflash et al., stem cell differentiation on spot patterns can lead to a concentric
organization of the cells on the spots, with more ectodermal cells on the outside, mesodermal
cells in the middle and endodermal cells at the center [20]. Therefore, what we previously

reported as the “non-beating” central areas might in fact be cells from the endodermal lineage.

Mesodermal, early cardiac progenitors and cardiac markers

When looking at the expression profile, the main trend that emerge is a slight overexpression
of mesodermal and mesendodermal genes, a bigger overexpression of early cardiovascular
progenitors and a dramatically more important overexpression of fetal cardiac markers.
Strikingly, two markers stand out in the expression profile: Brachyury and TBX20. On average,
Brachyury was overexpressed more than a hundred folds on day 12, and plummeted to more
than 10000-fold expression as compared to naive pluripotent stem cells. Conversely, Thx20
expression dropped from more than 10000x to about 100x expression. This is hardly

explainable other than by an artifact of the PCR, that is still under investigation.

Atrial vs Ventricular and markers of maturity

It is well known that in humans (and not necessarily in rodents), markers of fetal
cardiomyocytes correlates with markers of the adult atria. Ventricular markers appear later in
the development. Myosin heavy and light chains belong to the best studied markers as their
isoforms give myosins very distinct physical and mechanical properties, such as the ability to
generate faster or slower contractions. For light chains, MYL2 and MYL3 correspond to more
mature and ventricular phenotypes, while MYL4 and MYL7 correspond to atrial or immature
phenotypes. As for the heavy chains, the ratio between MYH6 and MYH?7 is often regarded
as a good characteristic of immaturity. The lower the ratio, the more mature the phenotype of
cardiomyocytes. Here, we observed a very clear trend across all conditions: MYH7 was
significantly higher on Day 15 than on Day 12. This increase reveals that on day 15, cells are
already a step closer to neonatal cardiomyocytes, rather than the clearly fetal phenotype

observed on Day 12.
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However, day-15 cardiomyocytes were clearly not as mature as would be neonatal
cardiomyocytes, as shown by the relative expression of calcium handling markers such as
Serca2 (ATP2A2) and PIn for intercellular calcium management, and Connexin43, the major
protein involved in gap junctions and intercellular calcium communications. Indeed, while PLN
was clearly overexpressed, ATP2A2 was only increased by less than 5 folds and GJA1 was
even less expressed than naive pluripotent stem cells. This characteristic pattern of immature
cardiomyocytes was confirmed by the high overexpression of TNNI1, a slow non cardiac-
specific isoform of troponin | that is transiently expressed in fetal hearts, and the basal
expression of TNNI3, a fast and cardiac-specific isoform of troponin | that appears only post-
partum [13].

Taken together, these results show that on average, cardiomyocytes had a phenotype that

was quite mature from a fetal point of view, but still younger than neonatal cardiomyocytes.

Groups Gene List Vascular cell lineages

Pluripotency  OCT4, NANOG, SOX2 9

Ectoderm SOX1, NES When looking at endothelial and smooth muscle
Endoderm SOX17, CER1

Mesoderm MIXL1, T, GSC, EOMES cell markers, it appeared that all of our markers
Mesendoderm MESP1, KDR, PDGFRa

Early cardiac
progenitors

MEF2C, TBX5, TBX20, ISL1,
GATA4, NKX2.5

(CDH5, PECAML1 for endothelial cells, CNN1,

Cardiac NKX2.5, GATA4, SIRPA, IRx4 ACTA2 and MYH11 for vascular smooth muscle

rogenitors

Earﬂiac TNNT2.  TNNIL. TNz, cells) were upregulated both at day 12 and 15,
ACTN2, ; - - ;
MYL2. MYL3, MYL4, MYL7, but with less relative amplitude regarding smooth
MYH6, MYH?7, muscle cell markers. While PECAM1 and ACTA2
ATP2A2, PLN, GJA1

Atrial MYL4, MYL7, MYH6 had similar profiles, CDH5 seemed more

Immature TNNI1, MYL7, MYH6, MYL4 -

Ventricular MYL2, MYH7, IRX4 heterogeneous across conditions, and CNN1

Mature ATP2A2, PLN, TNNI3, GJAL,
MYL2, MYH7, MYL3, ACTN2, and MYH11 were only upregulated by less than
MYH11 fold

Vascular CDH5, PECAM1, AcTa2, 10 folds.
CNN1, MYH11

Neurogenic #'EEESDL PAX6,  MAP2, " Neuronal and osteogenic markers

Osteogenic RUNX2, BGLAP Neuronal markers seemed highly variable and

Table 5.3 Classification of genetic markers
depending on developmental stage or major
tissue of predilection

not much overexpressed compared to pluripotent
stem cells. However, consistent with the fact
osteogenic cells and muscle cells originate both from the mesoderm and as a result of Wnt
inhibition and BMP activation, we found that early osteogenic markers such as BGLAP
(osteocalcin) and RUNX2 (CBA1) were both significantly upregulated more than 5 folds. This
could be a parameter of prime importance when looking for the optimal condition for clinical

applications, since we might want to minimize the amount osteogenic progenitor cells.
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Relative transcriptional variations between conditions

We went further and tried to really characterize the phenotype of each and every condition of
elasticity and diameter we had tested. Nonetheless, instead of isolating our results for day 12
from our results for day 15, we were curious to see whether the modulation of the physical
environment would allow controlling the cardiovascular phenotype earlier than day 15. We
wondered if compared to uniformly coated polystyrene petri-dishes (approximated here by the
condition with 4000-pum wide spots on glass coverslips), there was a way to generate the most
mature cardiomyocytes faster. Hence, we pooled both results from day 12 and day 15 and
performed a hierarchical cluster analysis (Figure 5.12) of the gene expression profile, after
grouping genes in functional families (Table 5.3) for easier interpretation.

Fold change
-4 +4

group mean

Osteogenic
Neurogenic
Vascular
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Figure 5.12 Clustergram of the relative expression profiles in different conditions of elasticity (brown), diameter
(pink), and day (blue).

Expressions are compared to the overall group mean, and a threshold of +4-fold has been chosen for the heat map
generation and for clustering [10° kPa represents Glass coverslips]

Interestingly, we found that there were high variations between conditions and that the newly
isolated clusters of conditions sometimes grouped samples from both day 12 and day 15.

From the clustering, we visually identified three groups of prime interest, regarding cardiac
markers: a first group with clear predominance of early cardiac and atrial markers and lower
expression of mesoderm or mature markers; a second group with below average expression
of mesodermal, early cardiovascular and immature cardiac markers but very high expression

of more mature cardiac markers; and a third group of high overexpression of all cardiac and
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mesodermal markers. In the following description, we will refer to the different conditions using

“E” as a prefix for the elastic modulus in kPa and “D” for the diameter in um.

A specific population of immature cardiac cells

The first population mentioned above grouped mainly conditions of low elasticity and
low/intermediate diameter, such as E1-D1200 at day 15, E10-D2000, E1-D1600 and E1-
D2000 at day 12, and, to a lesser extent, E10-D800 and E100-D800 at day 12. Since these
conditions were found at day 12, we wondered how they had evolved at day 15.

At day 15, E10-D2000 expressed more mesodermal and vascular genes, together with more
markers of mature cardiomyocytes. However, when compared only to conditions at day 15,
there were still less than average expression of mature cardiomyocytes. E1-D1600 also
shifted to the left side of the clustergram, with less than average expression of all cardiac and
pre-cardiovascular markers but higher expression of osteogenic markers. E1-D2000 on the
other hand, expressed more average marker of both immature and mature cardiomyocytes
but with a strong increase in mesodermal and vascular markers.

Taken together, these results show that while immature cardiac markers emerge faster and
more specifically in smaller and softer substrates, these culture conditions seem more

unstable and likely to diverge over extended time in culture.

A specific population of mature cardiac cells

The second population was found exclusively at day 15 and mostly on hard and intermediate
spot sizes. It included Glass-D800, Glass-D1200, E100-D1600, and, to a lesser extent, E10-
D1600 and E100-D1200.

At day 12, Glass-D800 was already showing signs of over average expression of immature
cardiomyocyte and average expression of mature and ventricular cardiomyocytes. On the
opposite, Glass-D1200 showed lower expression of all genes but those specific to atrial and
immature cardiomyocytes. However, when compared only to conditions of similar age, it
showed a higher than average expression of ventricular markers, both at day 12 and day 15.
Further apart in the tree, E100-D1600 showed average expression of endoderm and ectoderm
and at the same time, average expression of mesendoderm, early cardiac progenitors and
immature or atrial cardiomyocytes. Albeit its closest neighbor, E10-D1600, on the other hand,
belonged to the far right side of the clustergram at day 12, with an overexpression of almost
all the studied groups, with a slight “preference” for early cardiac progenitor markers. This is
the signature of a very heterogeneous population.

We hypothesize that a mixed population of cells with few cardiac progenitors existed at day
12, and by day 15, many of these cells had differentiated toward a more mature phenotype of

cardiomyocytes.
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Mixed populations of cardiac precursors

On the right side of the clustergram were grouped populations with the highest expression of
all genetic groups. However, two subpopulations can be distinguished: one with more
ventricular and mature markers, represented by conditions Glass-D2000, Glass-D4000 and
E10-D800 at day 15, and one with more atrial and immature markers, represented by
conditions E10-D4000, E1-D4000, E100-D2000 and E10-D1600 at day 12. When looking at
the evolution of the latter conditions, we found that at day 15, E10-D4000 had a profile
characteristic of mature cardiomyocytes with an overexpression of neurogenic markers,
whereas E100-D2000 evolved toward and average profile in all advanced cardiac and
vascular markers, with lower than average expression of early markers, neurogenic and
osteogenic markers. Additionally, E1-D4000 continued representing a very heterogeneous
population where all markers were overexpressed compared to the average signature. Finally,
E10-D4000 matured toward a more ventricular phenotype, while conserving an average

expression of earlier progenitor markers, and with an overexpression of neuronal markers.

Conclusion on the transcriptional analysis

Even though the significance of this transcriptional study has to be further assessed with more
precise metrics, some trends can already be extracted from the above remarks. As a rule of
thumb, it appears that soft substrates seem to promote faster differentiation and faster
apparition of cardiac markers, at the expense of stability. Wide patterns seem to promote the
maintenance and maturation of cardiac progenitors. The combination of elasticity and
confinement resulted in the following effects: hard and small substrates led to a slower but
more ventricular specific differentiation, hard and wide substrates led to slow and
heterogeneous differentiation toward cardiovascular lineages, whereas soft and wide
preserved pluripotency and promoted at the same time cardiac progenitor differentiation and
the apparition of neuronal markers and soft and small spots showed signs of fast differentiation
toward cardiovascular progenitors, slowly maturing toward ventricular cardiomyocytes (Figure
5.13).

elasticity

+ Slow differentiation

*Ventricular/mature cells

« Specificity

diameter

« Faster differentiation to . i
cardiovascular progenitors Preserved plunpdemy

- Slow maturation to +cardiac progenitors
cardiomyocyles *Neuronal markers
. Heterogeneous population

Figure 5.13 Classification of genetic expression variations depending on spot diameter and elasticity
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Discussion

In this study, we evaluated the importance of physical parameters of the cellular environment
on the differentiation of human iPSCs into cardiomyocytes, using a well-known small molecule
based protocol. By modulating the elasticity and the maximal diameter available for hiPSC
adhesion, we found out that many functional and epigenetic parameters of the derived
cardiomyocytes could be controlled in a more reliable way. Differentiation on average spot
size and small elasticity led to the earliest apparition of beating clusters as well as the highest
yield of cardiomyocyte production. Generally, the fact that the cells had been confined helped
stabilize and homogenize the beating behavior of the cells in the colony, if we consider that
4,000 um already models the behavior of cells in a small petri dish. Generally, less anomalies
like circular contraction propagation were observed on smaller spot sizes but larger spots had
the best percentage of beating clusters. This is to be taken very cautiously as the number of
clusters of large diameter was significantly lower than on smaller spots.

Even though the role of elasticity remains unclear when assessing functional parameters,
genetic expression suggested new differentiation patterns distributed in roughly 4 classes, as
summarized in Figure 5.13. However, in the light of experimental considerations, it seems like
polyacrylamide substrates, and thus soft substrates, have permitted a faster differentiation as
well as better micropatterning quality and sustainability. Additionally, it allowed for the

selection of slightly purer populations of immature cardiomyocytes.

Experimental limitations
As there were many parameters involved in this study, it is hard to evaluate them
independently of the others, and we can highlight a few limitations in the interpretation of the

results.

For instance, the initial cell density is crucial for the differentiation to work well, as it has already
been reported in many protocols [4, 8, 21, 22]. Therefore, here, we chose one unique density
that was found to work well in standard culture conditions (Matrigel-coated polystyrene petri
dishes, without any microfabricated sample). But researchers also previously reported the fact
that cells adhere and proliferate more slowly on soft substrates than on glass substrate. This
means that between D=-2" and D=-2* (after cell adhesion), there was already less cells on
softer substrates. And because of the slow proliferation rate, there was even less cells at DO,
which could have biased the experiment. Not only is the Hippo pathway (an important regulator
of cell proliferation) closely interacting with ECM-mechanotransduction pathways [23] and with

the Wnt/3-catenin pathway [24], but it has been observed that it played also an important role
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in BMP-triggered neuronal differentiation on soft substrates [25] as well as in cardiac
development [26-33]. Consequently, it would be interesting to modulate cell density and
proliferation rates in defined ways to study these signaling pathways at different stages of the

cardiomyocyte differentiation.

Another important point could be the total surface area available for cell adhesion in the cell
culture well. For a constant volumetric cell density, we should have had a constant surface
area of ECM proteins to promote similar amount of cellular adhesion. However, because of
the micro-patterning technique used here, namely micro-contact printing with PDMS stamps,
we were restrained in the choice of pitch size between spots, in an attempt to maximize the
accuracy and the amount of ECM deposition. Indeed, highly spaced PDMS pillars are much
more delicate to handle, as small variations in impression forces can generate bending of the
PDMS between the pillars, thus transferring ECM components in between spots. This
problem, combined to other experimental considerations such as petri-dish dimensions, cell
culture volumes and many others prevented from designing coverslips with exactly identical

total surface areas of ECM components.

In order to make definitive conclusions regarding these experiments, additional assays would
need to be performed such as optical mapping of calcium wave propagation, force microscopy
assays using traction force microscopy (TFM), muscular thin films or engineered heart
microtissues, and eventually patch clamping for action potential morphological
characterization, preferentially using quality metrics described by Sheehy and colleagues in
order to standardize the evaluation of hPSC-derived cardiomyocytes [34]. Because
contracting rings often detached from the substrate, TFM could not be performed. Yet, other
assays would require cellular dissociation and reseeding into new dishes. Characterizing
beating patterns can be very imprecise when considering experimental perturbations such as
medium change (as shown on Figure 5.7 and Figure 5.8, medium change always resulted in
alteration of the beating patterns). Also, spontaneous contractions can be very irregular in
vitro, and even neonatal cardiomyocytes (in rats) show high variability in beating patterns
(personal experience). Thus, electrical field stimulation would help address questions
regarding pace capture, i.e. the capability of cardiomyocytes to synchronize their
depolarization.

Although our video processing technique revealed different beating patterns, from fast dirac-
shaped pulses to slowly relaxing peaks, it would be premature to conclude on a potential
correlation with one cardiac chamber or the other. Especially since Du et al. reported
electrophysiological chamber type classifications could be biased by cell culture parameters

such as cell density [35].
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Furthermore, immunolocalization would allow for more precise spatial characterization of
protein expression and cytoskeletal organization, such as sarcomere maturation into widely
spaced Z-band striations or gap junction organization. If immunostaining was difficult to
achieve using the most common protocols available, there is no doubt that multi-photon
microscopy combined with fixation techniques of growing popularity like CLARITY [36] would
remove the hurdles of imaging thick and opaque microtissues such as those that resulted from
our differentiation protocol.

Finally, even if RT-gPCR provided precious information on the diversity of the cell populations
resulting from our differentiation protocol, it does not provide a clear and quantitative answer
regarding the yield of cardiomyocytes and the phenotypes of individual populations within a
condition. Indeed, it is yet impossible to know whether many cells expressed a small amount
of a given cardiac mMRNA or if very few cells expressed high amount of the same mRNA.

Which positive control?

The question of the positive control is of prime importance in order to determine whether
micropatterning techniques can really lead to improved culture protocols for clinical
applications, as compared to traditional methods. Ideally, one would want to investigate
whether the mechanical properties of the substrate can drive the differentiation of hiPSCs into
cardiomyocytes without the need for small chemicals. Unfortunately, the definition itself of a
“small molecule” makes it impossible to isolate the basal culture medium composition from
what can be considered as “extra small molecule”. For instance, we observed that while
RPMI+B27+CHIR-99021 was able to trigger an epithelial-to-mesenchymal transition (EMT)
leading to the generation of cardiac precursors, the removal of CHIR-99021 from the culture
medium was not able to maintain a good cell viability when cells were still pluripotent. For
these reasons, we chose to perform a published protocol [4] based on the modulation of the
Whnt/3-catenin pathway by small molecules in all conditions of confinement and elasticity. As
a result, the positive control would be the regular well, which, under minor approximations

detailed here, can also be seen as a big spot on glass coverslips.

Microfabrication on soft substrate can be time consuming when the number of conditions is
increased. Furthermore, cell culture medium volumes as well as cell amplification have to be
dramatically increased. Common 12-well or 6-well differentiation protocols can then become
tedious and expensive and therefore, we looked for ways to reduce the culture dimensions

while conserving the ability to incorporate soft, micropatterned substrates. We first considered
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the fabrication of PDMS chambers by superimposing two layers of punched PDMS sealed on
glass. The first layer (Figure 5.14-A), of wider diameter, would accept the micropatterned
hydrogel. The second layer, of smaller diameter (Figure 5.14-B), would act as a culture well.
To avoid leakages, the two layers would then be sealed using PDMS glue, or fast curing
siloxanes similar to those used in dentistry. Then, the entire structure can be covered either

with glass or with a thin sheet of PDMS, to avoid medium evaporation.

Figure 5.14 Design of new platforms for higher-throughput assays.

(A) First layer of PDMS bonded on a glass slide, with small wells (9-mm diameter, 2-mm thickness). (B) Final
construct with a second layer of PDMS (7-mm diameter, 3-mm thickness), holding the PAA gels and supplemented
with cells and culture medium. (C) New design using double-sided tape to stick the PDMS microwell (2-mm
thickness, 1.5-cm side length) on top of the covalently attached thin PAA hydrogel. The top of the construct is
covered by a 350-pum thick PDMS membrane punched with 8 holes for bubble-less medium injection. (D) Home-
made molds for making PDMS, PAA or even alginate and fibrin slabs with similar dimensions as standard glass
slides. Office clipboards hold the slides in close contact with the Plexiglas U-shaped spacer.

Yet, as we previously mentioned, the transfer of micropatterns from glass to polyacrylamide
seems to be dependent on the volume of polyacrylamide that is sandwiched. We observed
that for thick slabs of polyacrylamide of as low as 2-mm, only residual transfer had been
achieved. This intriguing question would be worth addressing, but meanwhile, we propose a
new design that allows direct polymerization (and ECM transfer) of very thin (100 um) layers
of polyacrylamide on thick glass slides (previously silanized to exhibit acrylate groups). Then,
individual wells can be created by punching out PDMS wells and sticking them to double-faced
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tape commonly available at Thermo Fischer for performing low volume immunostaining or
gPCR (Figure 5.14-C). In both cases, the thickness of the PDMS slabs can be finely controlled
using common techniques for the preparation of polymers prior to tensile testing (Figure 5.14-
D). In our hands, both 2mme-thick slabs and membranes as thin as 350 um could be produced

to make the different parts of the device.

Conclusion

Here, we demonstrated the feasibility of cardiomyocyte stem cell differentiation from hiPSCs
using small molecules together with new micropatterned soft substrates made of Matrigel-FN
coated polyacrylamide. We show that these culture conditions can be screened using multiple
read-outs such as cardiac function (movie analyses of beating patterns), cellular architecture
(immunofluorescence) or genetic expression (RT-gPCR). While the most mature and
ventricular genetic profiles had been observed for wide patterns on rigid glass coverslips,
these conditions would in fact correlate with lower yields of beating cells than samples with a
smaller diameter (800 um) and a lower elasticity (10 kPa), due to the toric organization of the
cells. In Supplementary Figure 5.2 and Supplementary Figure 5.3, we provide charts for helping
deciders choosing the optimal condition depending on their use, and finally, we propose
strategies for upscaling this technique to make sure that they benefit to the fields of
regenerative medicine, by allowing high volume production of cardiomyocytes or
cardiomyocyte-secreted exosomes, and of pharmacotoxicology, by allowing the fabrication
of standardized human organs-on-a-chip.
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Supplementary Information

Supplementary Movie 5.1 Representative movie of the analysis of a cystic cluster beating irregularly
(click on any image, flash the QR code or go to the following address: https://goo.gl/ly2kTf0 )

e

Supplementary Movie 5.2 Representative movies of beating clusters in each condition
(click on any image, flash the QR code or go to the following address: https://goo.gl/KphCagb )
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Genes

POUSF1(0CT4)
SOX2
NANOG
SOX1

NES

SOX17

CER1

GSC

EOMES
MIXL1

T

KDR(FLK1)
PDGFRA
MESP1
GATA4

ISL1

TBX5

MEF2C
TBX20
SIRPA

IRX4

ACTN2
TNNT2
TNNI1

TNNI3

MYL3

MYL4

MYL7

MYH6

MYH7

PLN

ATP2A2 (SERCA2)
GJA1
CDH5(VE-CADHERIN)
PECAML1(cD31)
ACTA2(SMA)
CNNZ1(calponin)
MYH11
NEUROD1
PAX6

MAP2
TUBB3
RUNX2(Cbfa1)
BGLAP(Osteocalcin)
SRP72
SLC4A1AP

Forward

ATCAAGCAGCGACTATGCAC
AGGAGTTGTCAAGGCAGAGAA
CTCAGCTACAAACAGGTGAAGA
GCTTTTGTACAGACGTTCCCA
TAGCTCCCAGAGAGGGGAAT
GAGCAAGATGCTGGGCAAG
CAGCCAGACTATAACCCACG
GGAGAAAGTGGAGGTCTGGT
TACCCAGACCCAACCTTTCC
AGTCCAGGATCCAGGTATGGT
CCAGTGGCAGTCTCAGGTTA
GGCTGAAGCTAGGTAAGCCT
AGCCTATGGATTAAGCCGGT
GCGCTGTTCGCCGAG
GACACCCCAATCTCGATATGTT
CCAGTCCAGAGAGACACGAC
GGTTTTGTCCTGCCTTCTCC
ATACCAGTGGGTGGGAAAGG
GCAGGAGGATGTTTCCAACC
AGAGGGTGTGACCCAGTTAC
TTCCGTTCTGAAGCGTGGTC
TCTCTTGCTTCTACCACGCT
AATAGAGCCTGGCCTCCTTC
TCCACAACACCAGGGAGATTA
TGGACAAGGTGGATGAAGAGA
GAAGATCACCTACGGGCAGT
AGGGATCAGCCTGTCCTAGA
CAGACCTGAGGGAGACCTAC
TGACATTGGTGCCAAGCAAA
AAAGGTCAAGGCCTACAAGC
CAGCTGCCAAGGCTACCTAA
TCATCCGCTACCTCATCTCG
CCTCTCGCCTATGTCTCCTC
CTACCAGCCCAAAGTGTGTG
TTGGACCAAGCAGAAGGCTA
AAAATGAGATGGCCACTGCC
CAGCATGGCGAAGACGAAA
GAGACAGCTTCACGAGTATGAG
CGCGCTTAGCATCACTAACT
CTGTTGGTACAATTGCCGGT
GGCCAACTTCTCCAGTGAAC
GAGGGCGAGATGTACGAAGA
TTAGACGGTCTCACTGCCTC
TCACACTCCTCGCCCTATTG
TGCTGCTGTGTTTGACTCTG
CCTCTACGATCTGGGAAGCA

Reverse

CCAGAGGAAAGGACACTGGT
TCCTAGTCTTAAAGAGGCAGCA
GAGTAAAGGCTGGGGTAGGT
CGCTTCCTCCGTAGGTGATA
CCTCTCCAAGGAAACAGGGT
CTTCAGCCGCTTCACCTG
GGAAAATGAACAGACCCGCA
CAGCTGTCCGAGTCCAAATC
GGAGGTCCATGGTAGTCCAG
GATAATCTCCGGCCTAGCCA
CTACTGCAGGTGTGAGCAAG
ATGCTCACTGTGTGTTGCTC
GTAAATGGGGCCTGACTTGG
GGAAGGAGCGGGGACG
GTTGCACAGATAGTGACCCG
AATTGACCAGTTGCTGAAAAGC
AAGATAGGATGCCAGGGAGC
GTTGCTGAGGCAAATTGCAG
GGACGATGTCCATCAGGACT
CCTGAGCCAGAAATCCCTTG
TGAAGCAGGCAATTATTGGTGT
TCCATTCCAAAAGCTCACTCG
CCCCATTTCCAAACAGGAGC
GCAGATCCATGGACACCTTG
GATCTGCAATCTCCGTGATGT
GTATTGAGCTCTTCCTGTCTTGG
AGTCTATCTTTACACTCTTGGGGT
GGTCTGTCCCATTGAGCTTCT
GTTGGCAAGAGTGAGGTTCC
TGTGGCAAAGCTACTCCTCAT
CAGCAGGACAGGAAGTCTGA
AGGAATCAAAGCCTCGGGAA
CGGGGAAATCAAAAGGCTGT
ATGTTGGCCGTGTTATCGTG
TCCATGGGGCAAGAATGACT
CGATGAAGGATGGCTGGAAC
ATGATGTTCCGCCCTTCTCT
TTGCGTAGCTGCTTGATGG
TGGTCATGTTTCGATTTCCTTTG
TCTCTGACAGTTCCCTCAGC
TGCTGGAACTCAGCAGGTAA
CTCCGGGGGTTTAGACACTG
TGGTCCCTAATGGTGTGGAC
CCATTGATACAGGTAGCGCC
GCAGCACCCCATTTCTTTCT
TCTGGTCCCTGCAGGATAAA

Supplementary Table 5.1 Primer sequences for gPCR experiments
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Supplementary Figure 5.4 p-value matrices corresponding to Figure 5.6 . Green represents significance.
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Introduction

Congestive heart failure is characterized by a loss of cardiomyocytes usually due to
an ischemic event. This loss is associated with interstitial fibrosis that weakens the contractile
power of the myocardium [1]. To compensate for the loss of contractile tissue and the
increased mechanical load, cardiomyocytes undergo hypertrophy. This adaptation induces
ischemic cardiomyopathy responsible for congestive heart failure, which can lead to the death
of the patient [2]. Spontaneous myocardial self-regeneration is limited by a poor mitotic
capacity of cardiomyocytes that are terminally differentiated [3]. Stem cell transplantation
appears to be a treatment of choice because of its regenerative potential. In a small animal
model of myocardial infarction, Assmus et al. have established a limitation of the progression
of heart failure, using stem cells [4]. Current protocols for cell delivery through direct injection
are not optimal for cell survival and function. Therefore, based on a tissue engineering
approach, the combination of cells with a biodegradable scaffold appears to be a suitable
alternative [5]. This physical support for cells promotes cell differentiation through its elastic
properties [6], avoids non specific homing and enhances in situ cell retention [7]. Among the
numerous available scaffolds, fibrin has been extensively studied, in part because of its
availability and approvability for clinical applications. However, fibrin scaffolds are not optimal.
Like many hydrogels it does not exhibit high stretchability. Sun and colleagues have
demonstrated that by mixing two polymers, here polyacrylamide (PAA) and alginate, some
hydrogels could adopt hybrid mechanical properties [8]. Yet, if PAA usually shows good
viability when perfectly crosslinked and when used as a 2D mattress, its use inside a hydrogel
for 3D cell encapsulation can be toxic in case of the presence of highly reactive residual
acrylamide monomers. We hence considered hyaluronic acid (HA) and alginate: two natural
biomaterials known for their biocompatibility and tunable mechanical properties which can be

mixed to fibrin to improve its characteristics.

Alginate is extracted from brown algae (Phaeophyceae) and is also synthetized by
some bacteria. It is a whole family of linear copolymers, containing blocks of 3-D-mannuronate
(M) and a-L-guluronate (G) residues (Figure 6.1). Only the G-blocks are involved in the cross-
linking process with divalent cations such as Ca*" to form an hydrogel [9]. Even if there are
still ambiguities about the immunogenicity of alginate [10], the foreign body reaction seems to
be controlled by a multi-step extraction procedure [11]. Therefore, more and more applications
are proposed with alginate scaffolds: ovarian follicule development [12], strengthening of M

walls [13] or dura mater repair [14].

Yohan Farouz’ PhD dissertation - 2015 132



Chapter 6 — Back to the clinics: new design strategies for the fabrication of Engineering Cardiac Bands

A 7
—C OH
HO o~
Ho o \}:°H 0
iy e o o LJon
o st |
HO-C on HO™G on oH 9=C
S O u OH
G G

B MMMMGMGGGGGMGMGGGGGGGGMMGMGMGGM
\ﬁ_f h g

_‘Y‘_J Y
M-block G-block G-block MG-block

Figure 6.1 Representative alginate structure: (A) chain conformation and (B) block distribution.
M: B-D-mannuronate; G: a-L-guluronate

Another way of adding physiological properties to the fibrin gel would be the addition
of HA. Hyaluronic acid is a glycosaminoglycan (GAG) (Figure 6.2) present in the human
extracellular matrix and responsible for activating many signaling cascades, with a low
immunogenic profile and good biodegradable properties [15]. Weigel et al. have demonstrated
that HA can also play an important role in the stabilization of fibrin blood clots, by enhancing
its physical structure [16]. HA is also known for its impact on cell differentiation towards the
cardiac lineage [17] [18, 19]. It has been shown that seeding embryonic stem cells on
hyaluronic acid ease their differentiation in phenotypes of the cardiac lineage [20]. Luckily,
some clinically approved formulations of hyaluronic acid exist, as it is routinely used as an
intra-articular filler (to smoothen bone-bone friction) as well as in aesthetic surgery as a

replacement for botulinum toxin.
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Figure 6.2 Representative structure of hyaluronic acid.
Excerpt from http://www.societechimiquedefrance.fr

In the previous two chapters, we showed that fibrin scaffolds could be optimized for
the operating theater in agreement with the regulatory authorities, in such a way that it

supported pro-angiogenic effects and the improvement of cardiac function in rats, sheep and
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more recently in the first human patient [21-23]. We also showed that microfabrication
techniques could help the standardization of cell culture techniques for the differentiation of
pluripotent stem cells into cardiomyocytes. However, although we used model materials such
as polyacrylamide and a model cell type such as commercially available human iPSCs, we
then sought to start the translation of these findings to the clinics, by applying our conclusions
to the fabrication of smart patches that could integrate many physical, chemical and biological
signals, using only clinically relevant (i.e. either already approved or easy to translate) raw
materials and techniques.

In this chapter, we first extended our new microfabrication protocol for patterning
hPSCs both to the culture and specification of clinical grade hESCs and to the fabrication of
various kinds of simple, patterned fibrin patches of similar composition as the ESCORT ones.
Then, we aimed at improving our hydrogel’s mechanical characteristics and enhance its
biological properties by creating blends with other biomaterials. As cells are highly influenced
by their mechanical environment, we fabricated fibrin-based scaffolds with various alginate
concentrations to control their stiffness. We also varied the concentrations of hyaluronic acid,
a GAG suspected to chemically affect cardiomyocyte mechanosensing [19]. Similar to what
was described in chapter 4, we conducted histological analyses and mechanical
measurements with conventional compressive tests and the SWE technique. As a model cell
line, we have seeded hMSCs and conducted in vitro biological tests to assess cell behavior
and see if selected scaffolds could promote muscular lineage differentiation, in similar ways

as reported by Engler et al.[6].

Materials & Methods

Patterned polyacrylamide hydrogel fabrication

Polyacrylamide coverslips were fabricated as described in chapter 5. For hiPSCs
culture and differentiation, the ECM was composed of Matrigel, fibronectin and fluorescent
fibrinogen, as described before. For murine 3T3 or BJ + hESCs experiments, the ECM solution
used for patterning was composed of 50 pg/mL of human fibronectin supplemented or not with
5 pg/mL of Alexa-Fluor488® conjugated fibrinogen (Life Technologies).

Cell culture and differentiation

Human iPSCs were amplified and differentiated as previously described (Chapter 5).
For murine 3T3 experiments, cells were cultured in capped flasks using DMEM supplemented

with 10% Fetal Bovine Serum (FBS), 1% Non-essential amino-acids (NEAA) and 1% solution
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of 100X penicillin-streptomycin. Medium was changed every three days and cells were split

by trypsinization at 80% confluence.

For human ESCs experiments, the ESCORT’s protocols have been used and later
adapted to micropattern cell culture. Indeed, there are two widely spread ways for cultivating
hESCs: either with a feeder layer, or in feeder free conditions, using Matrigel, a basal lamina
extracted from mice with carcinoma. Matrigel is a very attracting solution because it removes
one highly unreliable parameter in the culture system. However, even if cells can be
differentiated on Matrigel, it is quite easy to expand hESCs on a feeder layer. The feeder layer
provides adhesion sites through ECM-cell interactions as well as through cell-cell interactions.
They also serve as secreting cells for helping maintaining the pluripotency of hESCs. Out of
the many types of fibroblasts that can be used as feeders are the Mouse Embryonic
Fibroblasts (MEFs) and the Human Foreskin Fibroblasts (HFFs). Before seeding, feeder cells
need to either be treated with Mytomycin C or irradiated in order to stop their proliferation [24].
However, Mouse Embryonic Fibroblast are not suitable to the clinics, are highly
heterogeneous and show low proliferation capabilities. While the ESCORT’s protocol
mentions the use of irradiated HFF of clinical grade (FPBT lineage), we started using these
cells together with a new lineage of immortalized HFFs, called BJ, offering new opportunities

for experimentations and validation of our microfabricated prototypes.

Transfer on fibrin hydrogels

Two techniques were used for transferring cells or ECM patterns on fibrin. Either the
fiborin was cast from a solution of fibrinogen:thrombin F20T4 of Evicel® between two
sandwiched patterned coverslips of PAA, or a homemade laser-cut Plexiglas ring was used
on top of a patterned coverslip prior to the addition of the fibrinogen:thrombin mixture. Then,
samples were incubated for at least 1 hour at 37 °C with a 5% CO; atmosphere.

Shear Wave Elastography and imaging

Constructs were imaged using either a Leica phase-contrast bright field microscope, a
Zeiss epifluorescent microscope, a Zeiss confocal microscope or the ultrasound imaging
system of the Aixplorer® apparatus, using a 15 MHz probe. Regarding the latter imaging
technique, custom-made agarose multi-well plates had to be molded in order to transmit the
ultrasound signal. Briefly, the cover of a polystyrene multi-well plate was placed upside down
in a plastic recipient. Then, flat PDMS discs were punched and placed at the center of each
well before pouring a solution of autoclaved agarose 2% in the recipient. Additionally, a lid
made of unstructured agarose was molded in a 10-cm-diameter petri dish. After 40 min,

agarose dishes were unmolded and immersed in RPMI supplemented with 2% B27 (with
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insulin) until imaging was performed. The lid was used to create a solid interface to easily
apply the standard echographic gel when imaging ZX and ZY planes of our samples (not
shown here). For regular XY imaging, echographic gel was directly applied to the outer wall
of the multi-well plate and the probe was kept in direct contact with the gel using a three-

fingered grip.

Image and video processing

Contrast correction, merging and 3D reconstruction was performed using standard
Image J toolboxes. Videos were recorded for 10 s at 20 fps and compressed into MP4 movies
before being processed by the homemade Processing video analysis software described in
Chapter 5 for contractility measurements. Briefly, after an ROI had been selected on the raw
movie, frames were dilated or eroded and then filtered using a binary threshold, and the
number of white pixels inside the ROI was recorded for each frame. Data were saved in both
CSV files and in a SQL database for inter-experiment comparisons.

RT-gPCR and flow cytometry

RT-gPCR and flow cytometry have been performed in similar conditions, with similar
primers and antibodies (respectively) as described in the ESCORT protocol [21, 22]. Flow
cytometry data were then collected and further analyzed using a custom made software

written in Processing.

Immunostaining

Samples were fixed and permeabilized using a warm solution of PBS with 3.7%
paraformaldehyde (PFA) and 0.01% Triton X-100 for 15 min at RT. Then, coverslips were
incubated for 1 to 2 hours on droplets of PBS containing DAPI, Alexa-567 conjugated
phalloidin and an FITC-conjugated anti-human CD15 antibody. Coverslips were then mounted

on rectangular coverslips with FluoroShield® as the preservative.

Fibrin-based hydrogels with hyaluronic acid or alginate

Agarose 2% was overlaid on the bottom of each well of a 24-well plate (2 cm?/well), so as
to avoid an important adhesion of patches. For regular fibrin hydrogels, 150 pL of a 20 mg/mL
fibrinogen solution (Evicel®) was poured into each well. Fibrinogen solution was then reacted
with 4 Ul/mL thrombin (Evicel®) at a ratio of 1:1 (v/v). Gels were incubated for 1 hour at 37 °C
and 5% CO.. For fibrin-HA hydrogels, HA was added to the thrombin preparation prior to
polymerization. For fibrin-alginate hydrogels, agarose was supplemented with 5% CacCl, to

allow alginate to crosslink. An additional slice of agarose was also placed on top of the
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hydrogel to accelerate polymerization and improve homogeneity.

Cells seeding experiments

Human mesenchymal stem cells (hMSCs) were obtained from the Cell Therapy
Laboratory of Saint Louis Hospital as a kind gift of J. Larghero and V. Vanneaux. MSCs were
cultured in aMEM medium supplemented with 10% FBS and 1% penicillin-streptomycin.
hMSCs used for in vitro and in vivo experiments were between passage 5 and 8.
Selected hydrogels were formed on agarose, with a thin glass coverslip on top. Agarose was
supplemented with CaCl; 5% for fibrin-alginate hydrogels. After 1 hour of polymerization at 37
°C and 5% CO., glass-coverslips were flipped and transferred to 6-well plates. One hundred
thousand MSCs were seeded in each well, culture medium was changed every 2 days and
the experiment stopped at day 7. Cells were detached with Trypsin for 6 minutes and then
centrifuged at 1,200 rpm for 6 min. The cell pellet was dried and stored at -80°C for further

RNA extraction.

Histological analysis

After polymerization, patches were embedded in Tissue-Tek OCT compound Mounting

Media, and cut into 10-uym-thick sagittal sections using a cryostat. A selected set of sections

was mounted on microscope slides. After 24 hours, they were rinsed with ethanol 70% and
washed with Phosphate Buffered Saline (PBS).

Hematoxylin Eosin staining
The sections were stained with hematoxylin for 30 seconds, and then rinsed with water.

Next, they were stained with Eosin for 90 seconds, and then rinsed with water. Warm glycerol
(60%) was added and slides were covered with glass coverslips. Afterwards,
photomicrographs were taken using a Leica microscope equipped with a digital camera.
Dapi and phalloidin staining

3D cell cultures were fixed with 4% PFA and then rinsed 3 times with PBS. Cells were
permeabilized with 0.25% Triton X-100, and further rinsed 3 times with PBS. Nuclei were

stained with Dapi for 3 min and actin network was stained with fluorescently labelled phalloidin
during 30 min.

Mechanical characterization

Compressive test

The Young’s modulus in compression was derived from stress-strain curves obtained
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using an Instron 5565 mechanical apparatus (Instron, Norwick, MA), equipped with a 10 N
load cell. Briefly, fibrin and fibrin/hyaluronic acid hydrogels pieces were formed in flat-
bottomed syringes to have a controlled geometry. Fibrin/alginate hydrogels were allowed to
crosslink with agarose-CacCl; slices on top and at the bottom of the syringe. The height of
cylinders was measured and placed in the apparatus and the strain was recorded at different
loads. The Young’s modulus in compression was calculated as the slope at the beginning of

the deformation, where the stress-strain curve can be assumed to be linear.

Shear Wave Elastography (SWE) - Aixplorer Ultrasound Imaging

SWE provides in real-time a quantitative map of the soft tissues’ shear modulus by
tracking remotely induced shear waves at high spatial and temporal resolution. To our
knowledge, this method has already shown success in breast cancer diagnosis but had never
been exploited in the field of tissue engineering and biomaterial design. As hydrogels were
transparent to ultrasounds we added agarose powder during preparation. Hydrogels required
no specific geometry but cylinders appeared to be more practical. Hydrogels were prepared
the same way, with cut syringe, as for compressive tests, and elasticity was directly displayed

on the Aixplorer® ultrasound system after selecting a region of interest inside the hydrogel.

Results I: Soft micropatterning with the ESCORT protocol

It had previously been reported that murine feeders behaved differently than human
feeders [25], but no major difference had been noted between two lineages of HFFs.
Surprisingly, here, we observed dramatic differences between the two lineages. When kept in
proliferation medium (Nutristem®, to maintain stem cells’ pluripotency and self-renewing
capabilities), the 16 lineage of hESCs proliferated considerably faster on BJs than on FPBTs
(Figure 6.3-A, blue histogram). Upon BMP-2 induction, stem cell colonies (already bigger on
BJs than on FPBTS) started to spread and to show signs of spontaneous differentiation much
earlier on BJs than on FPBTSs. As a result, the surface area covered by the colonies was even
higher for cells on BJs than on FPBTS, due to their wider spreading area (Figure 6.3-A, green
histogram). At the end of the four days of BMP-2 induction, almost all the colonies had a
« differentiated » morphology on BJs while a non negligible part of the colonies on FPBTs had

kept their « pluripotent » morphology (Figure 6.3-B).
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Figure 6.3 Comparative BMP-2 induction on BJ feeders or FPBT feeders.
%FOV: % of field of view area. (A) Surface coverage of hESC colonies (B) Phase contrast pictures of the
morphologies of the colonies.

After MACS sorting with anti-CD15 magnetic beads, it appeared that the yield of CD15*
cells was much higher on BJs (1.8 million cells) than on FPBTs (0.86 million cells, Table 6.1).
Surprisingly, the number of cells was not considerably higher on BJ feeders. Quantitative PCR
analysis of early cardiac markers showed similar patterns of gene expression (Figure 6.4-A)
between the two conditions, but results have to be taken very cautiously due to very important
C:variations in the GAPDH amplification. In addition, the expression pattern was quite different
from previous data showing higher expressions of Thx5, Nkx2.5 and Mef2c in the CD15
population rather than in the CD15" population, whereas only Isl1 was higher in the CD15"
population. As flow cytometry confirmed that the purity was above 90% in both conditions and
that low amounts of CD15* had been lost in the negative population (Figure 6.4-B and C), we
started to question the expression pattern of the feeder cells and found out that HFFs already
expressed high amounts of Thx5 (data not shown). As they are the main component of the
CD15 population, it could explain these artifacts in the qPCR results.

BJ FPBT
Count Proportion Count Proportion
Before 5.3x10° 4.4x10°
sorting
CD15- 1.5x10° 46% 2.1x10° 71%
CD15+ 1.8x10° 54% 0.86x10° 29%

Table 6.1 Specification yields after culture on BJs or FPBTSs feeders.
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Figure 6.4 Gene expression and purity analysis after specification on FPBT or BJ
(A) gPCR analysis of pluripotency (Nanog, Sox2) and early cardiac genes (Isl1, Tbx5, Nkx2.5, Mef2c) after BMP2
specification on FPBT (top) or BJ (bottom). (B-C) FACS analysis of post-sorting purity, x-axis: CD15-FITC, y-axis:
SSC Height. Gates are based on Ig references (not shown).

As we repeated the experiment on either FPBTs or BJs feeders, we stopped observing

differences in the specification yields, even though the total number of cells was higher on BJs

than on FPBTSs at the end of the specification (Table 6.2). The reason could be that the 16 cells

that were used the second time had been amplified for a longer time on BJs, and thus behaved

like on BJ. Indeed, other experiments in our laboratory suggested that transferring cells

amplified on BJs from BJs to FPBTs and keeping them many passages on FPBTSs led to the
behavior observed for FPBTs and not for BJs.

BJ FPBT
Count Proportion Count Proportion
Before 6 6
sorting 12.5x10 9.4x10
CD15- 2.0x10° 35% 1.1x108 36%
CD15+ 3.8x10° 65% 1.9x10° 64%

Table 6.2 Specification yields after culture on BJ or FPBT feeders.
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Homogeneity of the seeding

Regardless of the choice of the substrate (Matrigel or a feeder layer), there are two
requirements to be able to make sense out of cultures on micropatterns: (i) having the same
cell behavior on all the patterns, to be able to make statistical analyses of the results, (ii) being
able to precisely control cell density. However, preliminary experiments had showed that
extensive agitation was need after cell seeding in order to avoid inhomogeneous cell
sedimentation (see Chapter 5). This intensity of this phenomenon was found to depend on
whether cells had been fully dissociated, or just separated in small clusters. As hESCs survive
best in small clusters, we observed strong heterogeneities in the resulting seeding. Our initial
solution was to decrease the number of conditions, gathering spot sizes by groups of two and
performing the patterning on 30-mm diameter coverslips inside a 6-well plate, a dimension
that prevents peripheral or central aggregation of falling cells. While central and peripheral
aggregations were still present to a lower extent, they could be completely removed by shaking
the plate every ten minutes for 1 to 2 hours.

Controlling spot cell density

The 16 lineage of hESCs has one major drawback: cells cannot be separated into single cells
using tripsynization. Indeed, if they were not in small aggregates, they would not adhere and
eventually died. Therefore, even with homogeneous seeding, it was not possible to precisely
control cell density: in case aggregates were bigger than the spot size, proliferation and

differentiation would lead to very peculiar morphologies on the spots (Figure 6.5).

Figure 6.5 Immunostaining attempts on patterns with inappropriate pattern cell density.
Red: actin, blue: chromatin, green: CD15
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It has been suggested that hESC'’s survival in single cell suspensions can be promoted
by the addition of a Rock inhibitor called Y-27632 [26-30]. Even though addition of Y-27632
did not permit to tripsynize the cells, it allowed for mechanical breaking of the aggregates into
groups of cells that were smaller than the smallest patterns. On feeder cells that were
patterned on gelatin or FN spots prior to 16 seeding, 16 would stay attached on the spots, but

also on the supposedly cell-repellant regions of the coverslips (Figure 6.6-A).

Figure 6.6 Effect of Y-27632 addition (A) and removal (B) from Nutristem® medium on hESCs seeded on spot
patterns.

It was observed that when adding Y-27632 at 10 uM for the first two days of 16 culture,
cells would adopt a single cell polygonal morphology and adhere everywhere in the dish. As
soon as the Nutristem® + Y-27632 was removed and replaced by Nutristem® alone, cells on
non adhesive regions of PLL-g-PEG2.5 would either detach or regroup on top of the spots
(Figure 6.6-B). For an optimal 16 dilution close to ¥z (instead of the 1/6 dilution ratio used in
clinical settings) of a confluent culture of hESCs, the hES cells were able to force the feeder
layer to progressively detach. As a result, cultures were left with only hESCs that were stably
attached on the spots.

Initial Glass patterning success

The optimal technique was thus to pattern fibronectin spots and then to seed irradiated
BJ fibroblasts to help ensure the adhesion of hESCs, as it had been observed that Matrigel®

coatings led to more frequent contaminations and easy cell detachment.
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Figure 6.7 Immunostaining after BMP2 induction of hESCs on rigid spots.
(top frames) global overview of the 30-mm coverslips (bottom frames) higher magnification, representative images
of the hESCs after 4 days of BMP2 induction.

As shown on Figure 6.7, it seemed that the modification of the protocol to allow for good
adhesion of the hESCs on the spots also led to improved specification into CD15* cells on the
new positive control (referred to as Uniform ¥ dilution + Y-27632). This confirmed that the
Rock Inhibitor had an important role to play, which is in agreement with the hypothesis that

mechanical constraints participate in controlling stem cell’s fate. It could also be that a three-
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fold change in cell density (1/6 to ¥%), together with improved cell adhesion (thanks to the rock
inhibitor), was enough to go from a sparse culture of CD15* progenitors to an almost confluent
culture of CD15* cells.
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Figure 6.8 gPCR analysis

(A) Log: representation of fold change on patterns relative to Control 1 (1/6 dilution), (B) Logz representation of
fold change on patterns relative to Control 2 (1/2 dilution with Y-27632), (C) Logio representation of fold change of
pellets of BJ only, Controll and Control2 relative to undifferentiated i6 hESCs

Quantitative PCR also confirmed this trend that differentiation was highly enhanced
with the second protocol rather than with the initial one. However, differences of multiple
orders of magnitude in the expression of Tbhx5 have been noted, which was later identified as
an artifact of the co-culture with BJ cells, that also overexpress Thx5 in normal culture
conditions, as compared to pluripotent 16 (Figure 6.8-C). Later on, hESCs could be successfully
patterned on polyacrylamide substrates of controlled stiffness coated with spots of fibronectin,
with the help of feeder cells as well as Rock Inhibitor, as shown in Figure 6.9. Now that similar
efficiency in terms of hESC patterning have been achieved, more quantitative experiments
can be performed to compare results from hiPSCs cultures to the 16 hESC lineage.

DQ,_
6“ @ (.‘.,"

Figure 6.9 Example of patterning of BJs + hESCs on 10 kPa PAA substrates patterned with FN spots.
(A, D) 200 um (B, E) 600 um (C, F) 1200 um. Note the sublayer of fibroblasts at the periphery of the spots. Scale
bars: 500 um
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Results II: Proof-of-concept patterning strategies using

clinical fibrin hydrogels

First proof of concept for the transfer of patterned cells from PAA to

clinical fibrin gels

We then wondered how we could clearly bridge the gap between in vitro studies and
in vivo patch surgery. As a proof of concept, we showed that using a mixture of fibronectin
and FITC-fibrinogen, it was possible to pattern lines on PAA of intermediate stiffness (10 kPa)
and promote fibroblast adhesion and alignment. After one day in culture, a fibrinogen:thrombin
mix was poured onto the cell culture and placed back in the incubator for the time of the
polymerization. After one hour, the fibrin gel was peeled off and placed upside down into a
new culture well. It is hypothesized that FITC-fibrinogen polymerized together with the rest of
the fibrinogen, promoting the entrapment of the cells within the fibrin gel. Cells had been
successfully transferred from the PAA (Figure 6.10-B) to the fibrin patch (Figure 6.10-A), and
alignment had been preserved. More interestingly, after one additional day in culture, cells
had continued proliferating and had kept their orientation throughout the entire patch (Figure
6.10-C).

Figure 6.10 PAA to Fibrin patterned cell transfer.

(A) Cells on fibrin after unmolding. (B) cells left over on PAA after unmolding. This is actually the only field of view
where we can see a few cells. (C) 3T3 on fibrin after 24 hours. Proliferation had continued and alignment is
maintained.

Therefore, we decided to start showing the properties of transfer using the feeder cells,
the BJ lineage. Unfortunately, afore mentioned observations have not been reproduced: cells
started to pull on the fibrin gel, degrading it and compacting it. It could be because of the
Plexiglas ring that had been used during transfer: while the fibrin gel had not detached from
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the ring in the first experiment, it did detach and remained as a freely buoying sheet in the
latter experiment. Therefore, alignment could only be observed immediately after transfer, as

shown in Figure 6.12.

A. 1st round B. 2" round C. 3rd round
(10 kCells/cm?) (40 kCells/cm?) (60 kCells/cm?)
After seeding After transfer After seeding After transfer After seeding

Figure 6.11 Surface of PAA before and after transfer on fibrin patch

In a nutshell, the transfer was still very efficient and very few cells were found on the
PAA after transfer (Figure 6.11). Nevertheless, after transfer on fibrin (Figure 6.12), cells
retained the shape they had acquired on PAA gels, which was either an elongated shape on
gels above 10kPa, or round shapes on softer gels (Figure 6.12) but proliferation did not occur

with the same alignment (not shown).

Of importance, no detectable fluorescent fibrinogen could be observed in the fibrin gel
(Figure 6.12), except inside the cells that had endocytosed it. Also, fluorescent lines were still
observed on the initial PAA gels. These two observations strongly infirmed the hypothesis that
the fibrinogen pattern had been transferred together with the cells during fibrin polymerization,

at least for this experiment.

When repeating the experiment, we tried seeding cells again on the exact same PAA
coverslips. Not so surprisingly, cells adhered again and aligned in the same fashion (Figure
6.11, 2" round). This was yet another confirmation that most of the ECM (fibronectin +
fluorescent fibrinogen) had remained on the initial PAA hydrogels.
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The transfer on fibrin gels led to the same observation as before: a good initial
alignment on the patches but later degradation and compaction. We suspected that alignment
might be preserved over time only when the cells had already reached a certain density.
Consequently, we used the exact same PAA coverslips with increasing cell densities. This
experiment is still in progress and the hypothesis cannot be verified yet. A surprising
observation, though, was that after many rounds on the same hydrogels, the alignment of
fibroblasts on 1 kPa hydrogels clearly improved (Figure 6.11, 3" round). An explanation could
be that cluster formation on 1 kPa resulted from initial spreading of the cells (accompanied by
matrix secretion), followed by pulling and aggregation and detachment, as suggested by
Figure 6.13. The secreted matrix would be aligned along the pattern and after a specific
thickness would have been reached, then new cells would align more strongly on the hydrogel.

A.1st patches B.2" patches

From 1 kPa

From 10 kPa

From 100 kPa

Figure 6.12 Surface of fibrin patches after transfer from PAA.

To confirm whether the fluorescent fibrinogen had been endocytosed by the
fibroblasts, or if the cells just detached the fibrinogen from the substrate, 3D images where
reconstructed from confocal observations. In the latter scenario, it would imply that integrin
receptors might still be bonded to fibrinogen molecules, and thus, spreading and migration
could become problematic when considering the grafting of the patch on an injured heart.
While epifluorescence cannot discern between the two conditions, 3D Confocal images shown
in Figure 6.13 revealed that fluorescent fibrinogen was distributed throughout the entire cytosol
and not only at the cell’s membrane, thus confirming that fibrinogen is being endocytosed in

by the cells.
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Figure 6.13 Fluorescent fibrinogen observation on 1 kPa PAA patterned with lines and seeded with BJ fibroblasts.
(A) Epifluorescence. (B) LSCM of a cluster, (B-i) section, (B-ii) 3D reconstruction.

Importantly, it was noted that aggregates were strong enough to stay attached on 1
kPa gels while deforming it. Similar to Traction Force Microscopy (TFM) with embedded
fluorescent nanobeads, this shows that measuring the deflection of the patterned lines from

the orientation could help quantify the force exerted by the aggregates.

This observation will undoubtedly be very useful for further experiments with
cardiomyocytes and systolic force quantification, as discussed at the end of Chapter 5.
Designing different patterns could lead to an alternative to bead-based TFM. The advantages
would be: (i) the insurance that nanobeads do not affect the hydrogel stiffness; as a
consequence, there would be no need for testing the mechanical properties of both bead-free
and bead-laden gels; (ii) a lower cost; (iii) the insurance of a “flat” topography; (iv) the
controlled distribution of the fluorescence, which would facilitate automation of signal
processing and analysis algorithms.

Of course, the main drawback is the stronger force needed to be able to observe the
deformation. This minimal force is strongly related to the gel's stiffness but also to the
resolution of the pattern. As a result, single cell TFM would only be possible with subcellular

patterning.

In the previous chapter, we studied the influence of elasticity and topographical

confinement on the differentiation of hPSCs into cardiomyocyte, using a small-molecule-based
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protocol. We observed rings of differentiated beating cardiomyocytes. Although these rings
seemed to have a constant thickness at first, deeper examination led to the understanding
that the thickness of the ring depended on the diameter of the spots and, to a lower extent, on
the elasticity of the substrate. However, while this is true for diameters ranging from 800 um
to 4,000 um, it was not clear whether the ring size would still increase with even bigger spots.
When looking at the dimension of tissue culture plate, we can find that bigger spots actually
means getting closer and closer to the smallest multi-well plates commonly used in
laboratories. As a matter of fact, 96-well-plate’s wells have a diameter of 6.35 mm, i.e. 6,350
pm. Therefore, 4,000 um can be considered as a “multi-well plate” control the same way a 96-

well plate would be when performing high-throughput screening.

As suggested by data presented in the previous chapter, while ring size
increases for very large spots, it belong to a quite narrow range for
intermediate values of spot diameter, with an average of 380 pum.

https// 00,| o~ Consequently, we hypothesized that any pattern with a constant thickness

of approximately twice the average ring size would help fabricate cardiac microtissues with a
very high cardiomyocyte yield. We thus designed simple patterns of periodic bands with a
thickness of 700 um and an interspace of 100 um, on all 4 rigidities introduced before, and
performed the differentiation protocol as described previously. We named the resulting beating

structures Engineered Cardiac Bands (ECBS).

1s 47 bpm 18 bpm

Figure 6.14 Beating patterns of engineered cardiac bands.

Proof-of-concept of regular (bright field, i.left) and ultrasound (i.right) imaging to characterize anisotropic cardiac
microtissues before (A) and after (B) the fabrication of the fibrin patch. (ii) Beating pattern acquired by video analysis
of the SWE. Scale bar: 500 pm.
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Results were striking. Not only was the entire culture beating, but contraction

:_!___H -1=. propagated solely in the direction of the lines (Figure 6.14-A and
e ":ili!"-.:i- Supplementary Movie 6.1). Although this was repeatedly observed for low

https://goo.ql/ApZI5

elasticity (1 kPa and 10 kPa), it was less reproducible on harder PAA (100
kPa) and on glass coverslips, were cells seemed to contract more heterogeneously. We think
that while elasticity can have plaid a biomechanical role here, a simpler explanation would be
that as cells adhere less strongly on soft substrates, contractions trigger the partial
detachment of the cardiac band and promote synchronization along the band.

Performing cardiac differentiation on soft substrates would offer three main
advantages. First, polyacrylamide is a very strong anti-adhesive for cell culture, and thus
patterns can be generated very faithfully and be maintained for longer periods of time and in
any medium. Second, partial detachment can promote better synchronization of independently
beating clusters. Finally, transfer from the coverslips to the fibrin patch will work dramatically
better.

Naturally, the second step was to demonstrate the feasibility of stacking multiple layers
of aligned cardiac bands, by using fibrin as a cement between the different parts. Multiple PAA
coverslips were then prepared, seeded with hiPSCs and differentiated into cardiomyocytes.

At day 12, bands had already started to beat and fibrin hydrogels were cast.

top

bottom

bottom middle to

Figure 6.15 Proof-of-concept of a two-level fibrin patch made of parallel band of hiPSC-derived cardiomyocytes.
The schematic (left) represents the way the movie was acquired, by slowly moving from the first layer of ECBs to
the top layer of ECBs, at the surface of the fibrin patch. White arrows indicate the border of bands in focus. Scale
bar: 500 pm.

As suggested by the preliminary results using murine 3T3 and human BJ
fibroblasts, after an incubation time of one hour, the fibrin patch could be

; -'1'.',; easily unmolded and cardiac bands had transferred to the clinical fibrin. By
1y

https://goo.aliwkABUO  taking care of aligning the coverslip in parallel, it was possible to create a two-

layered clinical patch made out of hiPSC-derived cardiomyocytes (Figure 6.15 and
Supplementary Movie 6.3). Furthermore, we demonstrate that these patches can be monitored
using SWE, by placing the samples in agarose multi-well plates (Figure 6.14-B and

Supplementary Movie 6.2). Not only could they be visualized, thus allowing for contractility

Yohan Farouz’ PhD dissertation - 2015 150


https://goo.gl/wkABUO
https://goo.gl/ApZI5p
https://goo.gl/wkABUO
https://goo.gl/wkABUO
https://goo.gl/wkABUO
https://goo.gl/wkABUO
https://goo.gl/ApZI5p
https://goo.gl/ApZI5p
https://goo.gl/wkABUO
https://goo.gl/ApZI5p
https://goo.gl/ApZI5p
https://goo.gl/ApZI5p

Chapter 6 — Back to the clinics: new design strategies for the fabrication of Engineering Cardiac Bands

frequency measurements (Figure 6.14-B), but cardiac bands have also been assessed for their

elasticity (Figure 6.16 and Supplementary Movie 6.4).

F

=] Obviously, there are still many limitations that

--'H:E need to be overcome, as the stability of these
pa

patches after unmolding. As illustrated in

https://goo.qgl/xUElha

Figure 6.16 and Supplementary Movie 6.4,

e most fibrin patches were dissociated from the cardiac bands
+Q-Box™
l Moy 120.4kPa

l Min PASRSIGEY anarchical aggregation of the bands. This could explain the

1 gflgx 22513% Egg high value of the Young’s modulus observed for these bands

DIET IR  (120.4 kPa). While it is in the range of pathological cardiac

Figure 6.16 Evaluation of the : ; ;
stiffness of aggregated cardiac muscle (hypertrophied cardiomyocytes), this value should be

bands, , interpreted with considerable caution because this aggregation
free standing in agarose dishes.

+95 kPa
76

when transferred in the agarose dishes. It resulted in the

of bands led to reaching the limits in spatial resolution for the
shear-wave model to be accurate. In fact, more recent measurements of the elasticity of
cardiac balls detached from the spots described in the previous chapter suggest an elasticity
of about 6 kPa, similar to the F20T4 fibrin patch and to fetal hearts. To prevent from this
detachment and aggregation, a very simple solution could be to add an additional layer of

fibrin in order to protect the cardiac bands from stresses generated by external manipulations.

Alternatives to cell transfer: direct ECM patterning on clinically-

relevant hydrogels

Fibrin patterning

Being able to micropattern a cardiac patch, make it clinical and being able to graft it on
the pericardium can be very challenging. Some solutions have been to use nanogrooved PEG
hydrogels to culture either (rat) cardiomyocytes [31] or to help mature endogenous cardiac
progenitor cells [32], then to transfer them on hearts using fibrin glue, in a similar way as
presented here above. As an alternative, we show that instead of having to transfer the cells
while polymerizing fibrin from fibrinogen, it is possible to prepare in advance fibrin patches
exhibiting patterned lines of fibronectin on their surface.
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Figure 6.17 Confocal microscopy of the proof-of-concept fibrin micropatterning with lines of fibronectin +
fibrinogen, after transfer from a 10-kPa polyacrylamide layer.

On Figure 6.17, we show that using the same technique as for transferring beating
cardiac bands, it is in fact also possible to only transfer ECM proteins from the polyacrylamide
to the fibrin hydrogel. If the two micropatterned PAA coverslips are placed orthogonally, then
the resulting fibrin patch will have two sides coated with micropatterned ECM, forming
orthogonal lanes (Figure 6.17). Consequently, patches could be prepared in advance and only
used with already differentiated cardiomyocytes or cardiovascular progenitor cells. Using non
adhesive culture dishes, it would also be possible to stack these fibrin constructs together with

dissociated cells before surgery.

Results Ill: new blends of clinical materials

Preliminary observations regarding alginate micro-patterning

We had previously shown, using neonatal rat cardiomyocytes, that it was possible to
engineer soft hydrogels so has to direct the elongation of cardiomyocytes and favor their
anisotropic contraction when field stimulated (Figure 6.18) [33]. Originally, using alginate as a
substitute for PDMS [34] was a way not only to soften the matrix — hence providing mechanical
cues for healthier cardiomyocyte maturation and force generation — but also to translate this
technology into a clinically relevant construct. Indeed, alginate would be able to resorb inside
the body and is already being produced in GMP environments.
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Figure 6.18 Cardiac muscular thin films constructed from micropatterned alginate substrates.

(A) Schematic of the assay: cantilevers are cut and peeled out of the alginate film and exposed to external electrical
field stimulation. (B) Optical photograph of the alginate coverslip after peeling the cut regions showing a high
number of MTFs from a single experiment. Scale bar represents 5 mm. (C) Tracking of the horizontal projection of
the 2 representative films during one contraction cycle at 2 Hz stimulation frequency. D) Representative time trace
of stress generated by one MTF at different pacing frequencies. Excerpt from [33].

However, because alginate is a non fouling material, it had to be chemically conjugated
to either ECM proteins (as described by Agarwal and Farouz and colleagues[33] or synthetic
polypeptides, like GRGDS (as experimented in our laboratory at ENS Paris), that can promote
cellular adhesion. Additionally, when evaluated as a candidate for clinical applications,
preliminary experiments showed that handling was complicated due to the brittleness of the
gels. Even though the elastic modulus can be modulated in the appropriate range for cardiac
therapies, alginate flaps do not resist to the stress generated during surgery. Finally,
conservation happened to be problematic both because of the appeal of alginate to bacteria,
and because of the dramatic swelling behavior observed for alginate hydrogels in medium that
do not contain enough Ca?", such as RPMI, the medium used in our cardiomyocyte
differentiation protocol. Consequently, we also investigated whether alginate could be used
not as the main scaffolding material, but as a mechanical reinforcement material for the initial

fibrin patch.
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For handling test of fibrin/alginate hydrogel, the chosen volume was 200 pL.

Concentration

. . . Polymerization . . Retention: unfolding Number of
F: mg’A/\r.nrh,g'/l'r.nLEI/mL, speed 37°C Pinch grip and respreading samples
F20T4 Ok 1h No difficulty No particular difficulty 3
F20T4A5 Ok 1h No difficulty No particular difficulty 3
F20T4A15 Ok 1h M d|ff|c_ul_ty_. No particular difficulty
Increase rigidity.
F20T4A30 Ok 1h No difficulty. More No particular difficulty 3

Table 6.3 Handling of patches as a function of firtl)?ilr?(.)gen, thrombin and alginate concentrations.

For fibrin/alginate-based hydrogels (Table 6.3), we decided to start with the
concentration of fibrinogen and thrombin which is currently used in in vivo models and has
already been investigated earlier (F20T4, see Chapter 4), and to add an increasing
concentration of alginate to make the hydrogel stiffer. Handling properties seemed compatible

with further in vitro and in vivo experiments for all the formulations of fibrin-alginate scaffolds.

Concentration

F: mg/mL; T: Ul/mL; Polymerizaotion Pinch grip Retention: unfo_lding and Number of
HA: mg/mL speed 37°C respreading samples
F35T7HA4 Ok 1h Difficult ++ 3

F35T7 Ok 1h No difficulty No particular difficulty 3
F30T6HA3.5 Ok 1h Difficult ++ 3
F30T6 Ok 1h No difficulty No particular difficulty 3
F25T5HA3 Ok 1h No difficulty No particular difficulty 3
F25T5 Ok 1h No difficulty No particular difficulty 3
F20T4HA2.5 Ok 1h No difficulty No particular difficulty 3
F20T4 Ok 1h No difficulty No particular difficulty 3
F15T3HA2 Ok 1h No difficulty No particular difficulty 3
F15T3 Ok 1h No difficulty No particular difficulty 3
F10T2HA1.5 Ok 1h Difficult ++ 3
F10T2 Ok 1h Difficult ++ 3

Table 6.4 Handling of patches as a function of fibrinogen, thrombin and hyaluronic acid concentrations.

However, for fibrin/hyaluronic acid-based hydrogels (Table 6.4), the complete
screening showed that only intermediate concentrations of both fibrin and fibrin/HA seem

compatible with further experiments, including surgeon work during the grafting procedure.
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Histological profile

a )

Figure 6.19 Histological sections of fibrin patches, stained with Hematoxylin/Eosin.
(A) Patch with 10 mg/mL of fibrinogen and 2 U/ml of thrombin: F10T2. (B) F15T3, (C) F20T4, (D) F25T5, (E) F30T®6,
(F) F35T7. Scale bar: 200 ym

In order to faithfully compare the results for the composite materials to those for the
simple fibrin patches, we performed again a similar analysis as the one presented in Chapter
4. Conformingly to previous results, the fibrin network was different according to the initial
concentration and pore diameter was dose-dependent. Indeed, the pore diameter was bigger
in the case of the lowest concentration F10T2 (Figure 6.19-A) and the biggest pores
corresponded to the lowest concentration in fibrinogen and thrombin, F35T7 (Figure 6.19-F).
While we stated opposite results regarding microscopic pores in Chapter 4, histological
sections obtained in this new series of experiments seemed to have been less disturbed and

thus might correspond more to the confocal images shown in Chapter 4.

Figure 6.20 Histological sections of fibrin/alginate patches, stained with Hematoxylin/Eosin.
(A) F20T4A5. (B) F20T4A15. (C) F20T4A30. Scale bar: 200 pm.

The effect of progressive incorporation of alginate inside a F20T4 fibrin hydrogel resulted
in very different structures. Pore sizes seemed to be equivalent in F20T4A5 (Figure 6.20-A)
and in F20T4 (Figure 6.19-C) but we could observe a progressive disorganization of the meso-
scopic fiber network for F20T4A15 (Figure 6.20-B) and F20T4A30 (Figure 6.20-C), with what
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can be assumed as very large clusters in bright purple. In these two conditions, the nanoscale
organization can be distinguished but the thick fibers observed in Chapter 4 looked more like
individual elongated clusters, not necessarily connected in a network structure.

Regarding fibrin/HA hydrogels, we could observe the same histological profile as for
fibrinfalginate hydrogels, as the amount of HA increased. The fibrin network showed
progressive disorganization; microscopic pores were easily observable at low concentration
(Figure 6.21, A-C) while there was a mixture of very thick pores and regions of nanoscopic
networks at higher concentrations (Figure 6.21, D-F). Conversely to fibrin-alginate though, the
meso-scopic pores present at high concentrations in fibrinogen for the fibrin-HA composite

seemed connected by a network of thick fibrin fibers.

Figure 6.21 Histological sections of fibrin/fhyaluronic acid patches, stained with Hematoxylin/Eosin.
(A) F10T2HAL.5. (B) F15T3HA2. (C) F20T4HA2.5. (D) F25T5HAS. (E) F30T6HA3.5. (F) F35T7HA4. Scale bar:
200 pm.
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Figure 6.22 Compressive test and SWE results for fibrin/alginate hydrogels.
F: fibrinogen in mg/mL, T: thrombin in U/mL, A: alginate in mg/mL. (elasticity is expressed in kPa: mean + SEM)
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Fibrin/Alginate hydrogels, with a constant fibrin concentration, showed an increased
modulus with increasing alginate concentration (Figure 6.22). As our previous experience with
compressive testing had been disappointing (Chapter 4), we decided to take into account
values measured through SWE. We could notice that compared to F20T4 hydrogels, F20T4A5
composite hydrogels showed equivalent elasticity (respectively 6.15 kPa and 6.85 kPa). Low
concentrations of alginate did not seem to affect the stiffness but at higher concentrations,
alginate clearly stiffened the structure (up to 36 kPa for F20T4A30).
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Figure 6.23 Compressive test and SWE results for fibrin/HA hydrogels.

On the other hand, even though fibrin/HA hydrogels presented increasing elasticity with
increasing concentrations in hyaluronic acid (Figure 6.23), values were systematically lower
than fibrin hydrogels. As HA polymeric chains did not form independent networks by
themselves, they probably just hindered the fibrin network polymerization process by limiting
the diffusion of thrombin due to increased viscosity. Again, although their respective trends

were similar, compressive tests showed systematic lower values than SWE measurements.

In vitro experiment

One hundred thousand MSCs were seeded on 78.5 mm? circular hydrogels. Hydrogels
were selected based on their mechanical properties, to see if the used stem cells will present
specific shapes depending on matrix stiffness. These 2D cell cultures were stopped at day 7
and no chemical differentiation were used.

On the control fibrin patch, F20T4, which had an intermediate elasticity approaching that

of reported muscular elasticity (about 6 kPa), hMSCs started to present actin alignment but
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although some cells seemed to present thin elongated cytoplasmic extensions, others

presented random polygonal shapes.

Figure 6.24 Microscopic image of F20T4 seeded with hMSCs at Day 7. Scale bar: 200 ym

The F20T4A5 matrix showed a high concentration of cells presenting regions of parallel
actin networks and anisotropic cells. Intermediate alginate concentrations (Figure 6.25-B)
caused cell bodies to enlarge but cell alignment was not as good. Regarding the last condition
(Figure 6.25-C), F20T4A30, cells seemed to lose the peculiar shape previously observed: they
were polygonal with no particular anisotropy nor any remarkable morphology.

--

Figure 6.25 Microscopic images of fibrin/Alginate seeded with hMSCs at Day 7.
(A) F20T4A5. (B): F20T4A15. (C): F20T4A30. Scale bar: 500 ym

For the softest matrix, FI0T2HAL1.5 at 1.6 kPa (Figure 6.26-A), some of hMSCs showed
thin long cytoplasmic extensions, characteristic of neuronal cells. As for the second matrix,
F20T4HA2.5 at 2.95 kPa (Figure 6.26-B), cells started to exhibit a larger cell body as compared
to the previous condition. Finally, on the stiffer matrix F35T7H4 (Figure 6.26-C), some MSCs
started to present parallel actin networks (at the single cell level) and larger cellular bodies,

characteristic of muscular cells.

-
Figure 6.26 Microscopic images of fibrin/HA seeded with hMSCs at Day 7.
(A) F10T2HAL.5 (B) F20T4HA2.5 (C) F35T7HAA4. Scale bar: 500 ym
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Conclusion on the new blends

The aim of this preliminary study was to propose and mechanically characterize new
scaffolds that could be used as a matrix for hESC-derived cardiovascular progenitors. First,
handling tests showed that regardless of the scaffold composition, fibrin, fibrin/HA or
fibrin/alginate, intermediate concentrations always seemed to be easier to use and to
manipulate. Although in the case of pure Evicel® fibrin, histological stains showed a
progressive narrowing of hydrogel’s pores with increasing fibrinogen/thrombin concentrations,
this behavior seemed disturbed by the progressive addition of both alginate and HA. Because
we chose not to further crosslink the HA, it was surprising to observe that both using HA or

[alginate:Ca?*], the fibrin polymerization process had been altered.

With regards to mechanical properties, the base material, fibrin, showed a progressive
increase in stiffness with increasing concentrations of fibrinogen and thrombin. As the pore
size is progressively reduced with increasing concentrations, the fiber density might produce
a more rigid network. By adding HA, at equal fibrin concentrations, values dropped down. As
for the histological aspect, HA may have disrupted the polymerization process, making the
fibrin network softer. The opposite phenomenon was observed for fibrin/alginate hydrogels.
The fact that these hydrogels were composed of an interpenetrating network could explain
this significant increase of elasticity, as alginate alone can be very stiff when crosslinked with

calcium ions.

WA

Figure 6.27 Sheep surgery using a fibrin/HA patch loaded with CD15* hESC-derived progenitors

In vitro experiments have shown that cell shape could be influenced by the scaffold’s
mechanical properties. For the matrix of lowest elasticity (F1I0T2HA1.5), cells presented long
cytoplasmic extensions, while for stiffer matrices (F20T4, F35T7HA4, F20T4A5, F20T4A15),
they presented a larger cell body, with a parallel actin network. On the stiffest matrix,

F20T4A30, hMSCs tended to exhibit a slightly different shape, more polygonal in some cases.

Yohan Farouz’ PhD dissertation - 2015 159



Chapter 6 — Back to the clinics: new design strategies for the fabrication of Engineering Cardiac Bands

This could correspond to the establishment of a phenotype corresponding to fibrous tissue, as
these tissue have been reported to have an elastic modulus that belonged to this range of
elasticity. Yet, all these observations have to be carefully interpreted, due to the limited amount
of replicate and the well-known variability in hMSCs behavior. In fact, even though some
morphologies could remind us of neuronal or muscular morphologies, one has to bear in mind
that after a few cell cycles, some human MSCs start to show signs of senescence, whose
morphological characteristics are similar to what has been presented here as fibrous tissue.

The next steps would be to determine at the gene level whether these observations
can be confirmed. We will check, for each condition, several specific markers, such as B-
tubulin 1lI for neurons, MyoD for muscle cells, CBFa1 for osteogenic cells. Yet, in the light of
our attempts to perform surgery on sheep using composite fibrin/HA patches (Figure 6.27),
where the patch had shrunk from a 10-cm? surface area down to nearly 1 cm?, one will have
to bear in mind that even in-laboratory handling tests may not suffice to assess clinical
potential.

Conclusion and Perspectives

In this chapter, we described how we focused on making sure that the time spent on
the development of new technologies in academic laboratories would not be wasted because
of the lack of awareness of the clinical needs. Rather than following commonly reported
timelines for drug or medical device research and development [35], where it can take up to
10 additional years between the first report of discovery and market availability, we always
kept in mind the question of how the potential outcomes of the research described in the
previous chapter could benefit patients as fast as possible. As Cedric Villani, a young Field
Medal recipient, likes to point out (and | am poorly paraphrasing): adding constraints is a
necessary condition for creativity to be transformed into innovative ideas.

Here, we started from a very complex protocol developed before the start of this PhD
[33], alginate functionalization and micropatterning, and went many steps back to consider the
numerous pitfalls that would appear when adapting this to human embryonic stem cell culture,
and to rethink how simpler techniques could be used to answer real needs. While complex
geometric shapes had been used to pattern neonatal rat cardiomyocytes, we found out that
making large bands was enough to trigger uniform differentiation of pluripotent stem cells into
synchronously beating assemblies named Engineered Cardiac Bands (ECBs). Instead of
using biocompatible, resorbable and clinically relevant materials during differentiation, we
replaced it with polyacrylamide, a quasi-perfectly elastic hydrogel that only requires raw
materials that are commonly available in biological laboratories. Contrary to alginate, its
conservation happened to be much simpler, and hydrogel’s stability did not depend as much

on the medium’s salt composition. Rather than creating new synthetic polymers with an ever
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growing processing complexity, like we can read in daily published research, we constrained
ourselves to composites of well-known materials, and assessed whether we could combine
them in new ways that would fit our requirements. Instead of wasting time trying to adapt new
concepts to inappropriate and complex characterization techniques (like tensile testing or
AFM), we preferred the simplicity of technologies still under development, but with tailored
applications to our questions, like SWE.

Even though it can sound paradoxical, the fact that all the techniques presented here
were developed in-house will be a determinant component in speeding up the translational
process. In fact, when engineers and scientists develop a new technology that can be
interesting for medical applications, a considerable amount of time is needed to take into
account the hurdles and constraints of the biological world or of the clinics, whereas in our
interdisciplinary environment, where every single scientist is facing these constraints on a daily
basis, innovation naturally overcomes these problems. It has been argued that outsourcing
enables faster development by taking advantages of the expertise of other groups, when in
fact, outsourcing can slow down development by implying an additional time for the two sides
to understands the real needs, while in-house engineers and biologists are already aware of
these needs. Micropatterns can be outsourced, but what about the ECM protein coatings?
Polyacrylamide hydrogels can be outsourced, but what about contamination issues?
Cardiomyocyte production can be outsourced, but what about maturation stages? All these
guestions would have to be answered in discussion with these many industrial partners, when

in fact, this can be solved faster, locally.
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Supplementary Information

Supplementary Movie 6.1 Engineered Cardiac Bands, spontaneously beating on PAA substrates of variable

stiffness
(click on any image, flash the QR code or go to the following address: https://goo.gl/gNDXF1 )

4

Supplementary Movie 6.2 Ultrasound imaging of a beating fibrin patch with 2 layers of cardiac bands
(click on any image, flash the QR code or go to the following address: https://goo.ql/ApZI5p )

Supplementary Movie 6.3 Fibrin patch with 2 layers of cardiac bands, right after fibrin polymerization
(click on any image, flash the QR code or go to the following address: https://goo.gl/wkABUOQ )

Supplementary Movie 6.4 Shear Wave Elastography of free standing, clustered cardiac bands
(click on any image, flash the QR code or go to the following address: https://goo.gl/xUElha )
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Summary

In this journey as a PhD trainee, | explored how biomaterials engineering could help
design new solutions for the treatment of the most prevalent cardiovascular disease,
congestive heart failure. By working hand to hand with engineers, chemists, biologists,
pharmacologists, surgeons and members of the drug regulatory authorities, we have been
able to identify what could be done in a reasonable amount of time in order to have the
maximum impact on patient’s quality of life. At the same time, we started to define the
obstacles that remain to be overcome to bring still cutting edges technologies — like
microfabrication on soft hydrogels, or microfluidics chips for high-throughput screening — to
the clinics.

As illustrated by the outline of the present document, we perpetually went back and
forth between the labs and the clinics, always trying to stay as close as possible to the medical
reality, yet taking some distance when the constraints happened to be too limiting. At the
beginning of my studies, the question we asked was how to make a patch that could deliver
cardiovascular progenitors inside the myocardium. Previous studies had led our laboratories
to abandon injections and adult stem cells. Therefore, the prerequisite to answer this question
was a perfect control of the biology of hESCs and of their differentiation into cardiac
progenitors. By being immersed in a clinical setting, | soon realized that unfortunately,
developmental biomechanics are still in their infancy and, if data are now overabundant, the
true meanings and implications of these data are yet to unravel. Therefore, we hypothesized
that not only could biomaterials bring human embryonic stem cells to the clinics, but that they

could also help answer scientific questions with undeniable practical applications.

First, | designed the protocol and formulation for the clinical fibrin patch. Before
performing in vivo studies on the benefits of such a patch, we sought to make sure that the
patch could be used in the operating theater. Using the surgical glue Evicel®, the best
formulation was found to be a patch made by mixing a solution of 20 mg/mL of fibrinogen with
a solution of 4 Ul/mL of thrombin. Two key parameters appeared to be involved in the
simplicity, reproducibility and success of the clinical protocol: the control of the polymerization
of fibrin as well as the conservation of the patch before surgery. To control the polymerization
of fibrin, it was necessary to setup new collaborations to routinely and precisely determine the
concentration of fibrinogen in the Evicel®s solution and to make sure that thrombin’s bioactivity
was not impaired by the cell culture conditions. Indeed, initial attempts resulted in variable
stiffness and cell retention within the patch either because the fibrinogen concentration was
lower than expected, or because thrombin had been inactivated by proteins from the serum

of the culture medium. To preserve the patch before surgery, no antifibrinolytic agent was
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necessary, but the patch could not be detached from its petri dish without the help of an
agarose coating. Therefore, we had to define a procedure for preparing and storing agarose
petri dishes in a sterile environment. Eventually, this patch fabrication routine showed to be
easily reproduced by the certified clinical personnel both in preclinical studies with sheep and

later when the first patients had been treated.

Second, | went further on the control of the mechanical properties of the newly
designed fibrin patches. Now that the more practical aspects had been solved, it was time to
make a smarter patch, a patch that could enhance the therapeutic effects of the cardiac
progenitors, rather than just posing as a delivery vector for cell survival. Before any attempt to
incorporate bioactive drugs, we thus wondered how the mechanical properties alone could
have a positive impact on the maturation of cardiovascular progenitors.

On one hand, we deepened our analysis of the mechanical properties of Evicel-based
fibrin hydrogels to learn to control the structure of the patch over a wider range of elastic
moduli. After comparing multiple techniques, shear wave elastography proved to be the
simplest and most powerful technique for assessing the Young’'s modulus of hydrogels. We
optimized the preparation steps for making echogenic biomaterials of various compositions at
a higher scale and it allowed for the characterization of the entire spectrum of fibrin patches
that can be prepared by just altering the fibrinogen concentration. As a matter of fact, this
range of materials happened to be relatively narrow, since concentrations of fibrinogen higher
than 35-40 mg/mL had a discriminatively short polymerization time whereas concentrations
lower than 5 mg/mL did not lead to firm enough gels. Accordingly, the range of Young’s moduli
was only between about 2 kPa and 12 kPa (F20T4 gels having a stiffness around 6 kPa), but
fortunately, it seems to be the range of elasticity corresponding to fetal hearts (below 10 kPa)
and neonatal hearts (10-20 kPa), hence our confidence in future positive outcomes.

On the other hand, | had to define a technique for screening the interactions between
model materials and hESCs or hESC-derived cardiac progenitors. As in any model, we soon
came to the conclusion that strict clinical settings implied too many constraints and that by
simplifying the study using hiPSCs, Polyacrylamide and Matrigel as our raw materials, we
could unleash the scientific potential of this study. Nevertheless, the biggest constraint to
overcome was of another kind. It was contamination. And here, working with clinical
applications in mind helped face sooner this reality of stem cell therapies. While
microfabrication techniques have been often used to address fundamental questions in
mechanobiology and mechanotransduction, it was rare that it required more than a week of
culture in complete absence of antibiotics. This sensitivity of hPSCs to external conditions
pushed us to our limits to design a technology that in the end, would allow for prolonged culture

of hPSCs on substrates of controlled elasticity and controlled ECM protein distribution. To my
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knowledge, at the time this manuscript is being written, there is no reported protocol describing
the culture and differentiation of human pluripotent stem cells on micropatterned matrices of
controlled elasticity for long periods of time. Even though results will have to be replicated a
few more times to confirm their reliability, we have been able to extract important information
on the behavior of hiPSCs under confinement and in soft environments. While qualitative
observations tended to suggest that beating appeared first in conditions of low elasticity, we
showed that elasticity did not seem to have an important effect of the differentiation of hiPSCs
into cardiomyocytes. However, the diameter of the ECM spots, that confined cells, seemed to
confer, if not significant genetic expression variations, important structural and functional
changes. Above 1600 pm in diameter, beating peripheral rings were observed in place of the
beating clusters seen below 1600 pm, where the ring and the rest of the colony was hardly
discernable. Additionally, small clusters showed the ability to synchronize and stabilize their
beating frequency as well as strengthen their radial contractions relatively faster than wide
rings, that exhibited irregular, fast-paced, circular (orthoradial) wave-like contractile behaviors.
At the expression level, clustering analyses revealed groups of conditions with similar profiles
of RNA expression, when genes had been grouped by categories of interest. If overall, it
mostly resulted in a mixture of populations ranging from very early mesodermal cells to
immature cardiomyocytes and vascular progenitors, the association of certain conditions in
elasticity and diameters led to an enrichment of different stages of cardiac development.
Indeed, the combination of soft hydrogels and large spots seemed to correlate with a more
atrial and immature phenotype whereas hard substrates with small spots was linked to a more
ventricular and mature phenotype, with a lower proportion of immature cells than on hard
substrates with large spots. In summary, we have extracted the main characteristics of cardiac
differentiation in a multitude of mechanically and topographically controlled environments. Not
only does this microfabrication technique provide a way to standardize and scale up
cardiomyocyte production for reliable experimentations and therapies, but it also helps define
strategies for matching the right differentiation protocol and the right environment to the right
biological, pharmacological or clinical application. As discussed earlier, since the best
differentiation stage for the use of cardiomyocytes in the treatment of heart failure remains
unknown, it is important to be able to isolate different populations at different stages of cardiac

development.

Last but not least, the proximity with the clinical environment has been an opportunity
for me to take some distance from simplified models and to look for simple solutions that would
still take advantage of the conclusions drawn using complex microtechnologies and very
specific setups. Rather than succumbing to the temptation of blindly generalizing to human

stem cells the microfabrication of alginate substrate for neonatal rat cardiomyocyte contractility
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assays, | focused on designing new ways of fabricating materials exhibiting similar properties,
yet with simpler techniques, no chemical modifications and clinically-relevant raw materials.

This initially resulted in two new families of composite materials made of fibrin and
calcium alginate or fibrin and hyaluronic acid. The competition between fibrin polymerization
and alginate crosslinking on one side, and between fibrin polymerization and hyaluronic acid’s
inherent viscosity on the other side, strongly affected the structure of the fibrin network and its
corresponding elasticity. If both alginate and hyaluronic acid hindered homogeneous fibrin
polymerization, crosslinked alginate stiffened the final hydrogel (up to 37 kPa), whereas
hyaluronic acid, non crosslinked, did not contribute to fibrin stability.

On another level, it also resulted in proof-of-concept techniques allowing for chemical-
free and enzyme-free dissociation and transfer of anisotropic hiPSC-derived cardiac bands
onto clinical fibrin patches. Subsequently, | showed that we could engineer new agarose petri
dishes for the evaluation of their contractile and mechanical behavior using shear wave
elastography. This work establishes the first stone of a stronger bridge between
developmental biomechanics, in vitro toxicological assays and regenerative medicine.
Undoubtedly, building on these proofs of principle could dramatically expand the ways we
perform electrophysiological and contractility assays, by allowing researchers to compare and
continue in vitro experiments into living beings, in a non-invasive fashion. In vivo mechanical
characterization can lead to the design of in vitro biomimetic materials as well as the
implementation of in silico predictive and personalized models that could translate back to

efficient, scalable and disruptive therapies.

Perspectives

Important to the development of cellular therapy in regenerative medicine is a better
understanding of the underlying mechanisms through which transplanted cells exert their
biological effects. One puzzling observation has been that the therapeutic benefits of cellular
therapy appear to outlast the physical presence of transplanted cells [1]. This is inconsistent
with the idea that implanted cells colonise and directly replace the injured tissue. A hypothesis
of paracrine signalling has therefore been suggested in which factors secreted by grafted cells
promote endogenous healing [1]. This concept would also explain experiments in which cells
remaining within a patch still show therapeutic benefit [2]. In support of this idea, pigs with
myocardial infarctions and treated with human mesenchymal stem cell-conditioned media had
higher myocardial capillary density, decreased myocardial infarct size, and better cardiac

performance than pigs receiving non-conditioned media [3].
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Additional investigations undertaken to determine which secreted factors could be
important have identified a class of secreted microvesicles, exosomes, as a strong candidate
[4, 5]. Exosomes are 40-100 nm diameter membrane-bound vesicles formed in the late
endosome/multivesicular bodies [6]. Their cholesterol rich, sphingomyelin containing lipid
bilayer membranes are punctuated with tetraspanin proteins such as CD63/CD9 and their
lumen contains soluble proteins and biologically active mRNAs and miRNAs. Exosomes
shuttle their contents from the shedding cell to recipient cells near or at great distance to exert
biological effects; delivery of mRNAs and miRNA has been shown to affect gene expression
in the recipient cell [7]. In a regenerative context, exosomes secreted by cardiosphere derived
cells (CDCs) have been shown to recapitulate the therapeutic effects of CDC transplantation.
As research in this area continues and bioactive vesicles or their contents are identified, this
will open up new possibilities in regenerative medicine. Microvesicle-based therapies have the
potential to be more clinically useful than their cellular counterparts, as they could be safer,
more reproducible, scalable, and more amenable to quality control. Further, exosomes can
be readily modified in the laboratory [8]. Their contents and surface components could
therefore be optimised for improved target specificity, therapeutic potency, or stability. Small
molecule pharmaceuticals can also be attached to the surface of microvesicles if targeted
adjuvant therapy were of interest.

Yet, if cellular therapy evolves toward cell-free formulations, biomaterials would still
represent an ally of importance. Secreted microvesicles could potentially be encapsulated in
biomaterials, which would allow for optimised delivery modalities, such as suturable patches
for surgical applications or microspheres for injectable suspensions. Encapsulation may
improve tissue retention and could allow for time-release technologies. Additionally, the
identification of targeting peptides by in vivo screening technologies such as phage display [9,
10] could lead to new materials with both gene delivery capabilities [11] and an improved
affinity for the healthy or diseased heart [12].

In any case, if exosomes can be further modified, their production would have to be
optimised and standardized. In the light of promising results claiming that myocardial infarction
can be endogenously alleviated after injection of hLESC-secreted exosomes [13], the question
of the cellular source and their culture conditions will have to resurface. Hence, technologies
such as our cardiac band differentiation on soft substrates will undoubtedly provide ways to

control the generation of exosomes from anisotropic and synchronized cardiomyocytes.
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Abstract

Cell therapy is a promising strategy to help regenerate the damaged heart. Recent studies have placed a lot of
hopes in embryonic stem cells and our lab had previously found a way to differentiate them into cardiac
progenitors, cells that can only differentiate into cardiomyocyte, endothelial cells or smooth muscle cells. This early
commitment decreases their proliferative capabilities, yet maintains their plasticity for better integration inside the
host tissue. However, clinical and pre-clinical injection studies did not really meet the expectations. Even though
slight improvements in cardiac function were demonstrated, very low cell viability has been observed, as well as
a very low retention of the cells inside the myocardium. To address this problem, my PhD projects not only focus
on the design of new biomaterials to act as a vehicle for cell delivery and retention in the infarcted area, but also
on the design of biomaterials that control the cellular environment during the differentiation of pluripotent stem
cells into cardiomyocytes. Going back and forth between the labs and the clinics, we first developed new
techniques for the fabrication and the characterization of a cell-laden fibrin patch that is now undergoing phase |
clinical trial. From the approved clinical formulation, we then propose new blends of clinical materials that will
eventually improve the maturation of the cardiac progenitors once grafted onto the failing heart. In this perspective,
we developed an in vitro model to investigate the combined influence of matrix elasticity and topographical
confinement on stem cell differentiation into cardiomyocytes. By using microfabrication techniques to pattern
pluripotent stem cells on substrates of controlled stiffness, we demonstrate that even using a widely recognized
chemical-based protocol to modulate signaling cascades during differentiation, much heterogeneity emerges
depending on the cellular physical environment. We thus extracted the main features that led to controlled and
reproducible cardiac differentiation and applied it to the fabrication of next generation of multi-layered anisotropic
cardiac patches in compliances with clinical requirements. This work opens new routes to high-scale production
of cardiomyocytes and the fabrication of cell-laden or cell-free clinical patches.

Keywords: Cell therapy, regenerative medicine, biomaterials and tissue engineering, cardiac development,
mechanotransduction, microfabrication, human pluripotent stem cells.

Résumeé

La thérapie cellulaire se positionne comme une stratégie prometteuse pour inciter le cceur infarci a se régénérer.
A cet effet, des études récentes placent des espoirs considérables dans I'utilisation des cellules souches
embryonnaires et notre laboratoire a déja démontré comment les différencier en progéniteurs cardiovasculaires,
un type de précurseurs cellulaires qui ne peut aboutir qu'a la formation de cardiomyocytes, de cellules
endothéliales ou de cellules de muscles lisses. Cet engagement précoce réduit leur capacité de prolifération
anarchique et en méme temps leur permet de rester suffisamment plastiques pour éventuellement s’intégrer plus
facilement avec le tissue hote. Cependant, les études précliniques et cliniques d’injection de ces cellules
s’avérérent décevantes. Malgré de légeres améliorations de la fonction cardiaque, on observa une trop faible
survie cellulaire ainsi qu’un taux de rétention des cellules dans le myocarde remarquablement bas. Afin d’étudier
ce probleme, mes travaux de thése ont porté non seulement sur la conception de nouveaux biomatériaux pouvant
servir de moyen de transport et d’intégration des cellules dans la zone infarcie, mais aussi sur la conception de
biomatériaux permettant de controler précisément I'environnement cellulaire au cours du processus de
différenciation de cellules souches pluripotentes humaines en cardiomyocytes. Grace aux importantes interactions
entre nos laboratoires de recherche fondamentale et de recherche clinique, nous avons tout d’abord développé
de nouvelles techniques de fabrication et de caractérisation de patches de fibrine cellularisés qui sont récemment
entrés dans un essai clinique de phase |. A partir de cette formulation clinique approuvée par les autorités de
régulation, nous avons élaboré toute une gamme de matériaux composites uniquement & base de matiéres
premiéres pertinentes dans ce cadre clinique, dans le but d’améliorer la maturation des progéniteurs
cardiovasculaires une fois greffés sur le coeur défaillant. Dans cette optique, nous avons également développé un
modéle in vitro permettant d’étudier précisément I'influence combinée de la rigidité du substrat et du confinement
spatial sur la différenciation des cellules souches en cardiomyocytes. Grace a des techniques de microfabrication
sur substrat mou, il a été possible de positionner précisément les cellules souches pluripotentes dans des espaces
restreints d’élasticité variable. Ainsi, nous avons pu observer que méme en utilisant des protocoles chimiques
éprouvés baseés sur la modulation de cascades de signalisation impliquées dans le développement cardiaque,
une trés forte hétérogénéité pouvait apparaitre en fonction de I’environnement physique des cellules. Nous avons
ainsi pu extraire les caractéristiques principales permettant une différenciation cardiaque efficace, reproductible
et standardisée et les avons appliquées a la fabrication d’'une nouvelle génération de patches composés de
matériaux cliniques et de couches multiples de bandes synchrones de cardiomyocytes. De fait, ces travaux
ouvrent de nouvelles voies dans I'utilisation de biomatériaux pour la production industrielle de cardiomyocytes et
pour la fabrication de patches cliniques, cellularisés ou non, dans le traitement de l'insuffisance cardiaque.

Mots clés : Thérapie cellulaire, médecine régénératrice, biomatériaux et ingénierie tissulaire, développement
cardiaque, mécanotransduction, microfabrication, cellules souches pluripotentes humaines.
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