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Chapter I

General Introduction

changes that tendon undergoes upon damage and current treatment techniques

ﬁ recapitulation of tendon tissue, its physiology, histological and mechanical

are introduced in this chapter. We briefly discuss tenocyte phenotype cycle and
outline of this thesis.



Chapter 1

A connecting hand: Tendon

Tendons are one of the most dense fibrous musculoskeletal connective tissues in the
body. They surround the body by attaching muscles to bones and together with
ligaments, which are another type of fibrous connective tissues attaching bones to
bones, help joint stabilization, allow body movement, and provide stability 2.

Tendon structure

Overall, tendon tissue is hypocellular and hypovascular with a rich extracellular matrix.
It is composed of a highly organized hierarchical organization of type I collagen. Triple-
helical type I collagen molecules assemble into fibrils, followed by the formation of
fibers and fascicles, which ultimately form a tendon unit as illustrated at Fig.12. The
diameter of collagen fibrils can vary between 50 nm to 200 nm and can be millimeters
in length, and fiber diameter can be between 50 pm to 100 um3. The collagen bundles
are covered by layers called endotenon, epitenon and paratenon which allow lessor or
no friction formation 4 The organization of collagen fibers and their intermolecular
cross-linking combined with non-collagenous ECM gives the tendon tensile strength.
This mechanical strength is vital for the maintenance of tissue homeostasis by residing
cells. Predominantly, tendons are loaded along their long axis and transmit muscle
contraction forces to bones.
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Figure 1. Schematic representation of the organization of tendon. The bierarchical
assembly of collagen fibrils to collagen fibers forms collagen fascicles, which ultimately form a tendon
unit. Tendon fibroblasts, tenocytes, are placed between collagen fibers and possess elongated morphology.

Biochemical and biomechanical properties of tendon
Collagen makes up the bulk of the structural components of both tendon and ligament
ECM, (approximately 70-80 % of dry weight >) and of the different types of collagens,

collagen type I is the most predominant collagen type in both tendons (approximately
2



General Introduction

95%) 3 and ligaments®. In addition to collagen type 1, distribution of collagen type 11,
IIL, IV, V, and VI in tendons differs based on tendon’s physiological state as well as
spatial location’ (e.g. type Il in the cartilaginous zones, collagen type III in reticular
tibers of blood vessels). In addition to the collagenous ECM, there is also a variety of
non-collagenous proteins that contribute to tendon homeostasis. For instance, small
leucine-rich proteoglycans (SLRPs) play essential roles in cell signaling, ECM assembly
and turnover by interacting with collagens and fibronectin®. Decorin and biglycan are
among the core ECM proteins and with a high affinity to bind collagen, they promote
fibril arrangement and fibrillogenesis and ultimately tendon integrity . Another vital
ECM protein is tenascin-C which plays important roles in collagen fibril organization
and healing 0. Elastin, which makes up ~2 % of tendon ECM 8 provides mechanical
strength and resistance.

Owing to its inherent function, as well as biochemical composition, tendons possess
high mechanical strength, flexibility and due to its viscoelastic structure, tendons display
stress relaxation and creep !'. The physiological strain value for tendon is 4%, and upon
stretch, tendon acts elastically and thus returns to the unloaded state without any
damage occurring '. Above 4% of strain microscopic damages, and strains between 8%
to 10% macroscopic damages take place!’. Mechanical strength of tendon depends on
several factors such as tissue thickness and collagen content. In general, an area of 1
cm? of tendon is able to bear 500 to 1000 kg and this is particularly important because,
during jumping or weight-lifting, loads applied to tendon become very high 'L
Therefore, considering the amount and the rate of loads that are applied to them,

tendon injuries are not the rarest type of injury among the musculoskeletal tissues.

Host cells: Tenocytes

The tendon ECM is produced by residing cells, predominantly tendon fibroblast also
referred to as tenocytes. Tenocytes lie between collagen fibers in the longitudinal rows
12 and are morphologically spindle-shaped cells 3. Their main function is to recognize
and respond to biochemical and biomechanical changes in ECM, and in return, maintain
tendon homeostasis. The mechanosensitive nature of tenocytes enabled them to
respond to such changes by the formation and degradation of matrix proteins '3. The
ability to sense and give such responses is taking place via a process called
mechanotransduction, which involves the interactions between extracellular matrix
proteins, cell surface receptors, the internal actin cytoskeleton, and signaling molecules
13,

In addition to their spindle-shaped (elongated) morphology, several phenotypical
gene/protein expression markers are also used to characterize tenocytes. Namely, 1)
Scleraxis is a transcription factor and mainly detected in tendon cell precursor
populations as well as in later stages, 2) Tenomodulin involved in cell proliferation,

3



Chapter 1

differentiation, and collagen fibril maturation, 3) Tenascin-C, 4) Decorin, 5) Biglycan
and 6) Collagen type I and type 111 are among the routinely used tenocyte markers. An
important note is that many of these markers such as scleraxis, tenomodulin and
collagen I are also used to identify ligament fibroblasts and overall elongated cell
morphology is also used to identify the ligament fibroblasts '4.

Tenocytes produce their ECM based on environmental signals, and these
environmental signals in return feed onto tenocyte phenotype. One of the important
signals that tenocytes are exposed to are in the form of soluble factors such as growth
factors. Transforming growth factor-8 (TGF-B) is an important growth factor that
contributes to tenocyte differentiation, migration, proliferation as well as tissue repair
15 Similarly, insulin-like growth factor-1 (IGF-1), Platelet-derived growth factor
(PDGF) and basic fibroblast growth factor (bFGF) are involved in the regulation of
tenocyte function with respect to cell proliferation, migration and differentiation
ultimately affecting tendon homeostasis and repair!>1°.

The overall mechanical signals (biomechanical, e.g. mechanical loading, shear stress,
surface topography and biophysical, e.g. stiffness) are another element of the tenocyte
function-ECM-tenocyte function cycle. In fact, mechanical loading is one of the vital
forces for healthy tendon during development 131718, Mechanical forces at physiological
levels are also required to maintain a healthy tendon homeostasis'>. It is important to
indicate that tenocytes can respond to mechanical stimulation as a signal that can lead
to the production of different growth factors (e.g. TGF-B1) 1719 which results in the
synthesis of collagen type I 2, whose amount can indicate the health status of the tendon
itself. These examples not only addresses the role of mechanical stimulation or growth
factors on tenocyte function but also illustrates the dynamic conversations between
tenocytes and signals exerting on them and ultimately how this mechanism contributes
to tendon homeostasis. The disruptions in this conversation can lead to tissue injury

and degeneration.

Tendon injuries and ruptures

Despite their mechanical strength and stability, tendon and ligament injuries and
ruptures are still one of the most common musculoskeletal injury types worldwide. They
make up of roughly 50% of the 33 million musculoskeletal injuries reported in United
States > and approximately 30% of the general practice consultations about
musculoskeletal pain are related to tendon-ligament disorders 2. In the UK, soft tissue
related disorders are the third most common rheumatologic condition 2!. The etiology
of tendon injuries or ruptures is largely unknown yet it is agreed that several factors
such as gender, age and physical condition can influence the prevalence of injuring

tendons 22. The prevalence of the occurrence of tendinopathy is 15% in elite athletes
and 30-50% in people aged 60 2.

4
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Tendinopathy

There are different names to refer to the pathogenic process in tendon tissue. The term
tendinitis refers to an acute inflammation to the tendon as a result of small ruptures?*.
Tendinosis is a structural and compositional time-dependent change that leads to
tendon architectural degeneration of non-inflaimmatory origin?*. Tendinopathy is an
umbrella term to describe overall diseases/disorders/injuries in the tendon; naturally,
tendinopathy will also be used throughout this chapter to refer to overall tendon
injuries.

Tendinopathy can have multiple origins; interactions between intrinsic and extrinsic
factors play an important role especially in chronic tendinopathy 2. Chronic tendon
injuries are caused by repetitive and excessive microtrauma overtime whilst acute
tendon injuries occur after one overloading event yet it is also debated that acute tendon
injuries have an undertlying chronic impairment 2. Overuse of tendons commonly
damages patellar tendon, Achilles tendon, and undetrlie tennis elbow and rotator cuff
injuries'3. Additionally, several factors such as gender, age, the physical condition can
influence the type and prevalence of tendinopathy ''. Overall, excessive physical activity
and loading of tendons are considered the number one cause of pathological
degradation and when combined with intrinsic factors the risk of developing
tendinopathy increase. There are different hypothesis to explain how excessive loads
cause tendinopathy. For instance, during excessive loading, the formation of free
radicals and oxidative stress due to perfusion of ischemia 27 and increased heat ! leads
tenocyte apoptosis, which ultimately results in tendon ECM degeneration. Another
hypothesis is that the amount and the frequency of the loads lead to imbalance of the
cytokines (e.g. interleukins, prostaglandin) and enzymes (e.g. matrix metalloproteinases
(MMPs) and tissue inhibitors of metalloproteinases (TIMPs) ), which are released by
cells, that regulate the ECM network and remodelling 5.

Histological changes in tendinopathy

One of the most predominant microscopic changes is observed in the collagen fibers.
Their orientation is distupted and fiber diameter and overall density decline .
Additionally, collagen fibers display uneven and irregular crimping patterning as well as
and increased waviness in contrast to the normal tight, parallel, bundled look in the
healthy tendon 2. Furthermore, increased neovascularization and interfibrillar
glycosaminoglycans, hypercellularity, tissue degeneration (e.g. hypoxic, hyaline,
fibrinoid and lipoid) and calcification are among the histological changes that
tendinopathic tissue display 7. Furthermore, the ratio of collagen type III to type I
increases. Finally, the presence of tissue inflammation at the different stages of repetitive
tendon microtrauma is seen 283031,
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In addition to the changes at the tissue level, at cellular level differences are observed.
Firstly, tenocytes become more round with enlarged lysosomes, more proliferative and
apoptotic 3. These changes can also affect the function of gap junctions and ultimately
alter cell-cell communication and nociception transmission 2. Additionally, in
tenocytes, the expression of inflammation markers and tissue degradation increase 3334,
For instance, in an Achilles tendinopathy, decreased levels of MMP-3, 10 and TIMP-3;
and increased levels of MMP-23 and MMP-1 was reported 3.

Tendon repair and regeneration

Healing starts upon tissue damage and it can take place via intrinsic and extrinsic
mechanisms 3. Repair via intrinsic mechanisms occurs via cell proliferation of the
residing fibroblasts and synthesis of new ECM, repair via extrinsic mechanisms occurs
via migration of inflammatory cells and fibroblasts from the surrounding tissues 37-38.

Tendon healing is composed of three stages: 1) Inflammation-immediate inflammatory
response upon injury, 2) Repair-repair is characterized by an increase in fibroblasts and
new ECM synthesis and 3) Remodeling 8. However, depending on the severity of the
injury, the remodeling process can take up to a year, and re-occurrence and re-injury is
still a high risk . Proper repair and tissue regeneration is not the strongest suit of
tendon tissue: remodeling results in a structurally, biochemically and mechanically
inferior tissue. In healed tendon, the collagen matrix becomes disorganized, the ratio or
type 1I collagen to type I remains high which overall results in an impaired scar tissue
38, This leads to a reduction in mobility, and increased pain and morbidity and makes
tendons weaker and prone to re-ruptures and tears 373840, Re-rupture rate is especially
higher in the rotator cuff (reported to be as high as 94% of the cases #!), Achilles tendon
42 and patellar tendon®.

Current treatments for tendinopathy

Pain management, physical therapy, corticosteroids and extracorporeal shock wave
therapy are among the options for tendon injury treatments as the first line of treatment
213844, For some injuries, such as patellar tendinopathy corticosteroid therapy can also
be used #. Surgery is often used as the last option when complications in tendon persist
after non-operative options 4. In the conventional surgical treatments, necrotic,
degenerated tissue is removed and healthy ends sutured together 3. However, the
remaining tendon is generally shorter, plastically deformed and hence mechanically less
strong compared to the healthy tendon. For this reason, commercial or non-commercial
scaffolds are being used in the clinics for tendon repair. Among these, use of autografts
is fairly limited due the availability and donor-site complications. In the United States
in 2000, the treatment costs for tendon and ligament injuries were estimated to be $30

billion per year 4647, For this reason, allografts and xenografts became popular sources
6
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of tendon grafts; however, the complications in provoking immune system and hence
tissue rejection remains a the problem. Nonetheless, considering the demand in the
market, different biological and synthetic scaffolds are also being produced in the last
25 years 47. When the efficiency of the available tendon and ACL grafts was evaluated
in 2009 by Chen and colleagues, the common problem was the weak mechanical
properties and long-term biocompatibility 47. Therefore, there is stills an unmet clinical
need.

Future of tendinopathy treatments: meeting the unmet
clinical need

Advances in molecular biology and imaging led us to develop new strategies to enhance
tendon healing. In particular, tissue engineering and regenerative medicine opened new
doors and broaden our horizons to engineer and produce new biomaterials. For tendon
tissue what we know is that “The Biomaterial” should 1) Support host cell invasion,
proliferation and differentiation, 2) Biochemically and biomechanically stable and
similar to a healthy tendon, 3) Integrate with the host tendon without any complications.

However, finding the suitable biomaterial that checks out the marks mentioned above
is only one side of the coin. We researchers are still discovering the underlying
mechanisms behind the tendinopathy. To that extend, by benefiting from the
advancements in materials science, in vitro systems are being engineered in order to
mimic tendon with respect to surface topography, stiffness or mechanical stimulations.
These systems will allow us to model tendinopathy in vitro by enabling research on the
relation between tenocyte phenotype and its surrounding ECM.

Outline of this thesis

Understanding the story of the life of a tenocyte is one of the keys to producing useful
materials for tendon tissue regeneration. Yet, the story of tenocyte is not very simple
and not one line. When sitting in its beautiful collagen ECM, tenocytes receive signals
from it and respond to these signals that result in the expression of certain genes that
are translated into proteins. These proteins, in turn, function in the maintenance of the
ECM that in return provides new or old signals back to the tenocyte (Fig. 2). Therefore,
in the making of the graft to be used in tendon tissue regeneration, we should have an
understanding on tenocyte shape and how it reflects its transcriptome and proteome
that contributes to the formation of functional tendon ECM. The main focus of the
research described in this thesis was to determine how cell shape is affected by its ECM,
how the cell shape reflects its downstream signaling pathways in the regulation of genes
and proteins and finally finding a biomaterial, which meets with the three criteria
mentioned above, to be used in tendon tissue engineering. In order to achieve this, we
turned to Mother Nature and inspired by it, when developing in vitro tools.
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We use chapter II as a review article to describe the conversation between tenocyte
phenotype with its ECM. Throughout chapter II, we use Fig. 2 as a tool to illustrate
and highlight the relevance of cell shape to its phenotypical markers and we emphasize
how the changes in vivo reflect tenocyte phenotype and vice versa. We ultimately
describe the use and the relevance of the in vitro tools to study the causality between
cell shape and its phenotypical markers via mechanotransduction pathways, namely
integrin signaling and cytoskeletal organizations. We believe that this information is very
vital to generate new in vivo and in vitro approaches on tendon healing and
regeneration. To follow up that, in chapter III, as a review article, we stressed the
importance of using omics tools to study cell-biomaterial interactions. Considering the
big amount of transcriptomic and proteomics data, which allow looking to the problem
from a broader picture, we believe that the paradigm shift from traditional experimental
sciences to omics-based sciences will help us to produce better understanding and
solutions for tendinopathy.

The history of the research on the relation between cell morphology, its phenotypical
markers and their ECM goes back to 1970s. However, for the last 40 years, this relation
remains a mystery in many ways. Therefore, we use chapter IV and chapter V to
claborate on this phenomenon in tenocytes. We first identified the shape parameters
that are used to define an “elongated cell”’, namely aspect ratio or eccentricity,
compactness and solidity, and characterized the tenocyte cell shape during in vitro
culture. In chapter IV, we show that via self-agglomeration of collagen molecules
during evaporation, three different surface topographies, namely isotropic, concentric
and radial, on the same samples are formed. We used this approach to explore the effect
of different surface topographies on cell shape. We found that tenocytes align between
concentric ring and display increase cell elongation, compared to radial and isotropic
regions. We further investigated the effect of the topography on tenocyte proliferation
and found no significant difference despite a decreasing trend in the isotropic region.
Self-agglomerated collagens bear great potential to study the effect of biomechanics
with respect to surface topography pushing cells to different shapes, but also allow
investigating the role of biochemistry due to the presence of collagen itself in the
substrate. In chapter V, we dive into the relationship between cell shape and
phenotypical markers more in detail. In this chapter, we first show that tenocytes lose
their elongated shape and phenotypical markers decline during in vitro subculture. In
order to study the relation between tenocyte shape and phenotypical markers, we
produced a tendon-mimetic material that can push tenocytes to an elongated shape and
further stop and even promote the expression of tenocyte transcription factor SCX that
is lost during in vitro subculture. In chapter V, we indicate that the increased levels of
SCX are positively correlated with elongated shape, making our point on cell shape-
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phenotypical marker relation, and ultimately indicating the relevance of “tenocyte
phenotype cycle” (Fig. 2).
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Figure 2. Tenocyte phenotype cycle. Elongated shaped tenocytes produce signals such as
Mitogen-activated protein kinase (MAPK), Rho/ Rho-associated protein kinase (ROCK) or integrin,
resulting in the transcription of marker genes. This led to the translation of proteins involved in the
regulation/ formation of functional tendon extracellular matrix (ECM), enzymes, growth factors,
hormones. Ultimately, tendon ECM effects the tenocyte shape and network continues in this fashion.

In chapter VI, we delve deeper into defining the influence of cell shape on the
regulation of integrin signaling and focal adhesion maturation. To investigate this, we
manipulated the shape of human mesenchymal stem cells with two approaches; one is
using ultraviolet photo patterning as a method to create adhesive islands, the other is
soft embossing to generate surface topography. By using these methods, we performed
a screen to correlate cell area with focal adhesion number and size per cell. In order to
support our reasoning on the involvement of focal adhesions and integrin signaling, we
took a transcriptomics approach to compare the differentially expressed genes and the
pathways that they regulate between cells on flat surface and topographies. We further
explored the same phenomena to explore the link between focal adhesion maturation
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and cell area in both human mesenchymal stem cells and tenocytes. The results reported
in chapter VI present important insights into how focal adhesion maturation is affected
by the cell area.

Finding a biomaterial to be used in tendon regeneration has attracted many researchers
due to the necessity of such material in clinics. Currently, available materials that are
used in clinics are either not of tendon origin (such as collagen obtained from the
dermis), or obtained as allografts or autografts. However, in research, the potential of
other materials such as silk fibers, collagen electrospun fibers and decellulatized tissues
has been demonstrated in 7# vivo animal experiments. Of these options, decellularization,
which is a method to remove the cellular component of a given tissue and using the
remaining intact ECM as a graft material, steps forward because the source tissue can
be a tendon, and its cell is obtained from animals, therefore increasing the availability
of the tissue once ready for clinics. Since decellularized tissues have been used in
regenerative medicine for the past 25 years, in chapter VII, we used decellularization
as a tool to produce tendons that can be used in tendon regenerative medicine. Our
results showed that the decellularization method that we present in chapter VII possess
biomechanical and biochemical properties of a native tendon, and support cell
proliferation in vitro. We also display its potential in 7z viwo by implanting it into rabbit
knee. After six weeks, the decellularized tendon was invaded with host cells and the
animal did not display any signs of lameness.

However, when we look around, we can observe that nature offers many more
engineering geniuses. For instance in the world of plants, in addition to the current
applications in materials science, a diverse set of material properties is hidden and
waiting to be explored for tissue engineering and regenerative medicine applications.
Therefore, in chapter VIII, we discuss the current approach on tissue engineering and
emphasize that there is more to be inspired and use, such as plant-based scaffolds.

10
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Chapter 11

The loop of phenotype: dynamic reciprocity links tenocyte

morphology to tendon tissue homeostasis

ells and their surrounding extracellular matrix (ECM) are engaged in dynamic

reciprocity to maintain tissue homeostasis: cells deposit ECM, which in turn

presents the signals that define cell identity. This loop of phenotype is obvious
for biochemical signals, such as collagens, which are produced by and presented to cells,
but the role of biomechanical signals is also increasingly recognised. In addition, cell
shape goes hand in hand with cell function and tissue homeostasis. Aberrant cell shape
and ECM is seen in pathological conditions, and control of cell shape in micro-
fabricated platforms disclose the causal relationship between cell shape and cell
function, often mediated by mechanotransduction. In this manuscript, we discuss the
loop of phenotype for tendon tissue homeostasis. We describe cell shape and ECM
organisation in normal and diseased tissue, how ECM composition influences tenocyte
shape, and how that leads to the activation of signal transduction pathways and ECM
deposition. We further describe the use of technologies to control cell shape to elucidate
the link between cell shape and its phenotypical markers and focus on the causal role of
cell shape in the loop of phenotype.
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The loop of phenotype: dynamic reciprocity links tenocyte morphology to tendon tissue homeostasis

Introduction

The human body contains an estimated 37 trillion cells' which greatly vary in shape.
Neurons are long cells with thin extensions?, whereas erythrocytes possess a discoid
shape, are flat, round and very small®. Smooth muscle cells are elongated* and epithelial
cells can be flat, cuboidal or columnar5. Cells shape is often related to its function.

Many cell types secrete an extracellular matrix (ECM) and are embedded in it, and are
thus exposed to a plethora of biochemical (e.g. growth factors, cytokines, collagens) and
biomechanical signals (stretching, shear stress, stiffness and surface topography), which
are in turn affecting cell shape. This results in activation of signal transduction pathways
that are directly or indirectly leading to expression of genes or proteins involved in ECM
homeostasis. This very ECM, in turn, provides biochemical and biomechanical signals
to cells. The interdependence between cell phenotype and ECM properties is referred
to as dynamic reciprocity. In this manuscript we wish to emphasize that reciprocal
dynamics are often not direct but includes signal transduction, control of gene
transcription, protein translation and extracellular deposition. To emphasize the circular
nature of this series of causes and consequences, we use the term “Yogp of phenotype” (Fig.
1) in this manuscript. Our lab is particularly interested in the role that cell shape plays
in the loop of phenotype, because disruptions in it, such as through overloading,
impairment in signal transduction or mutation in ECM genes, can result in change in
both cell shape and ECM composition. For instance, cirrhotic cardiomyopathy results
from aberrant [B-adrenergic receptor signalling® resulting in collagen accumulation,
disordered cardiomyocyte arrangement and severe disarray of myofibrils”. Mutations in
the gene encoding collagen type I causes the disease osteogenesis imperfecta which is
associated with a decrease in collagen fibre diameter, changes in collagen crosslinking
and increase in the production of osteoid® and osteoclastogenesis.

In this manuscript, we focus on tendon homeostasis, because we are interested in the
relation between tenocyte cell shape and function. When the components of the tendon
loop of phenotype change (e.g. through mechanical stimulation or changes in the
structural organization), tenocyte phenotype changes rapidly. Elongated healthy
tenocytes can become rounder, which is associated with a decline of phenotypical
markers expression, as seen in tendinopathy®-!! and upon 7 vitro tenocyte culture!>-1¢,
In this review, we will discuss the phenotypical loop and elaborate on the role of cell
shape in signal transduction that governs tendon homeostasis, and aberrations that lead
to tendinopathy and phenotypical decline in iz vitro cell culture platforms.
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Figure 1. Loop of phenotype. Extracellular matrix with its components (e.g. biomechanical or

biochemical composition) dictate cell shape. The cell shape, in turn, leads to the activation of certain
signals (e.g. Rho/ ROCK pathway etc.), which results in transcription of direct or indirect target genes
and translation of corresponding proteins. Translated proteins can be cytokines, nutrients, engymes or
growth factors, which, then contribute to the properties of the extracellular matrix, completing the logp.

Tendon tissue homeostasis 7n vivo

Tendon genes

Tendon tissue is the product of proteins secreted by tendon fibroblasts, or tenocytes.
As such, tendon tissue architecture is for a large part the result of the tenogenic gene
expression profile, which is why we enter the loop at the level of gene expression in
tenocytes. The genes encoding tenomodulin (TINMD)!7 and tendon ECM proteins such
as collagen type I (COLT)!8 are actively transcribed in tenocytes. Differences in the
expression levels of tenogenic genes underlies the differences in biochemical and
mechanical properties of different types of tendon and ligaments. For instance, Achilles
and patellar tendon display higher tensile strength and express more collagen type I
compared to ligament tissues!®. Genes encoding matrix metalloproteinases (MMPs)2),
which are involved in matrix remodelling as well as the genes encoding certain growth

factors, which are needed for tendon tissue homeostasis such as TGFS2?!, are also
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expressed by tenocytes. Another class of genes expressed in tenocytes are those that
encode transcription factors that regulate the expression of tendon genes, such as early
growth response factor (EGR-1)?, scleraxis (§CX)?» and mohawk (MKX)*. SCX is
considered to be a master regulator of tenogenic differentiation, for instance it regulates
the expression of COL7%2 and TINMD?%8, The role of Sex in regulation of the
expression of Co/l is clear in Sex knock-down tenocytes®-30 and stem cells3-32. When
Sex is knocked down using short hairpin RNAs, foetal equine tenocytes 3 and
embryonic stem cells fail to form tendons3!. Similatly, in Sex deficient mice, tendons
display a hypoplastic phenotype and partial or complete loss of tendons and disruptions
in mechanical properties and less organized tendon matrix 273334, In fact, in Sex null
mice, not only tendon growth is blunted, but also tendon-related ECM genes and
protein expression is reduced even in mechanically loaded tendons?>, acknowledging
the involvement of Sex in tendon homeostasis in response to mechanical stimulation.
M#kx is another revelant transcription factor for tendon physiology and development.
In M#x knockout mice, overall tendon mass is reduced, while the diameter of collagen
fibrils and expression of Co/f is diminished compared to wild type mice 2% The
transcription factor Egr-1 can induce the expression of Sex3¢ and Co/7%7, and mutations
in Egr-1 leads to a reduced number of collagen fibrils*. EGR-1 knockdown leads to
decreased expression of SCX and downstream matrix proteins, while leaving MKX
levels unaffected. Fosis another transcription factor that promotes early differentiation
of stem cells in rat Achilles tendon 4. Overexpression of Fos results in increased gene
expression of Sex, Mkx, Tnmd, Egr-1 and Col-1 and when Fos was knocked-out, gene
expression of Méx, Tumd and Co/-1 declined in tendon stem cells 4, emphasizing the
role of Fos in the regulation of tenocyte marker genes and further tendon ECM. Of
interest, both FOS and EGR-1 show elevated expression levels early upon mechanical
stimulation*!, thereby connecting upstream extracellular effectors in the phenotypical
loop with the expression of matrix genes.

Signals activating the transcription of tenogenic genes

In order to find out how tenogenic transcription factors and its cognate genes are
activated, we move anti-clockwise in the loop of phenotype and look at the signal
transduction pathways that impinge on the promoter of the genes regulating tendon
ECM protein expression. In tenocytes, there are several signal transduction pathways
that, when activated, induce the expression of tenocyte markers, which is excellently
reviewed by Lavagnino ef al %2 Of interest, calcium signaling can activate the MAPK
pathway®, leading downstream to an activation of EGR-14. PI3K/protein kinase B and
ERK pathways are also able to induce collagen synthesis*3, as are integrin mediated
signaling, G-protein coupled membrane receptors, receptor tyrosine kinases (RTKs),
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mitogen-activated protein kinases (MAPKS), stretch-activated ion channels and Hippo
signaling [49, 52].

Collagen type 1 synthesis in tenocytes is also induced upon activation of transforming
growth factor beta (TGF-B)#* and basic fibroblast growth factor (bFGF)*. TGF-
signaling is essential for tendon development and maintaining tendon homeostasis*. In
Smad3 deficient mice, which is an essential mediator of TGF-f signaling, organization
of tendon matrix is disrupted and protein expression of COL1 and TN-C and gene
expression of Co/l, Tumd and Mkx is significantly decreased compared to wild type
animals®'. More interestingly, SCX expression is dependent on TGF-B stimulation?,
and via performing immunoprecipitation experiments, physical interaction between Sex
and Mex with Smad3 is reported’. Many tenogenic genes are under the control of
mechanotransduction pathways, which we will discuss next.

Mechanotransduction as a tendinogenic signal

Mechanical loading strongly affects tendon gene and protein expression, which
becomes very clear when the loop is compromised by alterations in mechanical
stimulation of cells or tissues. For instance, when mice underwent no-running,
moderate and intensive running treadmill regimens, in both patellar and Achilles tendon
moderate running led to an increase in gene expression of Co/f and Twmd and non-
tenocyte related genes including Sox9, Runx and Osterix remained unchanged, compared
to control and intense running>3. In humans, frequent weight-bearing exercises leads to
20-30% larger tendons 5+%. Rats exposed to short-term resistance training show
increased expression of Co/l 3. Physiological levels of mechanical loading have been
associated with anabolic effects on tendon physiology, for instance by increased
collagen synthesis via TGF-§ signaling and IGF-1 465760, Blood samples and dialysate
samples from peritendon tissue after 1 hour of uphill treadmill running by human
subjects showed increase levels of TGF-$1 and pro-peptides for type I collagen (PICP),
indicative of increased collagen accumulation®!. In another experiment rats were
exposed to different loading regimens, and an increase in the collagen levels was linked
to increased levels of lysyl oxidase, which elevates collagen crosslinking and TGF-81
levels®2. Bhavani Thampatty and James Wang excellently reviewed and summarized 7#
vivo studies using treadmill to demonstrate impact of mechanical loading on tendon
homeostasis .

The role of mechanical loading in tendon homeostasis is ambivalent, with anabolic
effects of physiological mechanical loading, and the induction of tendinopathic lesions
with supra-physiological loading. The role of TGF-81 and other growth factors on this
process is under investigation. For instance, in tendinopathy, TGF-57 was found to be
higher in tenocytes in patellar tendinosis compared to healthy counterparts®®. In another

report, expression of TGFS R7 in human diseased rotator cuff tendons was significantly
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declined in diseased tendons, whilst TGFS R2 was increased®. This also suggest that the
level of mechanical loading is an aspect to be considered when analyzing the loop of

phenotype.

ECM composition influences mechanical properties and gene expression

The effect of mechanical loading on tendon tissue homeostasis demonstrated that
mechanical signals are perceived by tenocytes and translated into different gene and
protein expression profiles. Mechanical loading is transmitted to the cells through the
ECM, and ECM composition indeed has a strong effect on the transmittance of
mechanical loading. Tendons and ligaments are very strong. For instance, a tendon with
an area of 1 cm? can bear a load of 500 to 1000 kg%. Depending on the type and location
of the tendon, mechanical properties vary. Frequently loaded tendons are exposed to
high tensile loads and hence display high tensile strength compared to tendons that are
exposed to less tensile loads®’. Tendon strength is related to its thickness as well as
collagen content. Healthy tendon tissue is formed by hierarchical assembly of triple-
helical type I collagen molecules into collagen fibrils, and fibers form the base of the
tendon structure® (Fig 2). Roughly 95% of the dry weight of a tendon is collagen type
1. Collagen types 111, V, XI, XII, and XIV account for the other 5%!8. In addition,
tendon ECM contains non-collagenous molecules such as proteoglycans, glycoproteins,
and glycoconjugates. These are involved in the regulation of collagen self-assembly and
mechanical stability and strength .
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Figure 2. Illustration of a bealthy tendon. Top panel: Tendon connects muscles to bones. 1t is composed
of highly organized and aligned collagen fibers. Essentially, type I collagen triple helices assemble into
collagen fibrils that assemble into collagen fibers. Fibers form fascicles and together they form a tendon
unit. Tenocytes (blue) are observed between collagen fibers and fascicles. Bottom panel: SEM images of
tendon from low magnification (right) to high magnification (lef?).

In tendinopathic lesions, a switch is observed from collagen type I to type III and
collagen fiber diameter and organization decrease, which is associated with an increased
amount of ground substances™, a gel-like substance in the extracellular space containing
component of ECM except for collagen. In addition, neovascularization is observed,
the abundance of glycoproteins increases’? and the white color of healthy tendon
becomes grey or brown 774, Inevitably, mechanical properties change along with the
biochemical changes. For instance, in insertional Achilles tendinopathy in humans,
compared to healthy tendons, higher stiffness and lower transition strain was reported
7576, Interestingly, in a study which is conducted with 22 Achilles tendinopathy, 17
patellar tendinopathy, and 28 healthy control individuals, lower shear wave velocity was
observed in the distal insertion site of Achilles tendon but higher at the mid-tendon
compared to healthy controls”. Higher shear wave velocity was observed in in both
regions of the tendon in patellar tendinopathy patients. Furthermore, in Achilles and
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patellar tendon tendinopathy, lower and higher elastic modulus, respectively, was
reported.

Gene expression changes when the composition and integrity of tendon ECM is
compromised, as is seen in tendinopathic lesions. By subjecting mouse Achilles tendons
to axial cyclic compressive loading for 3 weeks, tendinopathic lesions were induced,
resulting in decreased expression of Co/f and Co/378. Jelinsky and colleagues performed
a transcriptome analysis of healthy human tendons and tendon with tendinopathic
lesions 7. Many genes were differentially expressed including genes encoding disintegrin
and metalloprotease 12 (ADAM72), tenascin C (TINC), petiostin (osteoblast specific
factor) (POSTN), and interleukin 13 receptor alpha 2 (IL73RA2), WNT1 inducible
signaling pathway protein 1 (WISP7), Laminin, alpha 4 (L.AMA4) and insulin-like
growth factor binding protein 3 (IGFBP3) 7. In a rat tendinopathy model, which is
created by injection of collagenase, gene expression of Twmd, Sex and Collal was
significantly reduced®. Similarly in horses suffering from acute and chronic tendon
disease, gene expression of fibro-chondrogenic genes such as collagen-II, -IX,-X, -XI,
SOX9 was increased?s!-s2.

In tendinopathy, tenocytes also express genes and proteins that are involved in
degradation of both matrix and non-matrix proteins, called matrix metalloproteinases
(MMPs). They are involved in tissue repair, remodeling, wound healing and tissue
homeostasis®3. Expression of enzymes that regulate collagen breakdown such as MAMP2,
MMP9, MMP14, MMP173, and MMP79 and metalloproteinase inhibitor-2 (TIMP2) is
higher in tendinopathy compared to healthy tendons™:84858, Expression of MMPs was
hypothesized to be regulated by the JAK/STAT signal transduction pathway, which
activates IL-4R and IL-13RA2%7, and induce the activity of MMP9 and MMP143s,
Similar results reported by Thorpe and co-workers further indicated that the expression
of inflammation (cyclooxygenase-2 and interleukin-6) and matrix degradation markers
(MMP-13) increases in tendinopathic lesions®. Some hereditary diseases influence
tendon structure, which are excellently summarized by Vaughn and colleagues®. For
instance, a guanine-thymine dinucleotide repeat polymorphism within the tenascin-C
gene is reported to be associated with Achilles tendinopathy®!. Similatly, a significant
association of GDF5 1s143383%2, MMP3 15679620, 1s591058, and 15650108
polymorphisms?® and TIMP2 154789932 and MMP3 rs679620° variants are among the
genetic factors that are associated with tendinopathy. Collectively, these data show that
changed composition of the ECM results in differential gene expression in tenocytes.
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Tenocyte shape and its phenotype are related

Previously, we have seen that mechanical forces can be transmitted through the ECM
and that its composition can alter the gene expression profile of tenocytes. Here, we
associate ECM composition with cell shape, which next to mechanical forces provides
a biomechanical context. In healthy tendons, tenocytes have an elongated shape which
is caused by contact guidance of the collagen fibers to which they attach. The diameter
and anisotropic organization of collagen fibers transmit the topographical cues and
mechanical signals to tenocytes®. The long projections of tenocytes, which slide
through the well-organized collagen fibrils in the healthy tendon, are absent in
tendinopathy. Tenocytes in the damaged regions display rounder nuclei compared to
healthy counterparts 1%, These observations suggest that cells shape, and tenocyte
phenotype are causally related which is in line with a vast body of literature describing
the relation between a cell’s shape and its phenotype. Micro-fabricated systems such as
nano- and micro topographies?” and adhesive islands®® can manipulate cell shape and
have led to the dissection of cell shape related signal transduction pathways. Many
molecular mechanisms have been described, ranging from the activation of stretch-
activated ion channels to membrane curvature sensing BAR domain proteins and direct
effects of mechanical loading on nuclear processes!'®. However, it is the signal cascade
that links ECM, integrin, focal adhesions, Rho, ROCK, actin and actin-dependent
transcription factors, which has achieved most attention and where we can assess
causality between changes to the ECM, cell shape and cell fate. A schematic of this
pathway and the relation between its components is depicted in Figure 3 and below we
focus on integrin/actin-mediated signaling and tenocyte phenotype.
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Figure 3. Overview of signal transduction pathways involved in the regulation of
cell shape. Integrins are transmembrane receptors crucial that bind to ECM proteins and initiate
activation of downstream signalling pathways. Integrins organize in focal adbesion, which are composed
of many proteins (Paxillin, Talin, EAK, Vinculin to name a few) and affect various processes such as
cell spreading and migration. Its activity influences further activity of Rho/ ROCK signalling, which is
the main regulator of the polymerization of G-actin to F-actin, and MAPK/ ERK pathways. Activity
of focal adbesions, in return, can also be regulated by Rho/ ROCK signalling and create a feedback
loop that interconnects the actin machinery with integrin and focal adbesion signalling. The signalling
pathways result in the activation of actin-sensitive transcription factors and subsequent changes in gene

excpression.

Tenocyte shape and phenotype manipulation
As mentioned before, tenocyte shape is associated with either a healthy or tendinopathic
phenotype. Changes in tenocyte shape and phenotype are also observed 7 vitro and this
is most outspoken when tenocytes are isolated from their native tissue and put in
culture. Within days, cell shape changes from the typical elongated high aspect ratio to
more flattened spread out morphology typical of cultured fibroblasts. Nuclei become
rounder, the actin cytoskeleton more spread and more actin stress fibers atre
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observed!213. Concomitantly, the expression of Collll increases and Sex, Tnmd and Coll
expression decrease 1214101, Integrin expression changes from high integrin beta 6 (I7g56)
and integrin beta 4 (I#gf4) expression in native tissue to high integrin alpha 11 (Izga?7),
integrin beta 1 (I#gf7) and integrin alpha V (Ifgav) in 2D cultures's. Collectively the
change in gene and protein expression is referred to as dedifferentiation, a phenomenon
observed in most cells that are transferred from the body into a culture dish.

To investigate the shape-phenotype relationship, many engineering strategies have been
used in which the authors manipulate cell shape in vitro to enforce an elongated
motphology.  Anisotropic  fibers!2-107 micro/nano  grooves!®-111 tendon
biomimetics'2112113 and mechanical loading!'*'17 are used to create elongated stem
cells102-105109,112113,118 and tenocytes!2106-108, The consensus of most if not all these
papers is that the tenocyte phenotype is favoured by experimental conditions that
favour high aspect ratio. For instance, Kishore and co-workers used electrochemically
aligned collagen threads (ELAC) to clongate cell shape and observed increased
expression of tenogenic marker genes SCX, TNMD and TINC in human mesenchymal
stem cells 7. Elongated cell morphology was also achieved by imprinting of tendon
topography into biomaterials. The elongated cell morphology on tendon-biomimetic
topographies concurred with increased SCX levels in rat tenocytes and in TNMD in
human mesenchymal stem cells 12113, Similar results were reported for human!® and
porcine!’ tenocytes: when dedifferentiated tenocytes are pushed to an elongated shape,
expression of tenogenic marker genes increased. On our TopoChip platform, we also
observed a clear correlation between Sex expression in rat tenocytes and elongated cell
shape!!.

Tenogenic surfaces affect focal adhesion formation. For instance in one report, human
mesenchymal stem cell were grown on nano-patterned surfaces and smaller focal
adhesions were observed on nano-pattern surfaces compared to flat surfaces!?. After
10 and 15 days of culture, relative to flat surface, patterned surfaces leads to an increase
in tenocyte marker genes, such as COL7, TNMD and SCX as well as integrins ITGB
and ITGB5 2. Our own unpublished data supports this. We also observe that both rat
tenocytes and human mesenchymal stem cells on surfaces with tenogenic potential are
associated with smaller focal adhesion and suggests that tenogenesis is associated with
low adherence. The opposite conclusion was reached based on an experiment in which
mesenchymal stem cells were exposed to stretching. When the activity of FAK was
completely inhibited, mesenchymal stem cells regressed to a circular shape and
expression of COL1A7, SCX and TNC decreased!?!. To complicate matters, the
relation between focal adhesion formation and tenogenic phenotype is reciprocal. When
Sex expression was knocked down in mechanically-loaded equine tenocytes, cytosolic
staining of vinculin decreased and longer vinculin-containing focal adhesions were
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observed compared to controls®. This might be related to a decrease in collagen
deposition influencing focal adhesion formation, yet additional research is required to
elucidate the exact mechanisms. In the same study, transcriptomics analysis revealed
that cytoskeletal organization, cell-matrix adhesion, ECM receptor interactions and
focal adhesions are among the top downregulated biological processes in Sex
knockdown tenocytes (Fig. 4). The reports described above seem to contradict each
other but do point to crosstalk between the integrin mediated adhesion machinery and
the tenogenic differentiation program. The next paragraph will focus on the role of actin
cytoskeleton signalling, a crucial factor in cell shape regulation and the tenogenic

phenotype.

Dedifferentiated
tenocyte

Elongated "normal”
tenocyte

Expression of tenocyte marker genes/proteins and aspect ratio

Thickness and number of stress fibers, and focal adhesions

Figure 4. Relation between tenocyte phenotype with its cytoskeletal
organization and focal adhesions. In an elongated tenocyte (with a high aspect ratio), tenocytes
have higher expression of tenogenic marker genes/ proteins as well as smaller number/ size of focal
adhesions. Upon dedifferentiation, cell area increase and aspect ratio and excpression of tenogenic marker
genes/ proteins decline. Furthermore, amount and thickness of stress fibres and focal adbesions increase.

Actin cytoskeleton and Rho-ROCK signalling influence tenocyte gene
transcription
A brief recap teaches us that the correlation between the tenogenic gene expression

program and cell shape is very clear. The relation between focal adhesion and stress
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fibre formation is clearly described in the literature as well'?2. Mature focal adhesions
and stress fibre formation go hand in hand'?%. Tenogenic gene expression, focal
adhesion abundance and activity and stress fibre formation is less clear. Actin filaments
are the major component of the cell cytoskeleton, globular (G-actin) actin assembles
into stress fibres that connect to focal adhesions and exert force and tension in and
between cells and to the ECM!2%. Rho/ROCK signalling regulates polymetization of G-
actin to filamentous (F-actin) and promotes actomyosin contractility, which leads to

more mature focal adhesions!25,

Based on the above, one would assume that proteins that positively affect stress fibre
formation and focal adhesion formation, such as Rho kinase and ROCK, have a
negative effect on tenogenic gene expression and inhibitors of these proteins should
result in increased expression of tenocyte markers. However, the opposite is observed
in several articles'?-128, For instance Maharam e7 4/ inhibited the activity of ROCK,
actin and myosin by treating human mesenchymal cells with the respective inhibitors
Y-27632, Latrunculin A and blebbistatin, and demonstrated that not only elongated cell
morphology enabled by silk scaffolds was destroyed, but also gene expression of SCX
and COL7.A7 declined'?. Similarly, treating the same cells with cytochalasin D, which
inhibits actin polymerization, elongated cell morphology and protein expression of SCX
and TNMD declined!'?’. Another study to link the cell shape with differentiation of stem
cells and involvement of ROCK signalling was performed by Calari ez a/'?7. They first
reported that tenogenic differentiation was induced in cells on 3D collagen—
glycosaminoglycan scaffolds, cells adapted an elongated shape, but ROCK activity was
higher compared to isotropic controls. Furthermore, treatment with blebbistatin
increased cell circularity and gene expression of COL7.A7 and SCX declined'?”. We
reported decreased SCX expression in human mesenchymal stem cells cultured on
tenogenic surface topographies upon inhibition of either Rho, ROCK and myosin ®. In
the same paper we demonstrate how Rho/ROCK signalling synetrgizes with TGF-§
signalling on these tenogenic surfaces. Furthermore, we have unpublished data showing
that upon blocking the same pathway, tenocytes on a tenogenic surface topography
displayed decreased levels of TNMD protein levels as well as the expected changes in
cell shape. Together, these studies demonstrate that elongated cells with fewer focal
adhesions have fewer stress fibres pointing towards reduced Rho/ROCK signalling.
However completely abolishing signalling induced by the physical environment through
inhibitors negatively impacts tenogenic expression. Time dynamics might also be of
importance here as we have demonstrated in a previous study where we found an
increased presence of F-Actin, SRF and EGR-1 during the initial stages of MSC
attachment on micro-topographies, after which F-actin stress fibres decreased. This also
coincided with initial higher SCX levels, after which it declined over time®.
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The story is further complicated by the fact that the coupling between Rho and ROCK
is ambiguous. For instance, in one study, attachment and spreading of endothelial cells
was restricted, in which elevated activity of RhoA and reduced activity of myosin II and
ROCK was observed'?. Similarly, when porcine tenocytes were cultured on aligned
microgrooves, higher levels of RhoA-GTP, decreased ROCK activity and increased
TNMD expression was reported!%8, Treatment of these cells with the ROCK inhibitor
Y27632 on a flat surface resulted in attenuated stress fibres and increased levels of
TNMD on flat surfaces 1%

It is known that ROCK can be activated independent from Rho, and Rho can also
phosphorylate FAK in the absence of stress fibers!3!. Similarly, PAK and MLCK,
serine/threonine-protein kinases that regulate myosin Il activity, can precede the
ROCK activation'3:132, The road from ECM, via integrin and F-actin to tenogenic gene
expression may be clear, but the role that F-actin modifying proteins play in it is a topic
of further investigation.

Actin-sensitive transcription factors regulate the expression of tenogenic
marker genes

Actin- and mechano-sensitive transcription factors are important mediators in
translating ECM signals into cell shape response. For instance, the levels of EGR-1 was
clevated after 2 hours in tenocytes on micro topographies'3 and mechanical
stimulation?? which can also be related with the activity of RhoA »iz ERK and SRF
signalling!?® and ultimately tenocyte phenotype. Furthermore, when EGR-1 is
overexpressed in cells on flat surfaces, expression of Sex and Twzd increased? and non-
tenocyte differentiation (adipogenic, osteogenic and chondrogenic) differentiation was
inhibited »a the BMP12/Smad1/5/8 signalling pathway!3*. We obsetved increased
levels SRF and EGR-1 in topography-induced tenogenic differentiation of human
mesenchymal stem cells .

Previously, it has been shown that when smooth muscle cells are mechanically stretched,
activator protein 1 (AP-1), which is dimeric transcription factors composed of Jun, Fos
or ATF (activating transcription factor) subunits'?>, FosB subunit is activated, which in
turn induces expression of tenascin C'36. Similarly, AP-1 has a binding site in the
promotor for collagen type 1'%, and gene expression of Fosis elevated upon mechanical
stimulation of tendon stem cells 138, tenocytes'!” or by surface topography in human
mesenchymal stem cells®, indicating the involvement of Fos and AP-1 in tenocyte

phenotype.

Another important set of transcriptional activators, YAP (Yes-associated protein) and
TAZ (transcriptional coactivator with PDZ binding motif) are in the Hippo pathway,
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which is also activated by the modulations in actin cytoskeleton vz F-actin. YAP/TAZ
are dominantly located in the cytoplasm and upon activation, they translocate the
nucleus!®.140. Subcellular localization and activity of YAP/TAZ changes based on
substrate rigidity and topography!41-143 | cytoskeletal remodelling!#+14> and stretching!#4,
therefore, its nuclear translocation is linked with cytoskeletal tension. When human
adipose-derived mesenchymal stem cells were forced into an elongated shape via
magnetic stimulation, YAP/TAZ was predominantly observed in the nucleus even after
11 days, which is also the time point in which the expression of SCX and TINMD display
significant elevation compared to static cell culture!#. Also, nuclear translocation of
YAP in murine tenocytes upon cyclic stretching results in elevation of proteins levels
of decorin!#’; which is an important proteoglycan involved in tendon homeostasis!4S.
Of interest, we mentioned before that TGF-3/Smad2/3 signalling is essential for both
tendon development and homeostasis. Also here, TGF-8/Smad2/3 signalling can be
mechano-regulated »ia nuclear translocation of phosphorylated smad2!4” and smad3150
in tenocytes. This might be regulated through TAZ as shown for embryonic stem
cells!>!, however if this mechanism occurs in tenocytes still needs to be confirmed.
Opverall, the literature supports the notion that mechanical stimulation induces the
tenogenic phenotype and indicate the role of mechanosensing and cytoskeletal
organization on tenogenic differentiation.

Conclusion

Tendon tissue is dynamic: it continuously adapts to the mechanical stress it undergoes.
What makes tenocytes and tendon tissue special is that the cells that make the matrix
are also affected from them. That is very different from, for example, a neuron or a
hormone-producing cell. Their response to a stimulus, an electrical pulse or the
secretion of a hormone has no direct effect on their own gene expression profile. This
is, however, the case with tenocytes, and therefore permanent damage to tendon tissue,
for example during aging or trauma, also leads to permanent differences in the gene
expression profile of the cells that make the matrix. This in turn influences the matrix
and that in turn the tenocytes. This interdependence can lead to non-functional tendon
tissue such as in a tendinopathic lesion being maintained.

Reciprocity also offers opportunities. Mechanical loading, growth factor
supplementation, stem cell differentiation, gene therapy and small molecule interference
are all tools that can be used to regain control of the loop of phenotype. We need to
understand the physiology of tendon tissue and the pathophysiology of tendon lesions
well. This requires more insight into the interaction between ECM and cells in vivo, and
into the signal transduction pathways that control the expression of tendon genes. With
a better understanding of the loop of phenotype we will be able to improve tendon

therapy.
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Chapter 111

High-throughput methods in the discovery
and  study of  biomaterials  and

materiobiology

he complex interaction of cells with biomaterials (i.e., materiobiology) plays an

increasingly pivotal role in the development of novel implants, biomedical

devices, and tissue engineering scaffolds to treat diseases, aid in the restoration
of bodily functions, construct healthy tissues or regenerate diseased ones. However, the
conventional approaches are incapable of screening the huge amount of potential
material parameter combinations to identify the optimal cell responses, and involves a
combination of serendipity and many series of trial-and-error experiments. For
advanced tissue engineering and regenerative medicine, highly efficient and complex
bioanalysis platforms are expected to explore the complex interaction of cells with
biomaterials using combinatorial approaches that offer desired complex
microenvironments during healing, development, and homeostasis. In this review, we
first introduce materiobiology and its high-throughput screening (HTS). Then, we
present an in-depth of the recent progress of 2D /3D HTS platforms (i.c., gradient and
microarray) in the principle, preparation, their screening for materiobiology, and
combination with other advanced technologies. The Compendium for Biomaterial
Transcriptomics and high content imaging, computational simulations, and their
translation towards commercial and clinical uses are highlighted. In the final section,
current challenges and future perspectives are discussed. High-throughput
experimentation within the field of materiobiology enables the elucidation of the
relationships between biomaterial properties and biological behaviour, and thereby
serves a potential tool for accelerating the development of high-performance

biomaterials.
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Compendium for Biomaterial Transcriptomics-cBiT

A major factor in terms of studying cell-material interactions is the variance between
different laboratories wusing not only different material preparations and
characterizations as a biomaterial analogue, also the variations in cell types, culture
conditions, the specific type of cell behaviour, and the analysis approach. To truly come
to the core parameters that drive cell behaviour, which is induced by physicochemical
properties of biomaterials or used biochemical stimulation, a more unified approach
and general comprehension needs to be created concerning the complete development
route and analysis phase. This general comprehension can only be achieved when data
from various sources with defined analysis data and biological approaches is shared and
available for reuse. For this purpose, cBiT ! has been created to facilitate the sharing of
results from the biointerface field ranging from various methodologies for material
preparation and characterization as described in the previous sections as well as
performing generalized biological assessments, outcomes, and high-content imaging in
a standardized fashion, which is the focus of this section.

Measuring Biological Outcome: Gene Expression

Measuring gene expression is one of the widely used ways to evaluate how cells respond
to biomaterials, because it gives a snapshot of cellular activity at the molecular scale.
There are several methods by which gene expression can be measured, and each has its
advantages and challenges. In this section, we will focus on the basic mechanism of
gene expression and the relevance of the different measurement techniques.
Furthermore, we will summarize gene expression measurement tools, and how they
have been implemented to understand biomaterial-cell interactions.

Relevance of Gene Expression in Research

Genes are the basic unit of the genome sequence, which encodes a set of functional
products, proteins, and ultimately dictates cell phenotype and function. For this reason,
gene expression levels are measured in many areas of biological research, such as
oncology 2-> and developmental biology . In addition, gene expression levels have
been measured in biomaterials research to determine whether the engineered
biomaterial is capable of inducing stem cell differentiation 12, or can support the
phenotype of differentiated cells for prospective tissue engineering applications '3-15. To
make conclusions regarding the compatibility of the biomaterial, researchers select
specific “marker” genes based on their scientific question. Marker genes can be used to
identify cell types or cell phenotypes. For instance, ALP has been used in bone tissue
engineering to assess early osteogenic differentiation 9. When the expression of ALP
upregulated 7z witro, it indicates that the biomaterial has potential osteoinductive
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properties 7z vivo. For some tissues, there are more than one marker gene. For instance,
in tendon tissue engineering, the combination of the expression of three or four genes,
including seleraxis gene (SCX) and tenomodulin (INMD), are used to determine the
tenogenic capacity of the engineered biomaterial 1718, Furthermore, marker genes can
be used to show the activity of a signaling pathway that regulates the response of a cell
to the biomaterial; and can provide valuable insights into the fundamentals of cell-
biomaterial interactions 1%20. Hence, information obtained from gene expression data

can then be used to modify and specifically tailor the biomaterial.

Regulation of gene expression

When a cell receives signals from its environment, it can respond to it by changing its
shape and proliferation rate, differentiating into another cell type, maintaining its
phenotype, or dying. These signals can be small molecules (Fig.1 (1)), or the surface
topography (Fig.1 (2)), and surface chemistry (Fig.1 (3)) of a biomaterial. They are then
transmitted to the nucleus through certain biological pathways. In the nucleus, there are
intermediary elements such as transcription factors and enzymes, both of which regulate
the gene expression (Fig.1 (4)). Transcription factors are transcriptional activator
proteins that bind to the DNA sequence, and stimulate the expression of target genes
(Fig.1 (5)). Enzymes, such as RNA polymerase, are involved in the production of
messenger RNA (mRNA) that can be considered as a copy of the gene. Afterward,
genes are converted into proteins, and ultimately result in cellular response, such as
proliferation, apoptosis, or differentiation (Fig.1 (6)). In the gene expression regulatory
machine, there are also repressors that regulate the gene expression process by binding
to a specific DNA sequence or other transcription factors, and inhibit gene expression.

Gene expression can also be controlled through epigenetic regulation mechanisms, such
as DNA methylation and histone modifications. Measurement of DNA methylation
(the process of gene methylation) provides information on the epigenetic make-up of a
cell, which can indicate how the particular biomaterial affects gene expression. For
instance, Schellenberg ez a/. investigated the DNA methylation profiles of mesenchymal
stem cells cultured on TCP or on PDMS 2!. They showed that matrix elasticity does not
have a major impact on DNA methylation profiles, but that it influences differentiation
towards adipogenic and osteogenic lineage. This information is vital, as it emphasizes
the relevance of matrix elasticity when designing a biomaterial with which cells will
directly interact. Similar to DNA methylation, histone (the proteins in cell nuclei that
DNA is rolled over) acetylation and deacetylation are involved in gene expression
regulation by changing the accessibility of DNA to transcription factors. Downing ez a/.
reported that biophysical cues provided by parallel microgrooves decreased histone
deacetylase activity, and therefore, lead to increased histone H3 acetylation and
methylation 22. They concluded that a change in cell morphology is responsible for
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modulation of the epigenetic state of cells. Hence, understanding the regulation of gene
expression can help to manipulate cellular states or cellular differentiation.
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Figure 1. Cells receive external stimuli, such as small molecules (1), or the surface topography (2) and
surface chemistry (3) of a material, and produce a response via signaling pathways. The pathways can,
in turn, lead to the production of transcription enbancers, such as transcription factors (4) that enable
the excpression of certain genes (5). This gene expression can lead to different cell phenotypes (6) such as
proliferation, differentiation, or cell death.

Methods to Measure Gene Expression

Since the discovery of DNA, scientists have been developing different methods to
measure gene expression. Each method has advantages and challenges, but the selection
of the appropriate tool can provide valuable information. In this section, we describe
the commonly used gene expression measurement tools, their advantages, and
limitations, and finally, give examples from biomaterials research.

Fluorescence in situ hybridization (FISH)

The presence of a biomaterial not only affects the gene expression of the cells that are

in direct contact with it, but also that of the cells in the vicinity. It is, therefore, important

to understand gene expression in the context of the spatial organization of cells within

the tissue. FISH allows quantification of both 7 vitro and 7n vive spatial gene expression,

which makes it a very useful technique. For instance, Zreiqat e/ a/. investigated the
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expression of osteoblastic genes in hBM-MSCs that were cultured on pure titanium and
titanium alloy 2. They used FISH to quantify the gene expression, and found that there
was an increase in the expression of osteoblastic genes on the cells cultured on pure
titanium and titanium alloy compared to TCP plates. In order to confirm the validity of
their results, they performed quantitative immunohistochemistry to measure the
expression of corresponding proteins. Their results provided initial information on how
small differences in the surface chemistry and structure of biomaterials can induce
osteogenic differentiation. Similarly, Knabe ¢f /. showed the effect of bioactive glass-
ceramics on the expression of osteogenic genes and corresponding proteins by
performing Q-FISH and immunohistochemistry, respectively 24. They reported that
glass-ceramics could be regarded as potential bone substitutes.

Although it is a useful technique, FISH does have several limitations. Firstly, the
optimization of samples, multiplexing, and the number of cells and materials to be used
in the detection all require a lot of time and effort. Secondly, in order to detect the gene
expression, histological slides are prepared out of the material or tissue, and this requires
extra handling of the samples. Therefore, FISH is not as straightforward as other gene
expression methods. However, this technique is very useful for identifying the spatial

gene expression in particular.

Quantitative polymerase chain reaction (QPCR)

When investigating the overall expression of the target gene under certain conditions,
qPCR is the most frequently used technique. As it is commonly used in biological
research, sample preparation and data analysis methods are well-defined for qPCR.
Therefore, performing qPCR requires less optimization and eliminates limitations in
sample handling.

In biomaterials research, qPCR can be used to answer various biological questions. In
our recent study, we employed qPCR to measure the expression of ALP, OCN and
OPN genes in order to identify the surface topographies that can induce osteogenic
differentiation 2. Here, we reported that certain surface topographies induce osteogenic
differentiation more than others 7 vitro; and these selected surfaces are capable of
osteogenic differentiation 7 vivo. In addition, gPCR can be performed to understand
and evaluate the initial biological response of a cell to a material. For instance, Kato ez
al. investigated the gene expression of Hear-Shock Protein (HSP) 70, 90, and 47 in HelLa
S3 cells cultured on different materials, such as TCP, silicone, tetrafluoroethylene-
hexafluoropropylene copolymer, and cellulose 2. Their results showed that HSP 70
mRNA can be used as a marker for the investigation of cell-polymer interactions. In
another study, the same group investigated the expression of the oncogenes c-»zy¢, ¢-fos,
and p53 (the tumor suppressor gene) in human fibroblasts cultured on polymeric
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biomaterials. They evaluated the carcinogenic activity of cells, and showed that p53 is a

very sensitive marker in the evaluation of the carcinogenic potential of a biomaterial 7.

For practical reasons, typically 1-10 genes can be investigated in qPCR. For this reason,
marker genes are pre-defined when performing qPCR. Another limitation of qPCR is
the fact that it does not provide gene expression data with single-cell resolution.
Therefore, when the marker genes are not known, and gene expression in single-cell
resolution is desired, other gene expression methods are used.

Transcriptomics technologies

Although using the aforementioned tools to measure gene expression provides useful
data when marker genes are defined, using such methods when marker genes are not
defined is more challenging. Transcriptomics has been developed over the last three
decades, and is more advanced in that it enables assessment of the global gene
expression. An advantage of implementing transcriptomics technologies in biomaterial
research is that it enables the discovery of novel genes, and identification of target genes
and signaling pathways. This information can then be used to enhance the performance
of biomaterials. In our recent work, we investigated the influence of material properties,
such as microporosity and ion composition, of a set of synthesized osteoinductive and
non-inductive calcium phosphate ceramic materials on the transcriptomics profile of
osteogenic cells 2. Transcriptomics revealed the crucial role of the ECM deposition in

osteoinduction, which is controlled by surface topography and calcium phosphate ions.

Microarray and RNA Sequencing

DNA microarray and RNA sequencing (RNA-seq) are the two methods used in
transcriptomics-based techniques. They provide mapping and quantification of the
whole transcriptome of cells. Microarray relies on the hybridization of fluorescently-
labeled complementary DNA (cDNA) obtained from cells to complementary DNA
sequences on probes. In RNA-seq, adaptors are added to cDNA fragments in order to
allow recognition for each cDNA fragment, and fragments with adapters are amplified.
The gene expression is determined based on the fluorescence intensity. Microarray
differs from RNA-seq in that it relies on pre-defined DNA sequences, whereas RNA-
seq sequences the whole transcriptome of cells. Therefore, RNA-seq provides a
complete picture of the cell transcriptome, and increases the likelihood of discovering
novel genes. Given these reasons, a microarray is being replaced by RNA-seq in
transcriptomics based research.

Both microarray and RNA-seq provide transcriptomics data belonging to a cell
population; however, in some cases, it is important to understand the gene expression
profile of individual cells. For such cases, single-cell RNA sequencing (scRNA-seq) is
used. It works in a manner similar to RNA-seq, but instead provides the whole
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transcriptome of each individual cell. This technology has been used in cancer research
231 and in developmental biology 3233 however, its use has not yet expanded to
biomaterials research. scRNA-seq can be extremely useful for understanding the
influence of biomaterials that possess heterogeneous structures, such as gradient

surfaces or surfaces with various surface chemistry or topographical structures.

Transcriptomics in biomaterial research

As mentioned above, the use of transcriptomics-based technology in research has been
growing. In 2000, there was only one publication that included transcriptomics-based
methods 34 In 2019, there are more than 50 publications. We divided the most abundant
topics into three categories: 1) 2D-3D culture systems, 2) surface topography, and 3)
titanium, which is one of the most frequently used materials in the clinic and
biomaterials research.

1) Impact of 2D-3D culture systems on cell differentiation

Herlofsen ef al. investigated the chondrogenic differentiation of hMSCs cultured on 2D
and 3D environments at different time points . They employed the Illumina
microarray platform as a transcriptomics tool and identified 1,969 differentially
expressed genes between monolayer hMSCs and chondrogenic cells. With further
bioinformatics analysis, they highlighted the role of genes involved in the ECM and
transcription factors involved in ECM synthesis. Similarly, Kumar e¢# a/ investigated
stem cell response to a library of scaffolds with varied 3D structures . Their
transcriptome analysis revealed that each type of scaffold induced a unique gene
expression signature. Furthermore, of each structure, only the nanofibrous morphology
induced osteogenic differentiation of hBMSC in the absence of osteogenic
supplements. Baker ¢ a/. also adopted transcriptomics-based research to investigate the
influence of 2D and 3D culture of hBMSC 7. They reported that 3D scaffolds induce
the activity of TGF-$ and cell-adhesion/ ECM-receptor pathways that can be used to
control hBMSC differentiation. In addition, Zhang ef a/ performed RNA-seq, and
reported that gene expression profiles of endothelial cells and pericytes co-cultured in
3D were similar. However, in 2D culture, each cell type displayed different vascular
signatures 3,

2)  Influence of surface topography on cell fate

This subject has been the focus of many research groups -4 however, only a few
studies have made use of transcriptomics to obtain a broader picture of cellular response
to a biomaterial. For example, Dalby ¢ /. investigated the response of fibroblasts to
micro-grooved topographies in order to understand the events taking place at initial cell
contact with the scaffold 4. In their study, they demonstrated that the genes involved
in cell signaling, cytoskeleton, ECM remodeling, and DNA transcription are
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differentially expressed between microgrooves and flat surfaces. The same group also
employed RNA-seq technology to understand the mechanisms through which skeletal
stem cells (SSCs) preserve their multipotency or differentiate towards fibroblastic
lineage #4. Their results indicated that activation of mitogen-activated protein kinases
(MAPKS) is involved in the control of SSC self-renewal and differentiation. With a
similar approach, Abagnale ¢ a/. showed that different surface topographies induce
differentiation of stem cells towards osteogenic and adipogenic differentiation *5.
Furthermore, Darnell ¢f 2/ examined the effect of surface stiffness on the global gene
expression of mouse mesenchymal stem cells 4. They found that stiffer hydrogels
induce the expression of genes that are involved in bone remodeling, cell-matrix

adhesion, proteolysis, and IL- 1 and androgen receptor signaling.
3)  Effect of titanium on cell phenotype

Titanium is one of the most frequently used materials in the clinic. Therefore, many
researchers have focused on understanding the interaction between cells and titanium
surfaces. Ku e a/. investigated the effect of different titanium surface treatments on the
global gene expression of osteoblasts 7. They reported that the expression of the genes
involved in the regulation of FAK and apoptosis depending on the metal ion release
from the surface. Similarly, Carinci ef a/. investigated the titanium-cell interaction based
on global gene expression profiling by using a custom-made microarray called Human
19.2 K DNA microarray “8. They reported that the titanium surfaces induced a broad
range of functional activities, including apoptosis, vesicular transport, and structural
function. Similarly, in our recent work, we made use of microarray technology to
explore cell-biomaterial interactions to assess and improve material properties 4. For
this, we tested the response of MG-63 cells to 23 different materials relevant for bone
regeneration. Our results showed the role of TGF- 8 and WNT signalling in the cellular
response to osteoinductive materials and activity of FAK signalling in differential cell

adhesion kinetics.

Other omics technologies

Alongside transcriptomics, proteomics and metabolomics are the two other omics
technologies through which cellular responses to a biomaterial can be investigated.
Proteomics allows protein expression profiling, and enables identification of post-
translational modification events and subcellular localization, and the relevant
functional aspects of the proteome of cells. Metabolomics is another omics technology,
which provides chemical fingerprints — metabolites — that specific cellular processes
leave behind. Alakpa ez /. used supramolecular hydrogels to target the range of stem
cell phenotypes by measuring the metabolites that they leave behind 0. Based on their
results, they identified the bioactive metabolites that can target bone and cartilage
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formation. Proteomics and metabolomics can also be used to generate complementary
information to transcriptomics data. Guerette ¢f 2/ showed how the integration of high-
throughput RNA-seq with proteomics accelerated biomimetic engineering 5'.

The current standing and future of transcriptomics in

biomaterials research

Understanding the biology of cells, their healthy and diseased states, and their response
to external signals, are the goals in both fundamental and applied biology.
Advancements in transcriptomics technology have enabled the collection of the whole
transcriptome of all cells in a tissue or organ, which has significantly contributed to our
understating of cell biology. Given this, there are attempts to gather transcriptome data
in a consortium, and make it useful for public research. One of the consortiums founded
with this purpose is The Human Cell Atlas 2. The Human Cell Atlas is a collection of
maps that describes and defines the cellular basis of health and disease. This consortium
benefits from the technological power of single-cell profiling. For instance, MacParland
¢t al. created a map of cells in the human liver by using scRNA-seq, and provided
transcriptional profiles of 8,444 parenchymal and non-parenchymal cells 3. They
further identified 20 discrete cell populations by using gene expression patterns, flow
cytometry, and immunohistochemical examinations. A similar approach was taken by
Ledergor et al. >, Vento-Tormo ef al. 5, and Reyfman ez al. 5°, where they revealed the
transcriptome of different organs in healthy and diseased donors. The Connectivity Map
(CMap) database 578 creates a genome-scale library of cellular signatures, and catalogs
transcriptional responses to chemical, genetic, and disease perturbation in order to
accelerate the discovery of novel therapeutics. Both CMap and The Human Cell Atlas
benefit from the collection of large datasets, which in turn informs the research of its

users.

Currently, there are several repositories that are used to contain, curate, and maintain
metadata, and raw and processed transcriptomics data. The Gene Expression Omnibus
(GEO) database » and ArrayExpress ¢ provide up-to-date raw and processed
transcriptomics data of various species. Once downloaded, data is ready for further
processing or analysis. The c¢BiT is an open access online web tool that provides data
storage 1. In fact, it is the only repository that offers biomaterial-based transcriptomics
along with metadata of materials, including the biological and technical properties.
Therefore, cBiT encourages both material scientists and cell biologists all around the
world to submit their transcriptomics data in order to make it publically available. The
fact that transcriptome data and metadata of material properties is publically available
enables its application in the research of the wider scientific community. Furthermore,
comparing and combining the transcriptomics data of different data-sets opens the door

for the discovery of new materials. A paradigm shift from traditional experimental
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sciences to omics-based sciences can be achieved by combining the information from
all the omics data into one repository. When all these data are gathered with the
information coming from high content imaging, we will have a better understanding of
cellular response to materials, enhance existing materials, and engineer new materials.
Therefore, the future of cell-based biomaterials research lies in the collaboration,
sharing, and interpretation of existing data. When the biomaterials field follows the
slipstream of other transcriptome-based research present in other fields, the discovery

of new materials will be inevitable.
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Chapter IV

Self-agglomerated collagen patterns govern

cell behaviour

eciprocity between cells and their surrounding extracellular matrix is one of the

main drivers for cellular function and, in turn, matrix maintenance and

remodelling. Unravelling how cells respond to their environment is key in
understanding mechanisms of health and disease. In all these examples, matrix
anisotropy is an important element, since it can alter the cell shape and fate. In this
work, the objective is to develop and exploit easy-to-produce platforms that can be used
to study the cellular response to natural proteins assembled into diverse topographical
cues. We demonstrate a robust and simple approach to form collagen substrates with
different topographies by evaporating droplets of a collagen solution. Upon evaporation
of the collagen solution, a stain of collagen is left behind, composed of three regions
with a distinct pattern: an isotropic region, a concentric ring pattern, and a radially
oriented region. The formation and size of these regions can be controlled by the
evaporation rate of the droplet and initial collagen concentration. The patterns form
topographical cues inducing a pattern-specific cell (tenocyte) morphology, density, and
proliferation. Rapid and cost-effective production of different self-agglomerated
collagen topographies and their interfaces enables further study of the cell shape-
phenotype relationship 7 vitro. Substrate topography and in analogy tissue architecture
remains a cue that can and will be used to steer and understand cell function 7 vitro,
which in turn can be applied 7 vivo, e.g. in optimizing tissue engineering applications.
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Self-agglomerated collagen patterns govern cell behaviour

Introduction

Cell morphology is affected by its physical environment, which was shown to strongly
modulate cell fate. For instance, healthy tendon tissue is composed of highly ordered
anisotropic collagen fibers and tenocytes adopt a spindle-like cell morphology and
ultimately, functionally contribute to tissue homeostasis'. In tendinopathy, however,
tissue organization is disrupted and, hence, the collagen network becomes more
isotropic. Concordantly, tenocyte morphology transforms into a stellate-shape, and they
change their proliferation speed and produce matrix proteins that compromise tendon
function?. Various iz vitro platforms have been developed to study the relation between
matrix structure or substrate topography and cell morphology and the resulting
downstream responses. Production of such 7z vitro platforms often requires the use of
advanced tools such as micro-contact printing 3, electrospinning 4, or dip-pen
nanolithography 5. Whilst these tools allow the generation of a wide variety of surface
patterns that can induce an elongated cell morphology, they are also time-consuming
and expensive. Therefore, there is a need for a simple, fast, and cheap method to
produce topographies that can induce specific morphologies of tenocytes (spindle-
shaped versus stellate-shaped) to study the cell shape-fate relation.

Evaporation of a liquid solution droplet is a simple, yet powerful technique to assemble
non-volatile solutes into highly-ordered structuress. When a liquid droplet containing
colloidal particles or polymers evaporates, it leaves behind a distinct and reproducible
pattern, such as the well-known coffee stain’. The key behind this remarkably robust
pattern formation is an evaporation-driven capillary flow that transports particles
towards the contact-line of the droplet’® . The local increase in solute concentration
near the contact line subsequently leads to jamming® , crystallisation!®, gelation!! or
phase separation'? depending on the molecular interaction of the various components.
By controlling the evaporation rate of the droplet and the motion of its contact line, a
sequence of deposits with a rich spectrum of deposition patterns can be formed™!3. This
evaporative self-assembly of solutes is widely used in the soft-matter, fluid-dynamics,
material-science, and chemistry communities to create ordered structures on the nano-
and micrometer scale, i.e. where direct manipulation is impossible”13-16. In earlier
phenomenological reports!'”-18) experiments revealed that remarkable well-ordered
deposition patterns form by simply letting droplets consisting of a solution of collagen
type I triple helices evaporate on a glass substrate. In a recent study this method has
also been applied to radially orient skeletal muscle cells'?. However, here we show a
wider variety of collagen patterns to which tenocytes respond differently. The method
has not yet been exploited to generate collagen platforms for the study of the
physiological response of cells to different topographies and interfaces.
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In this study, we present a robust and simple approach to generate complex collagen
topographies consisting of isotropic and two kinds of anisotropic domains of different
structures by evaporating collagen type I solution droplets. We demonstrate how the
initial collagen concentration and evaporation rate of the droplet can be used to control
the pattern morphology. Moreover, we explore the ability of different isotropic and
anisotropic collagen patterns to steer cellular functions such as cell alignment,
distribution, shape, and proliferation.

Results

Multiscale well-ordered organization of collagen patterns depends on
concentration and humidity.

In this study, droplets of a collagen solution with different concentrations were
evaporated on glass substrates inside a climate chamber with well-controlled humidity,
schematically shown in Fig. 1a. Using Polarized Light Microscopy (PLM), we analysed
the deposition patterns formed for different initial collagen concentrations and relative
humidity (and hence the evaporation rate of the droplet). Three types of deposition
patterns were observed. Fig. 1 shows the different patterns found at the center, middle,
and periphery of the dried stain. Due to the structural differences in the collagen
deposition pattern in each region, as discussed below, we from now on define the
regions as isotropic for the center, concentric for the middle region and radial for the
petiphery. A complete overview of the collagen patterns obtained at the periphery and
middle regions and the influence of the relative humidity and collagen concentration is
presented in Fig. 2. PLM images obtained from the center region are not included in
Fig. 2 as the center region demonstrates more or less a flat homogenous characteristic.
In the peripheral region radially oriented v-shaped collagen patterns appear, which
becomes more abundant at high initial collagen concentration (Fig. 2a). Moving radially
inwards from the periphery towards the center, different collagen patterns appeared
(Fig. 2b). For collagen solutions with initial concentrations of 1 mg/ml and 10 mg/ml,
little or no collagen patterning was observed in the middle region. Note that PLM only
produces a signal when there is alignment of collagen that results in birefringence, i.e.
polarization of the light. By consequence, the absence of a signal does not imply that

there is no collagen present on the substrate.
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Evaporation

Climate £ =
chamber

Pattern
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Deposition pattern

Figure 1. Different topographical patterns formed after collagen droplet
evaporation. (a) Schematic overview of the climate chamber and pipetted collagen droplets on glass
samples, which form a collagen stain. (b) Polarized light microscopy (PLM) image accompanied by a
sketch of the collagen patterns formed when using a 5 mg/ ml collagen solution. Three different regions
Jformed, i.e. an isotropic region in the center, a region with concentric collagen rings patterns in the middle
and a radial v-shaped pattern at the periphery. For high magnification images of the patterns, see Fig.
601, ¢l and d1.

However, well-ordered concentric-ring shaped collagen patterns were found for
collagen solutions with an initial concentration of 5 mg/ml (Fig. 2b, middle row).
Irrespective of the concentration or humidity, the central area consisted of a random
collagen pattern. In the remainder of the paper, we will refer to the center of the stain
as ‘isotropic region’, the middle of the stain as ‘concentric region’, and the periphery as
‘radial region’.

The most striking pattern formation was thus observed at an initial collagen
concentration of 5 mg/ml, regardless of the humidity. A more detailed structural
analysis was employed on samples that originated from an initial collagen concentration
of 5 mg/ml and 20% humidity (i.e. the fastest evaporation), as shown in Fig. 2. From
the periphery towards the center, initially a region of collagen molecules with a radially-
oriented v-shaped organization was observed, covering only a narrow area. This
peripheral region transitions into a well-ordered concentric ring pattern of collagen
molecules. Finally, in the center of the drying stain an isotropic region, which lacks
ordered aggregation of collagen, was found. The alternating dark and bright arcs in the
concentric zone shown in the PLM image in Fig. 2 indicate a change in orientation of

the collagen molecules from one ring to the next.
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Collagen concentration

1 mg/ml

Collagen concentration

1 mg/ml
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5 mg/ml
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Peripheral region

20%

40%
Relative Humidity
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60%
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Relative Humidity
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Figure 2. Collagen
concentration and
relative humidity affect
the final structure of
collagen stains. (a)
Peripheral region; A radially-
oriented v-shaped collagen
pattern is observed at collagen
concentrations of 5 mg/ ml and
10 mg/ ml, whereas at 1 mg/ml
radial patterns were not
observed. (b) Middle region;
Concentric-ring patterns were
excclusively observed at a
concentration of 5 mg/ ml,
regardless of the relative
humidity (middle row). Scale
bars are 100 wm. For all
experiments, N = 3. Displayed
[figures are representative images.

Strikingly, the distance between individual concentric collagen patterns in the middle

region appeared to widen moving from the periphery towards the center. To evaluate

the uniformity of concentric collagen patterns we measure the distance between black

and white arcs, i.e. the wavelength of the pattern, as shown in Fig. 3a. Irrespective of

the concentric pattern wavelength, the alternating bright and dark collagen pattern on

PLM suggests alternating orientations of the collagen fibrils within the pattern. Fig. 3b
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and 3c show that the wavelength of collagen patterns indeed becomes wider upon
moving radially inwards from the periphery to the center. The wavelength of the
collagen patterns close to the periphery of the stain was 5.1 * 0.9 pm while close to the
center it was 26.7 £ 1.4 um. PLM images acquired at higher magnification confirm this
large difference in wavelength of the concentric rings from the periphery to center (Fig.
3d and 3e).

Given the results, in the remainder of the manuscript we have used 5 mg/ml collagen
solutions dried at 20% humidity, which resulted in three distinct regions, namely with a
radial collagen orientation at the periphery, concentric in the middle region and an
isotropic orientation in the center of the stain.
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For all experiments, N = 3. Displayed figures are representative images. Error bars in b indicate the
standard deviation of the mean.

To further elucidate the fine details of the patterns at the nano-scale, the concentric
collagen patterns were examined by atomic force microscopy (AFM) and scanning
electron microscopy (SEM). From the AFM images, we observe that the alternating
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dark and bright regions of the concentric pattern observed under the PLM represent a
valley-ridge-like topography (Fig. 4a, 4b, and 4c). The height profile from two adjacent
collagen patterns showed a height difference between the valley and ridge of about 180
nm (Fig. 4b and 4c). Moreover, Fig. 4a demonstrates fibrillar structures (marked with
white arrows) which were further imaged by SEM. Figure 4d and 4e show that the
deposition patterns consist of collagen fibrils, despite the fact that fibrillogenesis was
not actively induced in our samples. SEM results confirm the presence of fibrils, which
are measured as 37.7 = 7.9 nm in diameter, by demonstrating the tightly packed collagen
fibrils within the concentric pattern. Hence, we conclude that the evaporative
aggregation of collagen naturally induced fibril formation within the deposition pattern.

Figure 4. Collagen fibril
formation after
evaporation of a
collagen droplet (5
mg/ml collagen
solution at 20% relative
humidity). (a) Atomic force
microscopy  image  displaying
the height difference of adjacent
concentric  patterns. Colours
correspond to different heights
according to the colonr bar.

The white arrows  indicate
collagen  fibrils formed after
drying. (bye) Three-
dimensional views of the same

image in (a). (d,e) Scanning electron microscopy images demonstrating tightly packed collagen fibrils.
Collagen fibrils of approximately 40 nm in diameter can be seen in the magnified image (¢). For all
experiments, N = 3. Displayed figures are representative inages.

Pattern formation is essential for driving tenocyte alignment

Next, we assess whether different collagen topographies formed by evaporating
droplets can promote different cell alignment. To this end, we investigate the cell
response to these patterns by visualizing and quantifying cell alignment. Collagen stains
were formed by evaporating droplets of 1 mg/ml (no distinct pattern formation) and 5
mg/ml collagen solution at 20% humidity (3 distinct patterns). Rat tenocytes were
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seeded at low density (LD, 1000 cells/cm?), fixed after 24 hours, and stained with
Phalloidin (green) to visualize the actin cytoskeleton (Fig. 5). In absence of a clear
pattern formation at 1mg/ml, cells were randomly distributed and did not display
differences in cell morphology between locations (Fig. 5a and supplementary figure 1).
For the 5mg/ml samples, where clear collagen patterns were observed, we first
identified the regions that cells attach to by using PLM. Subsequently, cellular alignment
was assessed: i.e. cells aligned preferentially radially in the radial region, strongly
circumferentially with a spindle-shaped morphology in the concentric region and
randomly in the central isotropic region (Fig. 5b).

Previous research has shown that cell density influences cell shape, migration and
downstream signalling!®, and may possibly override the effect of the substrate
topography. Therefore, we investigated whether the observed influence of topography
on cell shape in a confluent cell culture is still effective. To this end, rat tenocytes were
seeded at high density (HD, 10000 cells/cm?) and visualized as explained eatlier (Fig.
5¢). Despite confluency, cells exposed to the pattern still displayed a strong alighment
and spindle-shaped morphology with the patterns they were exposed to (Fig. 5c). The
different wavelengths of the concentric-ring topographies (as displayed in Fig. 3 and
supplementary figure 2) in the concentric — middle region did not appear to atfect cell
alignment, in both LD and HD conditions. Overall, our results indicate that the
concentric ring pattern in the 5 mg/ml-stain can promote cellular orientation and
morphology, regardless of the cell-seeding density.
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Figure 5. Tenocytes
obey topographies
created by
evaporated collagen
droplets. (a) Rat
tenocytes cultured at low
seeding  density on 1
mg/ ml collagen stains for
24 hours and stained with
phalloidin ~ (green) 1o
visnalize — cytoskeleton.
Cells neither display any
orientation, nor adapt
their cell shape. (b) Rat
tenogytes cultured at low
seeding  density on 5
mg/ ml collagen stain for
24 hours and stained with
phalloidin  (green) 1o
visnalize — cytoskeleton.
Cells display an elongated
shape and a
circumperential orientation
aligned with the concentric
pattern. (c) Rat tenocytes
cultured at high seeding
density on 5 mg/ml
collagen stain for 24 hours
and  stained — with
Phalloidin  (green)  to
visualize — cytoskeleton.
Similar  to  (b), cells
display an elongated shape

and a circumferential orientation aligned with the concentric pattern. The dashed squares indicate the

regions where the magnified images were captured. For all excperiments, N = 3. Displayed figures are

representative inages.
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Tenocyte orientation and shape are altered by different topographies

To further assess the strength of the pattern in driving cellular alignment and
morphology, cellular F-actin was visualized and quantified (Fig. 6). Results reveal that
the F-actin orientation in the concentric region displayed a clear peak at 90° |
representative for a strong collagen anisotropy in the concentric direction (Fig 6.b1-b3).
In the radial region, collagen displayed a marginal preference for the 0/180° angle,
representative for collagen to align to the radial direction (Fig 6.c1-c3). In this region,
we did not observe a clear cell alignment based on both visual inspection (Fig. 6b2) and
alighment calculations (Fig 6b3), yet only a small preference towards the radial direction
was observed. In the isotropic region, no preferred collagen orientation was found, since
the bimodal fit (represented by the blue dotted line) only has an R? of 0.19 (Fig 6.d1-
d3). Therefore, despite that, the collagen topographies strongly differed between the
radial and central regions according to the polarized light microscopy images, they failed
to induce a striking difference in cellular alignment.

Subsequently, cell shape was quantified in terms of area, eccentricity, compactness, and
solidity (Fig. 6) and performed ANOVA to determine the statistical difference. Cells
located on the radial region displayed the smallest cell area and cells in the isotropic
region the largest cell area. Cellular eccentricity, a measure for cell elongation (the more
clongated the cell, the closest the eccentricity value is to 1), was highest for cells in the
concentric region. Despite the modest anisotropic orientation of the cells in the radial
region, the eccentricity was lower compared to the random region (Fig. 6f). Cell
compactness (higher value indicates a more elongated cell) was highest for cells on the
concentric region (Fig. 6g). Cell solidity (values are oppositely correlated with cell
branching and filopodial protrusions) was highest for cells on the radial region and
significantly different compared to cells in the isotropic region (Fig. 6h). Overall, these
results indicate that concentric regions induced aligned and more elongated, i.e. spindle-

shaped, tenocyte morphology, whereas isotropic and radial regions only induced differences in
cellular morphology.
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Figure 6. Topographies created after evaporation of collagen droplets influence
tenocyte orientation and shape. (a) Quarter of a collagen stain that is seeded with Phalloidin-
stained rat tenocytes (5 mg/ ml collagen concentration, cells seeded at high density). (b1, ¢l and d1)
Representative image of the radial, concentric and random region, respectively. (b2, ¢2 and d2)
Representative higher magnification phalloidin images. (b3, ¢3 and d3) F-actin fiber distributions
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showing a radial, concentric and random fiber distribution for the three respective regions. Red dots
represent individual fiber fractions of the images analysed, where the blue line represents a bimodal fit.
R? values of b3, ¢3 and d3 are 0.31, 0.97 and 0.19, respectively. (¢) Quantification of cell area, (f)
eccentricity, (g) compactness and (h) solidity for cells on radial, concentric and isotropic regions. Scale
bars in b2-d2 represent 100 um. In e-h, each symbol represents a single image. Area, eccentricity,
solidity and compactness values are represented in arbitrary units. Error bars represent 95% confidence
intervals. Each asterisk represents statistical significance of the differences of cell area, compactness,
eccentricity and solidity in redial, concentric and isotropic regions. *P < 0.05, **P < 0.01. For all
experiments, N = 5. The dashed squares indicate the regions where the magnified images were captured.

Topographical architectures on collagen stains affect cell density

Surface topography is known to affect not only cell shape, but also proliferation and
differentiation!2). Therefore, as a next step we investigated how the different
topographies of the collagen stains affected the cell density as illustrated in Fig. 7. The
different colours of the cells indicate the three regions. To obtain the average cell
densities we calculated the total number of cells per region and the corresponding area
of that region (Fig. 7a&b). After performing ANOVA test, our results show that on
average the cell density is 180 * 24 cells/mm? in the radial region, 184 * 21 in the
concentric region and 123.3 = 59 cells/mm? in the isotropic region (Fig. 7¢). This
results suggest that there is no significant difference in cell density between radial,
concentric and isotropic region.

75



Chapter IV

a

Radial Concentric Isotropic

C 250

200
150

1004

Number of cells/mm2

504

Radial ~ Concentric Isotropic

Figure 7. Cell density varies between patterns and is lowest for the isotropic
region. (a) The cells are labelled red, green and biue for radial, concentric and isotropic regions. (b)
Detailed view of the cells (with the same colonr coding as in a) together with the corresponding stain,
shown in the background. (c) The average densities in the radial (180 * 24), concentric (184 + 21)
and isotropic region 123.3 + 59 cells/ mm? are displayed. Error bars represent 95% confidence
intervals. For all experiments, N = 3.

Surface topography does not alter cell proliferation

Cell proliferation is a feature, known to be affected by environmental factors, including
surface topography?!. Concordantly, we assessed whether the topography-induced cell
shape results in different proliferation rates after 24 hours of seeding (Fig. 8). Image
analysis showed that in isotropic region 70£25%, in radial region 89+9% and in
concentric region 8517% of the cells were EAU positive, hence proliferating, and no
statistical difference detected. (Fig. 8b). As shown in our previous work??, a surface
topography that alters cellular morphology (as found in the radial and concentric zones,
see Fig. 6a) can result in a decrease in nuclear size, and hence a decrease in cell
proliferation?. Therefore, we further evaluated whether topographies on the radial,
concentric and isotropic region induce changes in the nucleus shape in all cells and also
specifically (Fig. 8¢) EAU positive cells (proliferating cells) (Fig. 8d). The nucleus area,
compactness, elongation, and solidity were similar for all regions, and did not differ
between EdU positive cells (Fig. 8 c&d). These results indicate that proliferation and
nucleus shape remained unaffected by the surface topographies.
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Figure 8. Tenocyte proliferation and nucleus shape was not aftected by
topographies. (a) Representative image of all cells (DAPI, Green-Blue) and EdU positive cells
(vellow) on radial, concentric and isotropic regions. (b) Quantification of EdU positive cells with a trend
towards lower proliferation in the isotropic region. (c) Quantification of nuclear shape parameters on the
different regions for all cells (area, compactness, eccentricity, solidity) and (c) for EdU* cells. Each
symbol represents the average of a single image. Error bars represent 95% confidence intervals. For all
experiments, N = 3.

Discussion and Conclusion

In the present work, we demonstrated a simple method to create multiscale well-ordered
collagen patterns by evaporating a droplet containing collagen molecules in a well-
controlled environment and investigated how cells are affected upon being cultured on
this material.

The final deposition pattern that forms is the result of a complex interplay between the
evaporation-driven capillary flow inside the droplet??* that transports the collagen
fibers towatds the contact line, the motion and/or pinning of the contact line!32>, the

interaction between the collagen and the substrate? and the solution rheology?’. At the
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periphery of the stain, a pattern of radially-oriented v-shaped stripes was observed.
These structures are the first that form as the droplet evaporates. Similar deposits for
colloidal-particle laden droplets have been reported?. Possible explanations for these
structures range from buckling caused by the build-up of internal stress during
desiccation, shear banding due to internal flow?’, and contact line instabilities®, but the
precise mechanism remains to be explored. Further experiments ate necessary to reveal
whether the radial deposit forms during the pinning phase of the contact line, and hence
result from the self-assembly of the collagen fibers upon accumulation at the contact
line by the capillary flow?, or during the first stages of contact line recession. In later
stages of the droplet life, when the contact line recedes while the contact angle remains
constant, regular concentric ring patterns were formed consisting of ridges and valleys.
In literature, such robust periodic patterns have been reported for evaporating polymer
solutions'? and are attributed to a stick-slip motion of the contact line that is caused by
pinning/depinning events®!. In polymer solutions, the regularity of the pattern is caused
by a self-organized pinning-depinning cycle that results from local changes in the
solution viscosity due to the convective transport of material to the contact line3'. A
detailed analysis of the collagen aggregation in the radial and concentric regions in
presence of evaporation-driven capillary flow and contact-line motion is left for future
work. Clearly, there is a need for a full exploration of the parameter space and the
development of adequate models to predict the patterns that will form and when
pattern-to-pattern transitions will occur, depending on e.g. the droplet volume,
evaporation rate and collagen concentration. Such modelling will help to delineate the
differences between the results of Nerger ez /1%, where only radial patterns are found,
and the present work where both radial and concentric ring patterns reproducibly
formed. Furthermore, it is not so clear why a concentration of 5 mg/ml yields a much
more pounced topography than either 1 mg/ml or 10 mg/ml. The useful concentration
window seems to be rather narrow, but the process probably can be optimised.
Additionally, the transition from concentric to isotropic collagen organisation that
occurs during the final stage of the droplet life needs to be further investigated to
determine the influence of e.g. gelation!!, rapid solute accumulation causing order-to-
disorder transitions® and collagen adhesion on the absence of a well-defined pattern
anisotropy in the center of the stain.

Studying the interactions between cells and their surrounding extracellular matrix is one
of the main steps on the path to understanding mechanisms of health and disease;
hence, here we investigated how the nano-topographies created upon self-assembly of
collagen molecules affect tenocytes with respect to their cytoskeletal organization,
orientation and proliferation. We first evaluated the impact on topography on cell shape
as upon cell attachment, initial changes are observed in the cell cytoskeleton. Different
cell types (e.g. mesenchymal stem cells, tenocytes, epithelial cells) have been shown to
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adopt their cytoskeleton based on the micro-topographies 2233 and nano-
topographies35,36 that they exposed to. The topographies on the collagen stains are at
nano-level and forced tenocytes to form an elongated shape. This result is also
supported by Yang ez. a/. where they show that nano topographies as small as 50 nm led
elongation and orientation of human dermal fibroblasts?’, and human bone marrow-
derived mesenchymal stem cells’. However, characteristics (pitch, ridge, and groove
dimensions) of the nano-groove surface topography matter and can either result in
elongated cell shape or lead to the formation of spherical aggregates of human
tenocytes®.

In the current study, we used rat tenocytes as a cell type to investigate the role of surface
topography on cell behaviour for the following reasons: 1) Tendon tissue naturally
possesses a hierarchical order of strongly anisotropic collagen fibers. 2) Tenocytes
naturally possess an elongated shape in the native tissue. However, upon culturing
tenocytes on a flat surface, or upon disruption of the native tissue architecture, they
dedifferentiate, change their morphology to become more spread, alter their
phenotypical marker expression, and proliferation characteristics. 3) In the native
tendon, tenocytes experience biomechanical cues originating from collagen fibrils at the
nanometer scale (20-150 nm) and fibers are at micrometer-scale (10-50 pm)#0,
suggesting that they can respond to very small topographies, such as the concentric
rings. Concentric rings in the collagen stain, which have 180 nm depth valleys in
between, pushed tenocytes to an elongated morphology, which is characterized by an
eccentricity value close to 1. Additionally, in the native tendon, tenocytes are oriented
in the direction of collagen fibers, which was also accomplished by concentric rings.
Furthermore, since formation of hierarchical aggregation of collagen is challenging in
an /n wvitro system, our system allows tenocytes to experience more “natural’
environment, particularly in the concentric ring with respect to topographical
architecture and substrate itself and hence tenocytes are exposed to a rather natural
ECM that is closed to a native healthy tendon. Therefore, collagen stains containing
these concentric rings are excellent tools to give the sense of a natural ECM to tenocytes
and further investigate cell-biomaterial interactions with respect to tenocyte biology.

Proliferation is one of the highly investigated read-outs on cell-biomaterial interaction
studies as zz vivo cells do respond to changes in tissue architecture. For instance, in the
heathy tendon, tenocytes are relatively quiescent and start proliferating during tissue
remodelling in case the tissue anisotropy is lost*#2. This iz vivo phenomenon was
recently replicated in »itro by showing that, upon culturing tenocytes’? and human
mesenchymal stem cells® on a tendon-biomimetic topography which possess

anisotropic topographical features, tenocytes displayed a quiescent phenotype
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compared to cells cultured on a flat surface. Therefore, we investigated cell-biomaterial
interactions with respect to cell density and proliferation in order to elaborate on the
influence of isotropy or anisotropy in analogy to healthy and damaged tissue. To our
surprise, we did not observe striking differences in cell proliferation between radial,
concentric and isotropic regions, similar to the cell density after 24 hours. It is
hypothesized that the nuclear deformation can lead to changes in chromatin structure
and therefore led to a decrease in cell proliferation?>#. For this reason, we calculated
the deformation in the nucleus with respect to its shape but did not observe differences
between regions or between EdU negative and positive cells. In a future study, we will
focus on how to control the wavelength, width, and height of the concentric ring
pattern, to investigate the possibility to optimize the pattern for inducing nuclear shape
changes/cell proliferation. It was also suggested by the work of Milner and Siedlecki ez
al® and Christopherson ¢z a/* that a reduction in feature sizes on the material
eradicated the discrepancy between nano-topographies and flat substrates in terms of
cell proliferation. Similar to our proliferation results, we did not observe any significant
differences in cell density after 24 hours between the different regions. However, our
experiments suggest a decrease in cell density in the isotropic region compared to the
concentric and radial regions. Future experiments are required to investigate this trend,
and delineate whether its origin lies in differences in cell migration, proliferation or
apoptosis between the different zones.

Nevertheless, other mechanisms such as integrin signalling and focal adhesion dynamics
also influence cell proliferation and cell adhesion. Integrin signalling is one of the first
steps upon cell attachment and initiates downstream signalling cascades for cellular
responses such as cell adhesion, growth, motility, shape, and differentiation*’. Integrins
are transmembrane proteins that modulate cell-biomaterial crosstalk by interacting their
extracellular domain with the ECM and the intracellular domain with signalling
molecules and can be activated by both surface topography 463 and surface chemistry
51-53, However, it is still under debate whether cells react initially to surface chemistry
5455 or surface topograpy>>2%. In evaporated collagen, all the regions are formed by
collagen, and therefore the ligand possibly suppresses the effect of topographical
differences. As a result, cell proliferation was not significantly different between regions
and between cells. To support this, proliferation of human osteoblasts on nano rough
titanium films was similar to that on smooth surfaces’’. Furthermore, proliferation of
human mesenchymal stem cells on nano topographic poly(methyl methacrylate)
(PMMA) was shown to be increased after 14 days of culture compared to their smooth
counterparts®. Accordingly, we suggest two possible explanations for our proliferation
results: 1) The height difference between the valley and ridge, providing the
topographical cue, is too low to cause a nuclear deformation, and thus do not strongly
affect proliferation rate. This is supported by the lack of any topography on the isotropic
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region, which even displayed a decreasing trend in the proliferation. 2) Collagen as a
substrate that cells bind to create a stronger signal compared to the topography of that
collagen, and therefore the nuclear response towards proliferation was fairly similar.
Nonetheless, considering that surface topogtaphy and chemistry act together to
produce a biological response, these results should be further explored. For instance,
focal adhesion kinase (FAK), Src, and Rho GTPases are among the downstream
effectors of the integrin signalling that are known to affect cell proliferation as well as
cytoskeletal changes®), hence, further investigation on the activation of these pathways
can aid us to understand the effect of integrin signalling on the proliferation.

The topographies created by the evaporation of collagen droplets enables studying cell-
biomaterial interactions. Firstly, the stains consist of three different topographical
regions and with sharp interfaces in between, which enables a direct comparison of
read-outs in the same sample. Firstly, how cells migrate on different topographies, a
cell's preference to migrate towards certain topography and cell behaviour at the
interface between different topographies can be investigated within a single sample.
Secondly, topographies are made up of collagen type I, which is one of the most
abundant types of collagen in the connective tissues such as bone and tendon.
Therefore, together with biomechanical cues created by topographies, the effect of the
biochemical cues can be investigated.

Opverall, our robust and simple approach to generate complex topographical collagen
patterns by droplet evaporation can be used to unravel cell-matrix interactions and
better understand and control cellular function. The collagen stains formed bear three
distinct patterns and their interfaces, which can mimic physiological conditions. For
example, the concentric pattern can be used to mimic a healthy tendon and the isotropic
region to feature a tendinopathic condition. Thereby, our material can be used to reveal
how cells respond to the different patterns and their interfaces in terms of cellular
capacity for functional remodeling and to explore strategies to push cells on the e.g.
isotropic patterns to display improved functional remodeling capacity. In addition, the
underlying molecular mechanisms that affect this remodeling capacity, associated with
topography-induced cell shape, can be studied. Hereby, optimal control over the pattern
formed by evaporation is essential. In future work, we will therefore focus on mapping
out the parameter space for collagen pattern formation inside evaporating drops and
identifying the key physical mechanisms that control the pattern.
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Materials and method

Preparation of collagen solutions

Lyophilized collagen I from calfskin (Elastin products, C857) was dissolved in 0.5 M
acetic acid at 1 mg/ml, 5 mg/ ml and 10 mg/ml collagen concentrations and vortexed
vigorously to ensure collagen was dissolved in the solution. Next, solutions were
centrifuged 5 minutes at 300 RCF. For each experiment, fresh solutions were prepared.

Climate chamber and sample preparation

The collagen stains are made by evaporating 50 pL droplets of the fresh collagen
solution. Five droplets are pipetted on different glasses and placed inside the climate
chamber. The chamber is a transparent plexiglas box in which the temperature is
monitored and is 23£1 °C for all the experiments. The relative humidity in the chamber
is controlled via a Nz-gas inflow to lower the humidity to a specified level. After an
initial transient of about 15 minutes, a stable humidity is obtained within 1% of the
target value (a typical experiment lasts 2.5 hours). Droplet evaporation is recorded in
side- and bottom-view. In the bottom-view, the formation of the stain and the contact
line motion are recorded via Bright Light Microscopy (BLM). A side-view camera is
used to measure the size of the droplet and the contact angle with the glass substrate
over time. Once all the liquid has evaporated, the collagen stains are stored at 4 °C until

use.

Isolation of rat tenocytes

Rats were collected after euthanization considering their surplus status from the
breeding program. Tenocytes were isolated from the hind limbs of 23 weeks old
CyplaZren strain rats by using a previously published protocol2. Briefly, tendons from
the hind limbs were digested in a solution containing collagenase type II (3mg/ml)
(Worthington Biochemical), dispase II (Sigma-Aldrich) (4mg/ml) and 100 U/ml
Penicillin/Streptomycin (Thermo Fisher Scientific) for 4 hours at 37 °C. Next, the
solution was passed through a 70 mm cell strainer (Life sciences) and further spinned
at 300 G for 5 minutes. Then, pellet was re-suspended in Dulbecco's modified Eagle's
medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin/streptomycin, tenocytes were cultivated in T-25 flasks until 70%

confluency.

Sterilization of tendon imprints and cell culture

Collagen stains was sterilized by incubating the materials in 70% ethanol for 30 minutes.
Next, ethanol was aspirated, and remaining ethanol let to air-dry under sterile
conditions. Subsequently, samples were washed in sterile phosphate-buffered saline
(PBS, Sigma-Aldrich) at 37 °C three times and washed with culture medium twice before

use. Passage 4 tenocytes were seeded at 1000 cells/cm? (for low-density culture) and
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10000 cells/cm? (for high density culture) for subsequent otientation, cell density and
proliferation analyses.

Phalloidin and EdU staining

Upon 24 hours after seeding, cells were fixed with 4% paraformaldehyde (PFA,
Thermolisher Scientific) at room temperature for 20 minutes and subsequently washed
with PBS. Afterwards, samples were incubated in were incubated in Phalloidin—
Tetramethylthodamine B isothiocyanate (Phalloidin-TRITC, 1:200; ThermoFisher) in
PBS for 1 hour and washed 3 times with PBS to stain F-actin. Next, 4',6-diamidino-2-
phenylindole (DAPI, 1:500; Sigma-Aldrich) in PBS was used to stain nuclei for 1 hour
and further washed 3 times with PBS. Finally, samples were mounted on glass cover
slides with mounting medium (Dako, Agilent). Samples were stored at 4 °C at dark.

Click-iT EdU Cell Proliferation Kit (Invitrogen, C10340) for Imaging (Thermo Fisher)
was used to detect proliferating cells as described on the manufacturer’s instructions.
Briefly, cells were serum-starved for 24 hours before to EdU labelling to synchronize
their biological clock. Next, cells were fixed with 4% paraformaldehyde (PFA,
ThermoUisher Scientific) at room temperature for 20 minutes and permeabilized with
0.5% (v/v) Triton X-100 in PBS for 20 minutes after 24 hours of incubation in 10 uM
EdU solution. Afterwards, cells were treated with EAU reaction cocktail for 30 minutes
in the dark and incubated in Hoechst for another 30 minutes to stain the nucleus. Next,
samples were mounted on glass cover slides and stored at 4 °C at dark.

Imaging

Borosilicate Glass substrates that were employed to dry collagen solutions, were used
without any further sample preparation step. Regions of interest were imaged between
two polarizers with a Zeiss Axioplan 2 light microscope using transmission mode at
magnifications 10x, 20x, and 50x. The scanning electron microscopy (SEM) imaging
of the glass substrates was performed by using a FEI Quanta FEG 600 (Thermo Fisher
Scientific). Glass substrates were sputter-coated prior to SEM imaging in order to avoid
a possible charging effect and to improve the imaging quality. Atomic force microscopy
(AFM) measurements were conducted by using a NTegra Agura (NT-MDT) machine
in tapping mode and Si microcantilever probes with a spring constant of 5 N/m.
Fluorescent images were taken with a Leica DMi8 with TIRF Multi Color microscope
(Leica Microsystems CMS) at 10x magnification. Lasers at excitation wavelengths of
532 nm and 647 nm were used for phalloidin and EdU respectively. Tile images were
stitched together with LAS-AF Lite version 2.6 (Leica Microsystems CMS).
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Quantification of F-actin orientation by fiber tracking and bimodal
fitting

F-actin stress-fiber orientation was measured by using actin stained samples based on
previously developed fiber-tracking algorithm>*. Briefly, via employing a multi-scale
approach the principle curvature directions from the eigenvalues and the eigenvectors
of the Hessian matrix of the image were calculated. For each image, a histogram that
contains fiber fraction per angle (ranging from 0° to 180° and 0° to 90° degrees with a
2° interval) was obtained. For bimodal fitting, average fiber fractions for all images from
the same protocol were used. To quantify the fiber distribution, the experimentally
observed fractions were approximated by a bi-modal periodic normal probability
distribution function using a nonlinear least-squares approximation algorithm:

cosly —ay)+1)
B

cos(2(y —ay) + 1)
B2

@r(y) = Ay exp [

+ A, exp [

Hereby, @¢(¥) is the fiber fraction as a function of the fiber angle y. Variables a; and
a, are the two main fiber angles and f; and 8, represent the dispersities of the two
fiber distributions. An angle of 90° is parallel to the radial direction and aligned with the

concentric direction. The parameters A; and A, are scaling factors for the total fiber

fractions of the distributions.

Image analysis

Analysis of acquired PLM and SEM images was done by using the software packages
provided by Digital Gatan Micrograph and Image ] such as Plot Profile tool to
quantitively measure the wavelength of the collagen patterns and diameter of collagen
fibrils. Approximately 60 images were used to calculate the wavelength of the collagen
patterns and more than 100 collagen fibrils were picked to measure the diameter of
collagen fibrils and results are reported as mean * standard deviation of the mean. Cell
and nucleus shape parameters were extracted from CellProfiler> by using customized
pipelines for Phalloidin and EdU analysis. Each pipeline included background
correction, nucleus and cell segmentations for further cell and nucleus shape analysis.
Cell shape parameters were calculated by CellProfiler: Eccentricity is calculated by
taking the ratio of the distance between the foci of the ellipse and its major axis length.
Compactness calculated by the mean squared distance of the object’s pixels from the
centroid divided by the area. Solidity calculated by taking the proportion of the pixels
in the convex hull that are also in the object’?%. The analysis on the regional cell
densities are done with MATLAB. First, PLM images are used to define masks for the
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radial, concentric and isotropic region. The area and number of cells per region are
calculated after placing the corresponding masks on the DAPI images. The cells in the
image (white) are easily distinguished from the surrounding background (black) with a
threshold in the grayscale values. Graphs are drown in GraphPad Prism version 8.0
(GraphPad Software, Inc., San Diego, CA) and images are prepared in Fiji®.

Statistics

Statistical analyses for cell and nucleus shape analysis and proliferation were performed
by using GraphPad Prism version 8.0 (GraphPad Software, Inc., San Diego, CA). One-
way analysis of variance (ANOVA) was carried out to calculate the statistical difference
in three different regions. For all statistical analysis, significance is set at p < 0.05 and
significance was determined by Tukey’s post-hoc test.
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Supplementary Figure 1. Random cellular alignment on a collagen stain, derived from evaporating
a Tmg ml™ collagen droplet. Images are obtained from randomly selected regions close to the stain in
(2) the peripheral region, (7i) the middle region, and (iii) the central region were guantified for orientation
and cell morphological parameters. Tenocytes neither displayed preferred orientations (a-c), nor
differences in cell shape, between locations (d-f).
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Low density (LD)- : High density (HD)

Supplementary Figure 2. The djfferences in collagen wavelength motifs in the concentric area did
not affect cell shape, irrespective of the cell seeding density (low density in the left panel; high density in
the right panel).
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Tendon-dertved  biomimetic  surface
topographies induce phenotypic

maintenance of tenocytes 2 vitro

he tenocyte niche contains biochemical and biophysical signals that are needed

for tendon homeostasis. The tenocyte phenotype is correlated with cell shape

in vivo and in vitro, and shape-modifying cues are needed for tenocyte
phenotypical maintenance. Indeed, cell shape changes from elongated to spread when
cultured on a flat surface, and rat tenocytes lose the expression of phenotypical markers
throughout five passages. We hypothesized that tendon gene expression can be
preserved by culturing cells in the native tendon shape. To this end, we reproduced the
tendon topographical landscape into tissue culture polystyrene, using imprinting
technology. We confirmed that the imprints forced the cells into a more elongated
shape, which correlated with the level of Scleraxis expression. When we cultured the
tenocytes for seven days on flat surfaces and tendon imprints, we observed a decline in
tenogenic marker expression on flat but not on imprints. This research demonstrates
that native tendon topography is an important factor contributing to the tenocyte
phenotype. Tendon imprints therefore provide a powerful platform to explore the
effect of instructive cues originating from native tendon topography on guiding cell
shape, phenotype and function of tendon-related cells.
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Introduction

Tendon is a unique type of connective tissue that transmits muscle contraction forces
to bones to produce motion and maintain body posture. ! In healthy tendon, a typical
hierarchical arrangement of parallel collagen fibrils and fibers forms a tendon unit,
which in an unloaded state adopts a ctimp-type/wavy configuration.? Tendon
fibroblasts, i.e. tenocytes, contribute to tissue homeostasis when exposed to this highly
ordered collagen extracellular matrix (ECM) by producing ECM proteins and thus
collagen assembly and turnover. 3* However, due to its low cellularity and
hypovascularity, tendons possess a low regenerative capacity that results in poor and
slow healing. 57 Injury or tissue damage often results in an increased ratio of type 111
collagen to type I collagen and additional deposition of glycosaminoglycans (GAG). !
From a structural point of view, the organization of collagen fibers change from highly
anisotropic to more isotropic and at the micro-level, they become more angulated and
the number of small-diameter collagen fibers is increased. 8 At the cellular level,
tenocytes become more stellate-shaped 8-10 and the expression of chondrogenic genes
such as Col2al and Aggrecan increases *!! while expression of tendon-related markers, i.e.

Tenomodulin (T'nmd) 12 and Scleraxis (Sex) decreases 13.

Similar to ## wvivo, changes in tenocyte phenotype, shape and function are observed
during 7n vitro culture of tendon-derived cells on flat tissue culture plastic, which thus
lacks the tendon ECM niche. On flat tissue culture polystyrene, tenocytes quickly lose
their elongated shape and decrease the expression levels of Sex 4. Yao ef al., reported
that the amount of collagen type I (COL1) and decorin (DCN) protein expression levels
decreased significantly from passage 0 to passage 8 during 7 vitro culture 15. Mazzocca
et al., showed that in addition to Sex, Den and Co/l, gene expression levels of other
tenocyte markers, i.e. Tenascin-C (I1%-C) and Twumd, decline from passage 0 to passage 6
16, This phenomenon is referred to as dedifferentiation, and is also a well-known
phenomenon observed in chondrocytes !7. These results point towards the lack of a
healthy tendon niche, i.e. biochemical and topographical changes, driving this loss of
tenocyte phenotype, in analogy to changes in tissue organization zz vive that similarly
affect tenogenicity.

Various strategies were used to re-differentiate the dedifferentiated tenocytes to rescue
their tenocyte phenotype z vitro. Supplementing culture medium with various growth
factors such as VEGF 18, IGF 19 and GDF5 20 increases expression of tenocyte marker
genes including Sex and Twwd. Additionally, serum-deprivation, ie. depletion of
medium-associated growth factors rescued the lost tenocyte phenotype 1. In addition,
the small molecule tazaratone, which targets the retinoic acid receptor, preserves

tenocyte phenotype via scleraxis 22. Manipulating tenocyte shape has also been used as
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an approach to re-differentiate dedifferentiated tenocytes as well as induce tenogenic
differentiation of stem cells, and one such approach that pushes cells into an elongated
shape is by exposing cells to a topographical cue, ie. a substrate composed of
anisotropic fibers 2332 or microgrooves?>3. For instance, Kishore e¢7 a/,, used aligned
collagen threads to mimic the packing density, alignhment and strength of native tendon,
and observed an increase in gene expression of SCX, TNMD and TN-C compared to
the randomly organized fibers in human mesenchymal stem cells 27. Similarly, Younesi
et al., fabricated 3D-bio textiles from collagen and observed that compared to random
fibers, expression of Co/lal and Tumd increased more than 6- and 11-fold, respectively,
in human mesenchymal stem cells 3. Tu ez a/, promoted tenogenic differentiation of
mouse mesenchymal stem cells iz vitro and tendon regeneration 7z vive by aligned
electrospun fibers derived from tendon ECM . An increase in the expression of
tenogenic marker genes, including Sex, Derz and Biglycan (Bgr), was observed both i
vivo and in vitro ¥. Similarly, Zhu ez al, reported that morphology of pig tenocytes
become eclongated upon culturing on anisotropic microgrooves, compared to flat
surface, and expression of TNMD elevated?. We previously reported that tendon-
derived cells populating a reconstituted collagen tissue, ranging from uniaxially
constrained with spindle-shaped cells to biaxially constrained with stellate-shaped cells,
display the strongest functional remodelling capacity and tenocyte phenotype when
adopting a spindle-shaped morphology %. In another approach, we took the cell shape
concept one step further by using a micro-topographical screening platform with a large
amount of unique micro-topographies for identifying feature-characteristics associated
with Scleraxis levels, and revealed a strong correlation of specitic cell shapes, i.e. cell
and nuclear area with Scleraxis intensity in rat tenocytes 4. These studies underline the
impact of stimulating the tenocyte phenotype by manipulating the cell shape.

Based on the above, we hypothesized that the topographical cues present in the tenocyte
niche contribute to phenotypic maintenance of tenocytes. We tested this by exploiting
an imprinting method to replicate the native tendon topography to polystyrene. Results
of this study showed the importance of the tendon topography, pushing cells in a
spindle-shaped morphology, in the maintenance of the tenocyte phenotype # vitro,
which can shed a light on further understanding of tendinopathy.

Results

Tendon-derived cells rapidly change morphology and phenotype on a
flat substrate

Flat polystyrene surfaces were used to assess the influence of passage number on
tenocyte shape and tenocyte phenotype. Therefore, passage one (P1) rat tenocytes were
cultured and subsequently passaged four times (Fig. 1). We first investigated the changes

in cell and nuclear shape parameters including area, compactness, solidity and aspect
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ratio and changes in gene expression levels of tendon-related genes. Aspect ratio is
calculated by calculated by dividing the length of the major axis by the length of the
minor axis; so, the higher the value, the more elongated the cells. Compactness is
correlated with elongation; high compactness values indicate more elongated cells.
Solidity is related with cell branching and the closer its value to 1, the more solid the
cells. Results showed a slight increase in cell area, i.e. cell size, with passage number (Fig.
1B). Cell aspect ratio and compactness significantly decreased after P1, yet solidity
remained the same in all groups (Fig. 1B). The increase in the nucleus area was
statistically significant between P1 and P3, P4 but remained at similar values at P2 and
P5 (Fig. 1B). Nucleus aspect ratio significantly reduced after P2, yet compactness and
solidity remained unchanged between passages (Fig. 1B, supplementary file 1 containing
raw data). Overall, our data indicates that with passaging of tenocytes to P4 on flat tissue
culture plastic, they undergo shape-related changes; cells and their nucleus steadily
increase in size and transform from the original spindle-shaped/elongated morphology
to a stellate-shaped/round morphology.

To turther evaluate the loss in tenocyte phenotype, gene expression levels of Sex, Co/lal,
Col3, Den , Mkx and Bgn were measured (Fig. 1D)). Sex, which is a tenogenic
transcription factor %, showed a significant decrease after passage one. A similar
reduction was observed for the expression of Co/7al, which is the most abundant
protein in the tendon extracellular matrix (ECM), Mkx, which is a homeobox gene is
and involved in the regulation of tendon differentiation’” and Co/3 3. Furthermore, we
measured the expression of genes coding for non-collagenous matrix proteins Dez and
Bgn that bind to collagen, which displayed a decreasing trend from P1 to P5 3. With
these results, we confirmed that tenocytes dedifferentiate by rapidly losing their
morphological characteristics and expression of tenocyte marker genes on a flat surface
during in vitro sub-culture.
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Figure 1. Tendon-
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bars represent 95% confidence intervals, *P < 0.05,**P < 0.01). For all experiments, N = 3.
Different colors in the graphs illustrate the data obtained from biolygical replicates.

The native tendon imprint as cellular niche on polystyrene

After establishing that with passaging, tenocytes lose their phenotype on flat
polystyrene, the effect of the tendon surface topography, as an isolated effect, was
assessed. To this end, we used the soft embossing method to imprint a native tendon
topography onto polystyrene (Fig. 2). The imprinting protocol involved polymerization
of PDMS using a 10:1 ratio of monomers and curing agent on a native tendon (Fig.2A,
3), and embossing the PMDS negative imprint on polystyrene (Fig.2A,0). The imprinted
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material was imaged using scanning electron microscopy (SEM) (Fig.2B and
supplementary video 1), atomic force microscopy (Fig.2C) and profilometry (Fig.2D
and supplementary video 2). SEM and profilometer images reveal that native tendon
can indeed be imprinted onto polystyrene, and the polystyrene imprint possesses a
tendon-like topography. AFM analysis shows that surface topographies on tendon
imprints can reach a depth of 5um.

@ Figure 2. The

PDMS mix (10:1)

Y settte AAREGS nacive  tendon
) imprinted as a

48 hours @RT .
\j cellular niche on

Tendon section PO]}fSl:yI‘eI]e. (/4)

A

—
e - N O Procedure to develop a
] o e s /"' native tendon imprint,
3 J . .
o - using an  embossing
amp b 3 .
Q : .0y — ‘ ] technigune of a native
. W S @ PDMS imprint S K .
30 minutes @ 140°C of tendon (NI) tfendon  tissuwe  into
s Cull oy,

polystyrene. (B) SEM
image  of  tendon

Placing PDMS and polystyrene
between glass slides

imprint  with  lower
(lef?) and bigher (right)
magnification. The red
dotted box: represents a
randomly selected
region on the imprint.
(C)  Representative
AFM image of tendon
imprint showing that

the imprint can reach a
depth of Sum beight.
(D) Representative
image of profilometer

50pm

00pm

images  of  tendon
imprint, depicted from
different angles.

99



Chapter V

Late passage tenocytes adapt early passage tenocyte morphology on
tendon imprints

Next, the morphological response of tenocytes to the tendon imprint was assessed
(Fig.3). Flat control surfaces were prepared by imprinting a flat PDMS mold to the
polystyrene sheets. Rat tenocytes (P4) were seeded on flat and imprint surfaces and
stained with phalloidin to visualize F-actin (grey) and DAPI to visualize nuclei (blue).
On the flat surface, (Fig.3A&B, top panel) a spread morphology was observed, contrary
to tendon imprints, where cells on each replicate displayed an clongated shape
(Fig.3A&B, bottom panel).

We further investigated the effect of tendon topography on cell and nuclear shape
parameters including aspect ratio, area, solidity and compactness (Fig.3D&E). We first
visualized the difference in cell shape. Rat tenocytes were exposed to either a flat surface
or tendon imprint topography and subsequently SEM imaging was performed (Fig.3A).
On the flat surface, we observed that tenocytes are more spread and stress fibers were
observed (yellow arrows) (Fig.3A-top panel). On tendon imprints, rat tenocytes were
highly elongated (red arrow) (Fig.3A-bottom panel). We observed similar results when
we stained tenocytes with phalloidin to visualize the actin cytoskeleton (Fig.3B) and
DAPI to visualize nuclei (Fig.3C). Cell and nuclear area were significantly smaller on
tendon imprints compared to flat (Fig. 3E&F). Additionally, cellular and nuclear aspect
ratio and compactness were significantly higher on tendon imprints, compared to flat
(Fig.3E). Cell solidity on imprints (0.61 + 0.05) was significantly higher and closer to 1,
compared to the flat surface (0.51 = 0.04); indicating that cell branching was less
pronounced on tendon imprint. Nuclear solidity was not significantly different for both
topographies. Therefore, results indicate that tendon imprints induce an elongated
shape and reduces cytoskeletal branching, resembling the eatly passage tenocytes on flat
polystyrene.
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Flat Imprint

Tendon imprint topography decreases tenocyte proliferation

Surface topography has been identified as a regulator of cell proliferation 40 41,
Therefore, the effect of tendon imprint topography on tenocyte proliferation compared
to the flat surface was assessed. Rat tenocytes were thus cultured on a flat surface and
tendon imprint, and after 24 hours the proportion of cells in the S-phase of the cell
cycle (pink-purple) to all cells (blue) was measured by EQU labelling (Fig.4A&B). On

tendon imprints, 37% of the tenocytes were EdU positive whereas on a flat surface,
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63% of the cells were EAU positive. This indicates that tendon topography relates to a
less proliferative tenocyte state.

A Flat Imprint

80 Aok

60

404

EdU * Cells/total number of cells (%)

Flat Imprint

Figure 4. Tendon imprint topography lower cell proliferation capacity. (A1)
Representative images of EAU staining in which proliferating cells are labelled in pink-purple color and
Hoechst is used as a counterstain (in blne color). (B) Quantification of EdU positive tenocytes on the
Sflat surface and tendon imprints. On the flat surface, 63% of the cells was EdU positive, whereas on
tendon imprints it was only 37%. Scale bars represent 100 um. (Error bars represent 95% confidence
intervals, * p<0.05). For all excperiments, N = 3.

SCX intensity correlates with cellular and nuclear features

Tendon imprints significantly affect tenocyte cell and nucleus shape. Next, the influence
of tendon imprint topography on tenocyte marker gene expression was assessed (Fig.5).
Therefore, rat tenocytes at P4 were cultured on tendon imprints and flat surfaces for 24
hours and the amount of SCX was measured by immunocytochemistry and subsequent
quantification (Fig.5A). SCX intensity were significantly higher on tendon imprint after
24 hours (Fig.5B), which was subsequently correlated with cell shape, using a Spearmen
correlation calculation. A positive and significant correlation was detected of SCX
intensity level with cell compactness (r,= 0.71), nucleus compactness (1= 0.71), cell
eccentricity (1= 0.82) and nucleus eccentricity (r,= 0.78) (Fig. 5C&D, supplementary
file 2 containing raw data). In addition, a negative and significant correlation was
detected of SCX intensity with cell area (r,= -0.58) and nucleus area (r,= -0.70) (Fig.
5C&D). SCX level thus correlates with elongated cell and nucleus shape, driven by
tendon surface topography.
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Figure 5. SCX intensity correlates with cellular and nuclear features. Tenocyte
phenotype is maintained by tendon imprints (A) Representative images of rat tenocytes cultured for 24
honrs on a flat surface and a tendon imprint and stained for SCX. (B) Quantification of SCX intensity
levels in tenocytes on flat surface and tendon imprint. (C) Levels of SCX intensity correlates with cellular
and nuclear features Spearmen correlation values (rs) between SCX intensity levels and eccentricity,
compactness and area of cell and nuclens. (D) X-Y graphs of cell and nuclear area, compactness and
eccentricity corvelated with SCX intensity levels. Each data point represents the median value of images
contain individual intensities of all cells measured in a single image. Area indicated in red and blne
belong to cells on flat and imprint surfaces, respectively. For visnal purposes, a trend line was added
derived from a simple linear regression calenlation. For all experiments, N = 3. Different colors in the
graphs illustrate the data obtained from biological replicates.

Tenogenic gene expression is maintained on tendon imprints

After showing that native tendon topography can increase SCX at protein level on the
short term, we investigated whether tenocyte phenotype can be maintained for 7 days
of culture. (Fig. 6). Therefore, P4 tenocytes were cultured on flat surfaces and imprints
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for 7 days and gene expression levels of Sex, Co/lal, Sox9, Den, and Runx2 were
measured on day 1 (D1), day 3 (D3) and day 7 (D7). On the flat surface, expression of
tendon-related genes Sex, Den and Co/7al decreased over 7 days of culturing, indicating
ongoing dedifferentiation (Fig. 6A-C). Expression of Sox9, a chondrogenic
transcription factor that is also expressed at the tendon-bone junction, also decreases
on the flat surface (Fig. 6E). Lastly, Runx2 gene expression, an osteogenic-associated
transcription factor, significantly increased on the flat surface. Contrary, on tendon
imprints, gene expression levels of Sex, Den, Collal and Sox9 increased at D1 and
subsequently remained stable over the 7 days, indicating that tendon imprints can both
induce a slight increase in tenogenic gene expression and prevent the dedifferentiation
that occurs on the flat surface (Fig. 6A-C, E). Lastly, gene expression of Runx2 did not
increase on the tendon imprints.
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Figure 6. Tenocyte phenotype is maintained on tendon imprint topography. Gene
expression levels of (A) Sex, (B) Den, (C) Collal, (D) Runx2 and (E) Sox9 of tenocytes cultured
on flat surfaces and tendon imprints over 7 days of culture. On a flat surface, expression of Sex, Den,
Collal, Sox9 decrease whereas Runx2 increases. Contrary, tendon imprints preserved tenocyte
phenotype. A logl0 transformation of the expression fold changes is used to visnalize the differences in
gene expression. (Error bars represent 95% confidence intervals, *P < 0.05,**P < 0.01). For all
experiments, N = 3.
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Discussion

Surface topography of various organs and tissues in nature give a series of evolutionary
advantages and provide specialized functions. They provide cells with signals to
differentiate, migrate, proliferate or maintain their phenotype. The surface topography
of tendon tissue is also considered to provide such strong cues. However, whether the
tendon topography alone, devoid of other cues (e.g. ligand type and density, changing
mechanical properties, etc), provides a strong cellular cue remained to be explored.
Therefore, the soft embossing method was exploited to imprint native tendon on a
polystyrene surface to study the effect of tendon surface topography on cell shape,
proliferation and phenotype, when compared to flat polystyrene surfaces. Results of this
study confirm that flat polystyrene surfaces drastically alter tenogenic cell shape and
phenotype, and highlight that: 1) native tendon topography can be imprinted onto a
polystyrene surface to conduct tendon-related studies 7 vitro 2) cellular proliferation is
decreased on imprint topographies, compared to flat surfaces, 3) tenocyte phenotype is
maintained on tendon imprint topographies and 4) remarkably, Intensity levels of
Scleraxis, a key tenocyte marker, beautifully correlates with specific cell and nuclear
shape parameters. Concordantly, results of this study imply that imprinting the natural
tendon surface on materials, such as polystyrene, provides a tool to control tenocyte
cell shape and maintenance of the tenocyte phenotype, as summarized in Fig. 7.
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Figure 7. Summary of the results. Tenocytes on imprint surfaces display a lower cell area and
higher aspect ratio, compactness and solidity, which results in increased SCX intensity.
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Drastic changes in cell shape of freshly isolated or early passage cells upon culturing on
tissue culture plastic were shown for a wide variety of cell types, including tenocytes '3,
144247 Vermeulen e a/. and Yao et al. showed that the elongated shape of tenocytes at
PO transforms to stellate-shaped at P1 5, 14, which is in agreement with the changes
observed in cell and nucleus shape of the current study. Similarly, our observation on
the decrease in tenogenic marker genes corroborate with previously published reports
141516 indicative for a dedifferentiation process. Due to the rather limited availability
of the early passage cells (PO or P1), dedifferentiation has become an obstacle for i vitro
research and associated interpretation of acquired data of many cell types. This gives
rise to the interesting concept of re-differentiation in order to promote/restore the
native phenotype.

The interplay between cell shape and cell fate (e.g. differentiation, proliferation,
apoptosis etc.) is an established concept 4 7. Following that concept, because healthy
tenocytes 7 vivo adopt an elongated morphology, i.e. the nucleus and cell body, which
are aligned between collagen fibers, re-differentiation research has focused on pushing
cells towards similar morphologies. Among these approaches, cells have been exposed
to anisotropic fibers 242731324956 or nano/micro-grooves 142657, For instance, Zhu ¢ al,
reported that dedifferentiated tenocytes become eclongated upon culturing on
microgrooves, which partially reversed the dedifferentiation process 26. A similar study
by Schoenenberger ¢z al., showed that tendon fibroblasts displayed a higher expression
of the tendon-related marker Mohawk (MKX), COL, BGN and DCN on aligned PCL
fibers, compared to random fibers 3. Despite their impact on tenocyte phenotype,
microgrooves or anisotropic fibers may not reflect topographical cues that tenocytes or
mesenchymal stem cells experience when exposed to imprint substrates as the delicate
variations in roughness, ridges and valley that create specific spatial cellular attachment
sites are absent. For this, replication of native tendon topography on PDMS# and
silica® have silica have previously been performed to differentiate mesenchymal stem
cells towards the tenogenic lineage, and both increased to an elevation in the expression
of TNMD, compared to flat surfaces. This also suggest that tendon imprints can
promote tenogenic differentiation. Results of the current study supports the concept
that enforcing a spindle-shaped tenocyte morphology is beneficial for
maintaining/restoring their native phenotype. Specifically, our results showed that
elongated cell shape, ie. high cell aspect ratio, eccentricity and compactness, is
correlated with SCX levels. However, a degree of heterogeneity in cell phenotype, i.c.
shape parameters and SCX levels, was observed especially for tendon imprints.
Explanations for this may relate to the imprinting technique that potentially disturbs
native architecture locally, or the fact that cells on imprints are exposed to a 2D surface
with more freedom to adopt a preferential shape, rather than the strongly confined 3D
in vivo environment. Despite that, the expression of tenocyte marker genes Sex, Den and
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Co/1al was still shown to be stabilized on tendon imprints, contrary to a decay observed
on flat surfaces.

The observation in the current study that osteogenesis (Runx2) increased on flat
surfaces, compared to imprints, was also observed in another study, using osteocalcin
and alkaline phosphatase as osteogenic marker genes 3. Possibly, this relates to the
increased proliferation rate on flat surfaces resulting in cell confluency, a phenomenon
that was previously linked to increased Rumx2 gene expression 42460, Although
tenocytes are the most abundant cell type in tendon tissue, depending on the location
of the cells within the tendon, a Sox9 positive subpopulation of tenocytes exists that is
located at the junction between bone and tendon/ligament .62, The expression of Sox9
was previously shown to remain stable when tenocytes were cultured, either cyclically
stretched or left unstretched, on microgrooved substrates, which induces an elongated
morphology 33. Therefore, the naturally present Sox9 gene expression level in elongated
tenocytes, which is stabilized on imprint surfaces, is lost on flat surfaces since the
differentiation process is initiated. Suggestively, different topographical cues present i
vivo in the tendon towards the enthesis, contribute to differences in phenotype of locally

present cells.

Healthy tendon comprises of relatively quiescent tenocytes, whereas proliferation
increases during the remodelling phase of tendon during healing, during which the
strong tissue anisotropy is absent ©. In analogy, tendon imprints resulted in suppression
of proliferation, when compared to flat surfaces. Similarly, proliferation capacity of
human mesenchymal stem cells is also lower on aligned collagen fibers or anisotropic
topographies, compared to randomly oriented substrates . One explanation for
different proliferation rates on different topographies is a difference in cell shape and
alighment of stress fibers, as previously shown . In elongated smooth muscle cells
(SMCs), DNA synthesis was decreased, indicating that the directed cell spreading can
be positively linked with DNA synthesis and thus cell proliferation %. A possible
underlying mechanism for this could relate to NOR-7, a gene involved in SMCs
proliferation. NOR-7 expression is among others modulated by protein kinase C (PKC).
In elongated cells, the activity of protein kinase C was shown to be decreased, which
was associated with a decreased INOR-7 expression and thus ultimately decreased cell
proliferation ¢. Considering the similarities in shape influences between SMCs and
tenocytes, this could be a possible explanation. Another, or additional, explanation is
that changes in cell proliferation are linked to surface-topography-induced
mechanotransduction. Surface topography was shown to alter integrin activation and
focal adhesion dynamics, which affects cell proliferation 676, Flat surfaces results in
specific cell spreading and integrin binding, resulting in focal adhesion kinase

phosphorylation and activation, which in turn activates the ERK pathway, cyclin D1,
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and finally the G1-S cell cycle transition . However, activation of integrins a5 and o6
have been shown to create the opposite effect 7. This indicates that the exact
mechanism by which tenocyte proliferation is coupled to cell shape, surface topography,
mechanotransduction pathways and specific integrin recruitment on tendon imprints
should further be explored.

The use of tendon imprints in research has several advantages. Firstly, the production
of tendon imprints requires only PDMS, polystyrene and tools to perform soft
embossing; therefore, upscaling the production can be cheap and fast. Secondly, they
bear the potential to be used as a model system to study the molecular mechanism
behind the dedifferentiation and re-differentiation process, including the role of surface
topographies on the activation of mechanotransduction pathways. Thirdly, the
imprinting technology is facile enough that it can be applied to any polymer that does
not degrade above 140°C. Therefore, in addition to the influence of healthy tendon
surface topography, the effect of other polymers on tenocyte phenotype can be
investigated. Finally, the technique also allows imprinting the pathogenic or damaged
tendon topography on polystyrene; therefore, the role of altered surface topography on
tenocyte phenotype can be further explored 7 vitro.

Conclusion

This study shows that tenocyte cell shape and expression of tenogenic marker genes
drastically change during ## vitro subculture, which leads to decreased tenogenic
characteristics. Furthermore, we demonstrated that tendon imprints, which carry the
topological cues from the native tendon, led to an elongated cell shape and resulted
maintenance in the expression of tenogenic-associated markers genes, which is
positively correlated with elongated cell and nuclear shape parameters, i.e. aspect ratio,
compactness and eccentricity. Overall, results of this study support the concept of cell
shape-to-phenotype in tenocytes and stresses the role of surface topography on
tenocyte phenotype.

Materials and Method

Tendon tissue imprinting

Fresh porcine Achilles tendons were obtained from crossbreeds of Great Yorkshire and
Dutch land pigs aged between 6-8 months old and between 85-95 kg of weight, supplied
by a local slaughterhouse (Compaxo Meat B.V, the Netherlands). Muscle, fat, bone-like
tissues, synovial sheath, and paratenon were aseptically dissected and the remaining
tendon was cut into 1em? blocks and stored at -80 °C. Frozen tendons were embedded
in a mixture of polyvinyl alcohol and polyethene glycol (OCT, Sakura) and fixed to the
cutting base plate of a cryotome (Leica CM1950) after which longitudinal sections were
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cut with a thickness of 300 um. Sections were washed with PBS and stored at -80 °C
until use.

Tendon sections were thawed at room temperature for 30 minutes and placed in a 6-
Well plate. Polydimethylsiloxane (PDMS, Dow Corning Sylgard 184, 4019862) was
mixed with curing agent at a ratio of 10:1 (w/w) and mixed vigorously. In order to
remove the air bubbles, the mixture was centrifuged at 3000 G for 10 minutes and
poured on tendon sections. They were allowed to cure for 48 hours at room temperature
on a stable flat surface. Then, the tendon section was peeled off from the PDMS
resulting in a negative imprint of a tendon on PDMS. In between two glass slides, a
negative imprint of PDMS was placed onto a polystyrene film (PS,GoodFellow) and
pressed together with clamps and incubated at 140°C for 30 minutes. Flat surfaces were
prepared by performing the same embossing method but using a flat PDMD mold. In
order to allow cell attachment, polystyrene surfaces were oxygen plasma treated for 45
s at 75 mTor, 50 sccm O2, and 50 W.

Isolation of rat tenocytes

Rat tenocytes were isolated from the Achilles tendon of 23 weeks old Cypla2ren strain
rats, after euthanization due their surplus status from the breeding program. Briefly,
tendons were cut into small pieces and digested in a buffer containing 3mg/ml
collagenase type II (Worthington Biochemical), 4mg/ml dispase II (Sigma-Aldrich) and
100 U/ml Penicillin/Streptomycin (Thermo Fisher Scientific) for 4 hours at 37°C in a
humidified tissue culture chamber with 5% CO2. Then, the suspension was passed
through a 70 mm cell strainer (Life sciences) to obtain a cell-only suspension. The cell
suspension was centrifuged at 300 G for 5 minutes and re-suspended in Dulbecco's
modified Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine
setum (FBS), 100 U/ml penicillin/streptomycin. Cells were cultured in T-25 flasks until 70%

confluency.

Sterilization of tendon imprints and cell culture

Sterilization of flat and tendon imprints was performed by incubating the materials in
70% ethanol for 1 hour, and remaining ethanol was air-dried under sterile conditions.
Next, samples were incubated with sterile PBS for 30 minutes at 37°C and subsequently
with culture medium for 30 minutes at 37°C before use. Rat tenocytes were seeded on
the surfaces at a density of 5000 cells/cm? in Dulbecco's modified Eagle's medium
(DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS) (Sigma-
Aldrich) and 100 U/ml penicillin/streptomycin (Thermo Fisher Scientific). Cells were
trypsinized once they reached 70% confluency. Tenocytes at passage 4 were used, unless
stated otherwise.
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RNA isolation and quantitative PCR (RT-qPCR)

Total RNA from each sample was isolated based on the protocol described in the
RNeasy Mini Kit (QIAGEN). The yield and the quality of the RNAs obtained after
RNA isolation is demonstrated in supplementary table 1. Reverse transcription was
carried out based on the protocol provided by iScript™ Select cDNA Synthesis Kit
(Bio-Rad). Quantitative PCR was performed by using iQ™SYBR® Green Supermix
(Bio-Rad) by using the Bio-Rad CFX manager. Ribosomal Protein L.13a (Rp/73a) was
used as a housekeeping gene and relative expression was determined using the AACt
method. Primer sequences are listed in table 1.

Immunofluorescence staining of Scleraxis

Cells attached to flat or tendon imprint surfaces were fixed at day 1, day 3 or day 7 after
the start of culturing with 4% paraformaldehyde (PFA, ThermoFisher Scientific) at
room temperature for 20 minutes and then washed with phosphate-buffered saline
(PBS, Sigma-Aldrich), twice. Next, samples were permeabilized with 0.5 % (v/v) Triton
X-100 in PBS for 10 minutes at room temperature. After permeabilization, cells were
blocked with 1:100 horse serum in PBS for one hour at room temperature. Afterwards,
samples were incubated in primary antibody for Scx (1:200; Abcam; ab58655) dissolved
in 0.01% (v/v) Triton X-100 and 0.5% BSA in PBS overnight at 4°C. Next, cells
were washed with 0.01% (v/v) Triton X-100 and 0.5% BSA in PBS three times
and incubated with anti-rabbit secondary antibody conjugated to Alexa Fluor 647
(1:200; ThermoFisher A27040), together with Phalloidin—Tetramethylthodamine B
isothiocyanate (Phalloidin-TRITC, 1:200; ThermoFisher) in PBS with 0.01% (v/v)
Triton X-100 and 0.5% BSA in PBS for 1 hour. Nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPI, 1:500; Sigma-Aldrich) for 1 hour after washing. Finally, samples
were mounted on glass cover slides with mounting medium (Dako, Agilent). Imaging
was performed by using Leica DMi8 with a TIRF Multi Color microscope (Leica
Microsystems CMS) with lasers at excitation wavelengths of 532 nm and 647 nm, for
phalloidin and scleraxis respectively.

EdU labelling

In order to identify the proliferating cells, Click-iT™ EdU Cell Proliferation Kit
(Invitrogen, C10340) for Imaging (Thermo Fisher) was used based on the
manufacturer’s instructions. Briefly, tenocytes were serum-starved for 24 hours prior to
EdU labelling in order to set the biological clock of the cells equally. Samples were fixed
with 4% paraformaldehyde (PFA, ThermoFisher Scientific) at room temperature for 20
minutes and permeabilized with with 0.5 % (v/v) Triton X-100 in PBS for 20 minutes
after 24 hours of incubation in 10 uM EdU solution. Afterwatds, cells were treated with
EdU reaction cocktail for 30 minutes in the dark and incubated in Hoechst for another
30 minutes. Images were taken with a Leica DMi8 with TIRF Multi Color microscope
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(Leica Microsystems CMS) at 20x magnification. The reported number of proliferating
cells was reported as the number of EAU labelled cells/total number of cells.

Atomic force microscopy (AFM) and Profilometer

Tendon imprints were imaged for surface architecture by using a tapping mode atomic
force microscopy (AFM; XE-100, Park Systems) by using non-contact cantilevers (PPP-
NCHR, Park Systems). Data were recorded with XEP software and GWYDDION
software was used to image the data. A Keyence VK-H1XM-131 at 20x magnification
was used for profilometer images.

Scanning electron microscopy (SEM)

Samples were fixed with 2.5 % glutaraldehyde (Fisher Scientific) at room temperature
for one hout. Then, they were washed with distilled water 3 times for 10 minutes,
dehydrated in 25%, 50%, 75%, 90%, and 100% ethanol for 15 minutes each, and
incubated in 100% ethanol for an additional 15 minutes. Next, samples were dried in
Hexamethyldisilazane (HMDS) (Sigma-Aldrich) for 1 hour. Prior to imaging, samples
were coated with 5 nm gold-palladium and imaged using a scanning electron microscope
(SEM) (FEI Quanta 3D FEG Dual Beam).

Image analysis

An image analysis pipeline was created in CellProfiler version 3.19. To calculate
expression levels of SCX and other shape parameters, 3-4 random images from three
biological replicates was selected. Median values of all cells were per image calculated
by CellProfiler and used to calculate the Spearmen correlation between median SCX
intensity and cell shape parameters. Shape parameters were calculated by taking the
median value of all the cells in each single image, and subsequently depicted as a single
data point in the figures. This median was derived from ~70 cells per image in Fig. 1,
~40 cells per image in Fig. 3 & 5.

Statistical analysis

All statistical analyses were performed by using GraphPad Prism version 8.0 (GraphPad
Software, Inc., San Diego, CA). Student's t-test was performed to calculate statistical
difference between cell and nuclear areas. One-way analysis of variance (ANOVA) were
carried out to calculate the statistical difference in RT-qPCR experiments and calculate
cell/nuclear shape parameters between different passages and imprint vs flat surface.
Spearman correlation coefficient was calculated by GraphPad correlation calculation
option. For all statistical analysis, significance set at p <0.05 to determine the
significance between means. All quantitative data represented in this study are based on
triplicated experiments.
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Chapter VI

Cells dynamically adapt to surface geometry
by remodelling their focal adhesions and

actin cytoskeleton

ells probe their environment and adapt their shape accordingly via organization

of focal adhesions and actin cytoskeleton. In an eatlier publication, we

described the relation between cell shape and physiology e.g. shape-induced
differentiation, metabolism and proliferation in mesenchymal stem cells and tenocytes.
In this study, we investigated how these cells organize their adhesive machinery over
time when exposed to microfabricated surfaces of different topographies and adhesive
island geometries. We further examined the reciprocal interaction between stress fiber
and focal adhesion formation by pharmacological perturbation. Our results suggest that
the spatial organisation of adhesive sites determines the ability to form focal adhesions
and stress fibers. Therefore, cells on roughened surfaces have smaller focal adhesion
and less stress fibers. Transcriptomics analysis demonstrates how the cells further adapt
to a new surface by changing the expression of integrins. Our results further highlight
the importance of integrin-mediated adhesion in the adaptive properties of cells and
provides clear links to the development of bioactive materials.
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Cells dynamically adapt to surface geometry by remodelling their focal adhesions and actin cytoskeleton

Introduction

“Contact guidance” is a term coined by Paul Weiss in 1945 to describe that nerve cells
adapt their shape to geometrical patterns of the substrate on which they grow!, be it
epithelial hydra iz vivo> or microfabricated topographical surfaces 7 vifro3. It illustrates
that cells constantly probe their surrounding and adapt their interaction accordingly.
Cell shape, adhesion and actin organization are intricately linked in their relation to ‘the
topographical design of the substrate*>. This is very clear when comparing cells on flat
versus topographical surfaces. Flat surfaces lead to cells with very large focal adhesions
and abundant stress fiber formation and cells have a very high area and are flat>. On
topographies, cell area is typically smaller, cells are higher, have smaller focal adhesion
and have less stress fibersS. For instance, Cassidy ¢f a/. reported that mesenchymal stem
cells and osteoprogenitors have a spread morphology, higher surface tension and large
focal adhesions (bigger than 8 um in length) on flat surfaces whilst on grooved
substrates, cells were elongated and possessed smaller focal adhesions (1-5um in
length)’. Similatly, Baharloo e a/. demonstrated that epithelial cell area was larger on
smooth surfaces and had more and larger focal adhesions compared to roughened
surfaces?.

This phenomenon can be explained with the cellular tensegrity model that proposes
that cells are normally in a pre-stressed state which is actively created by the actomyosin-
based contractile appatatus of cells and coordinated with the cell's adhesion to the
extracellular matrix (ECM)*10. Tension can only be created when the surface on which
the cells grow permits it. For instance, cells on surfaces with high stiffness allow the
creation of high tension and force on focal adhesions without distortion of the matrix,
and thus allows larger focal adhesions and more tension in their cytoskeleton'!. Cells on
surfaces with low stiffness have smaller focal adhesions!!. On rigid substrates, cells
display high spreading and large and uniformly distributed focal adhesions compared to
softer substrates on which cells possess radially oriented focal adhesions with smaller
cell size!!-14, Similarly, cells have fewer adhesion points on roughened surfaces, and can
therefore create less tension via smaller focal adhesions!'>'7. In its turn, cell shape
follows the ability of the cells to form focal adhesions. The formation of focal
adhesions, actin cytoskeleton and the forces placed on it is well regulated and
determined by the geometry of the substrate.

The cells’ adaptation to substrate geometry has consequences for cell physiology's. The
material properties of ECM influence mechanosensitive signaling pathways, which
control the expression of genes involved in differentiation, proliferation and
metabolism*!%20, We and others have previously investigated the relationship between
surface topography and cell physiology in tenocytes?! and mesenchymal stem cells?.

Tenocytes possess a spindle-shaped morphology in their native tendon ECM but upon
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in vitro culture become spread with a bigger cell area and lower aspect ratio, as well as
an increased number of stress fibers and they lose the expression of typical tendon
marker genes, such as tenomodulin, scleraxis and mohawk?3. Rat tenocytes cultured on
tendon imprint and microtopographies led to elongated cell morphology, reduced cell
area, fewer stress fibers, and higher expression of scleraxis?#?5. The same was observed
in human mesenchymal stem cells, another frequently used cell type in tenogenic
differentiation studies2-30. The Rho/ROCK signalling pathway is one of the pathways
engaged in the link between adhesion and phenotype. Rho proteins are involved in
various biological processes including cell shape and actin cytoskeleton organization’!
and non-muscle myosin-II is involved in actin-myosin interactions®2. In several studies,
the involvement of Rho/ROCK/SRF signaling in tenocyte phenotype was
demonstrated by targeting this pathway with small molecules 2% 33-35,

In our previous reports, we focused particularly on the downstream phenotypic
consequences of different topographies on tenocytes?2-3 and mesenchymal stem
cells?. We demonstrated that tenocyte marker gene expression is induced on
topographic imprints of the tendons’ collagen bundles?> and that their expression
depends on Rho/ROCK signaling. Using our TopoChip platform, we recently reported
that human mesenchymal stem cells (hMSCs) gene expression and phenotypical
responses, such as differentiation, proliferation and apoptosis, strongly correlate to cell
shape?” and also found evidence that actin mediated signaling processes play a role based
on cell shape. Therefore, we hypothesize that tendon imprints and microfabricated
topographies influence focal adhesion formation and stress fibers in tenocytes and
mesenchymal stem cells.
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Results

Tenocytes display more punctate attachment on tendon imprint surfaces
To investigate the effect of the topographical environment on attachment, we cultured
primary rat tenocytes on polystyrene (PS) tendon imprints and flat control surfaces for
24 hours (Fig.1A). Tendon imprints reproduce the natural crimped architecture of
collagenous tendons, resulting in hills and valleys. Due to its heterogeneous nature, the
depth of the valleys varies between 5 pm to 20 pm and the frequency of the valleys and
hills varies. The heterogenic nature of the tendon imprint landscape is reflected in the
cell morphologies that we observe. Yet, we do see cleatly that tenocytes on imprints
displayed a morphology similar to 7z wivo tenocytes with an increased aspect ratio
(Fig.1C), i.e. they are less wide than a typical flat surface cultured tenocyte. Also,
tenocytes appeared to be flatter on the flat surface (Fig.1B) whilst cells on the tendon
imprint were higher. The length of the cells appeared to be the same. On the flat surface,
we observed filamentous (F)-actin stress fibers reaching from one end of the cells to
the other, as pointed in Fig.1A&B with red arrows, we did not observe such on the
imprints. Interestingly, cells on the imprint were not in continuous contact with the
surface. Rather, the cells were associated with the surface on an estimated dozen sites,
whereas large parts of the cell body were not in direct contact with the surface. In
contrast, cells on the flat surfaces seemed to be in contact over their full length.
Furthermore, both cells exhibit filopodia yet lamellipodia were more predominant in
tenocytes on the flat surface. Finally, we observed that cells on tendon imprint have
membrane invaginations sticking from the plasma membrane, similar to the
observations by Erlach e£al!® as illustrated with yellow arrows in Fig.1D. Overall,
tendon imprint results in a 3D cell shape with fewer adhesion sites, suggesting changes
in focal adhesion and actin cytoskeleton organization.
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Figure 1. Tendon imprints induce cell shape changes. (A) Tenocyte on flat surface. (B)
Higher magnification image of tenocyte on flat surface that illustrates cell adbesion points in higher
resolution. Red arrows indicate stress fibers. (C) Tenocyte on tendon imprint. (D) Higher magnification
image of tenocytes on tendon imprint. Filopodia are observed on both substrates.

Tenocyte shape and actin response are different on cells on the flat

surface and tendon imprint

To verify that tendon imprints affect actin organization, we monitored the dynamics of
actin organization and adaptation of cytoskeleton and cell shape on the flat surface and
the tendon imprint. We stained tenocytes with SiR-Actin and imaged them for 40 hours
(Supplementary video 1-2, Fig.2A&B). In cells on the flat surface at 2 hours, we
observed dorsal stress fibers, non-contracting actin fibers at the periphery of cell®®, and
ventral stress fibers, which are contracting actomyosin fibers located at the posterior
parts of the cells and have direct attachments to focal adhesions®. In recently divided
cells, stress fibers organized as cortical and transverse arcs, which are curved actin
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bundles that transmit contractile forces and through dorsal stress fibers3. As the cell
size increased, stress fibers became thicker and appeared more ventral and peripheral
(Fig. 2A, Supplementary video 1). Cells displayed a variety of shapes, migrated freely in
all directions, and constantly formed lamellipodia. Tenocytes on tendon imprint cells
migrated preferentially in the direction of the valleys (Fig. 2B, Supplementary video 2).
Furthermore, cells acquired the shape of the topography underneath approximately
within 40 minutes after cell division. Stress fibers were observed to be only in the long
axis of the cells (Fig. 2B, Supplementary video 2).

To quantify cell area and elongation tenocytes were fixed after 2, 4, 12 and 24 hours and
stained for F-actin (Fig. 2C&D). On the flat surface, we confirmed stress fiber
formation from 2 hours on, becoming thicker as the cells became larger (Fig.2C, top
panel). On tendon imprints, elongated cell morphology peaked after 24 hours (Fig.2C,
bottom panel) and cell area remained significantly less compared to the flat surface
(Fig.2D). Nonetheless, we observed more stress fiber formation in the cells on flat
surface than on tendon imprint. Therefore, we conclude that there is a dynamic change
in cell area and elongation in tenocytes upon culturing them on tendon imprint and flat
surface. Changes in cell shape seem to occur once a small number of stress fibers form
in the direction of contact guidance.
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tenocytes. (A) Snap-shots of
v tenocytes cultured on flat surface,
LA stained with SiR-Actin (purple) to
Wllustrate actin  cytoskeleton  and
stress fibers. Scale bars represent
100 um. (B) Snap-shots of tenocytes
cultured on tendon imprint, stained
with SiR-Actin (purple) to illustrate
actin cytoskeleton and stress fibers.
Scale bars represent 100 um. (C)
Tenocytes seeded on flat surface (top
panel) and tendon imprint (bottom
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cell aspect ratio (right) at different time points. The area of tenocytes on flat surface increased over time,
displaying dynamic enlargement overtime, whereas on tenocytes this remained at statistically similar
levels after 4 honrs. The cell aspect ratio on tendon imprint makes a peak after 24 hours yet remained
in similar values between 2 hours and 24 hours on flat surface. Scale bars represent 20 um. (Error
bars represent 95% confidence intervals, *p < 0.05, ****p<0.001). For all experiments, N = 3.

Surface topography guides stress fiber formation and cell shape in
human mesenchymal stem cells.

We previously noticed that human bone-derived mesenchymal stem cells (hMSCs)
dynamically adapt shape and physiology upon interaction with Topo10182, which is a
platform composed of uniquely designed micro-topographies. To see if changes in actin
organization run in parallel to those in cell shape, as it did in tenocytes, we seeded
hMSCs on a flat surface and Topol1018 and stained the actin cytoskeleton after 30
minutes, 2 hours, 4 hours, 12 hours and 24 hours (Fig. 3A). Cell area was similar 30
minutes after seeding but was significantly different between the flat surface and
Topo1018 surface already after 4 hours. On the flat surface, cell area kept increasing as
the cells were spreading, whereas on Topo1018 cell area stabilized after 2 hours (Fig.3B).
The aspect ratio remained similar from 4 hours onwards in hMSCs on the flat surface,
but on Topo1018 surface, there was a steady increase (Fig.3C), i.e. cells became thin
and elongated. Interestingly, cells on Topo1018 were mainly observed on top of the
pillars at 30 minutes, 2 hours and 4 hours, but after 12 and 24 hours they were mostly
confined between the pillars. On the flat surface, hMSCs possess transverse arcs and
dorsal stress fibers as we observed previously in tenocytes. From 4 hours on, we
observed that the thickness of stress fibers increased, and the actin cytoskeleton was
mainly formed by ventral stress fibers, reaching from one end of the cell to the other
(Fig. 3A-top panel). On Topol018, the switch in the location from pillar top to the
valleys coincided with the appearance of stress fibers in the main axis of the cells (see 4
hours versus 12 hours in Figure 3A). After 24 hours, the number of stress fiber was
smaller in hMSCs on Topo1018 surfaces than on flat surfaces.
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Figure 3. A(MSC shape and cytoskeletal organization on topography 1018 and flat
surfaces. (A) bMSCs cultured on flat surface and Topo1018 surface and stained with Phalloidin
to visualize F-actin (yellow) at 30 minutes, 2 hours, 4 hours, 12 hours and 24 hour time points. On
flat surface (top panel), transverse arcs and dorsal stress fibers are observed at 2 hours. This replaces
itself with thick ventral stress fibers after 4 hours. On Topo1018 surface (bottom panel), bMSCs are
on top of the pillars and stress fibers are observed on the lamellipodia on the bottom of the topography
at 4 hours. After 12 honrs, cells settled between the pillars and sit between the topographies and display
long and think stress fibers along their long axis. Scale bars represent 20 um. (B) Quantification of
cell area overtime showed that after 4 hours, the difference between cell area between hMSCs on flat
surface and Topo1018 surface becomes significant. (C) Quantification of cell aspect ratio suggests that
on Topo1018 surface there is a steady increase in cell elongation whilst on flat surface it stabilized after
12 hours. (Error bars represent 95% confidence intervals, *p < 0.05, **»<0.01, ****p<0.001).
For all experiments, N = 3.

Maturation of focal adhesion differs between cells on flat surface and
topographies

The effect of topography on actin organization suggests that the contact of cells with
the surface is different. To investigate this, we seeded rat tenocytes on tendon imprint

and flat surface and stained them for vinculin to measure focal adhesions length
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(Fig.4A&B). We observed a steady increase in focal adhesions length in tenocytes on
flat surfaces, consistent with the maturity of the stress fibers and an increase in cell area
(Fig.1C&D). On tendon imprints, we see only very few focal adhesions at early time
points but more after 24 hours. However, focal adhesions length does not seem to
increase, which is in line with stress fibet formation and cell area. We observed a similar,
even more, pronounced response on Topo1018. 30 minutes and 2 hours after seeding,
we did not observe focal adhesions and those that appeared later are at the end of stress
fibers at the bottom, confined between the pillars, but not on the pillars. The focal
adhesion length is consistently lower in hMSCs on Topo1018 than on flat surface. These
data show that the maturation of stress fibers and focal adhesions is in sync with the
topographical information provided by the surface on which they grow.
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Figure 4. Surface topography modulates maturity and position of focal
adhesions. (A) Rat tenocytes cultured on flat surface and tendon imprint for 2 hours, 4 honrs, 12
honrs and 24 hours, and stained for Vinculin (fair grey color) and pointed with red arrows. Scale bars
represent 20 um. (B) Quantification of focal adbesion length indicates that on flat surface, as the cells
become larger, focal adbesions become longer indicating their maturation. On tenocytes on tendon
imprint, focal adbesion length is significantly smaller compared to flat surface in all-time point. (C)
bMSCs cultured on flat surface and Topol1018 surface for 30 minutes, 2 hours, 4 hours, 12 hours
and 24 hours, and stained with Vinculin (fair grey color) and pointed with red arrows. Scale bars
represent 20 um. (D) Focal adbesion length increases steadily in cells cultured on flat surface. On
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Topo1018 surface, we did not observe focal adbesions after 30 minutes and 2 hours, and from 4 hours
on, their length remained at similar levels and significantly shorter compared to their flat surface
counterparts. (Error bars represent 95% confidence intervals, ****p<0.001). For all experiments, N
= 3. (EA= focal adhesion)

Spatial organization of adhesive islands steers focal adhesion formation,
actin cytoskeleton and cell shape

We next wondered whether contact guidance is necessary for guiding cell shape, i.e. if
the confinement imposed by the third dimension of the topography is required for the
spatial organization of focal adhesions and F-actin that we observe on topographies. To
this end, we used the Galapagos library of binary adhesive micropatterns, in which 2074
different islands of RGD peptides are produced on a glass substrate based on the pillar
design of the TopoChip (manuscript in preparation). hMSCs were cultured for 4 hours
on the Galapagos chip and stained for F-actin and paxillin (Fig.5). On the control
surface, covered with a continious lawn of RGD peptides, lamellipodia were observed
randomly and ventral stress fibers are associated with long focal adhesions, indicating
high cell tension (Fig.5A). When cells are seeded on small islands which are close to
each other, we observed that cells tend to generate more adhesive sites and display a
spread morphology and high numbers of lamellipodia (Fig.5B). We observed thick
ventral stress fibers with long focal adhesions at each end, indicating high tension in the
cells. On small islands separated by 10-15um of non-adhesive surface, the cells
anchored themselves on a limited number of islands, with focal adhesions having firm
ground on the islands and stress fibers attached to them. We also searched the
Galapagos chip for cells with a high aspect ratio resembling tenocytes. We found them
on surfaces in which islands were relatively close together in one direction but separated
in the other direction (Fig.5C&D). On these islands, not only the shape was like
tenocytes on tendon imprint, we also observed that focal adhesions were located at the
extremities of the cells, with a smaller number of stress fibers than on the fully RGD
covered surface. This demonstrates that cell shape is also guided by the availability of
adhesive sites and the possibility to build stress fibers.

131



Chapter VI

Figure 5. Cell shape
can be controlled by
the spatial
organization of
adhesive  islands.
(A) bMSCs are cultured
surfaces fully covered with
RGD or 2D
micropatterns for 4 hours
and  stained — with
Phalloidin to visualize F-
actin - (yellow) — and
Paxillin (magenta).
Adhesive  islands — are
presented  in  magenta.
Scale bars represent 50

UL

Interfering with integrin-mediated cell adhesion alters cell shape and
focal adhesion length

The results so far show that cell shape depends on the spatial organization of the surface
on which the cells grow. Next, we wanted to investigate how cell shape depends on the
organization of the cell’s adhesive machinery, by blocking the interaction between
integrins and the extracellular matrix. We grew hMSCs on surface Topo1018 and a flat
control for 4 hours, the earliest time point at which we detect focal adhesions on
Topol018 surface and cell size are significantly different. Culture medium was
supplemented with peptide Gly-Arg-Gly-Asp-Ser-Pro-Lys (GRGDSPK) or Gly-Arg-
Gly-Asp-Ser-Pro (GRGDSP), which bind to integrins and thus block integrin-ECM
interaction. Peptide Gly-Arg-Ala-Asp-Ser-Pro (GRADSP) was used as a negative
control (Fig.6A). On the flat surface, stress fibers appeared of similar thickness and
pattern in control (no RGD peptide supplemented) and GRADSP condition and cell
area and F-actin intensity were the same. Similarly, on Topo1018 surface, cell area and
F-actin intensity remain similar between control and GRADSP groups. In the presence
of the integrin-binding peptides GRGDSPK and GRGDSP however, hMSCs on flat
had more dorsal stress fibers, lost their lamellipodia and became more rounded. Peptide
GRGDSP also resulted in cells with a smaller area (Fig.6B, top panel) and cells treated
with GRGDSPK had smaller focal adhesions, demonstrating the biological activity of
the peptides. Remarkably, treatment with either peptide leads to complete loss of focal
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adhesions in 1018. Increased F-actin intensity was observed (Fig.6C&D) although the
ventral stress fibers reaching from one end to the other end appeared to be lost upon
RGD peptide supplementation (Fig.6B, bottom panel). Ironically, this did not affect cell
size. Overall, these results indicate integrin-blocking RGD peptides has a drastic effect
on focal adhesions organization on topographical surfaces. Furthermore, interfering
with cell adhesion indeed changed the organization of the F-actin.
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Figure 6. Interfering with integrin-mediated cell adhesion via RGD peptides
leads to changes in stress fibers and focal adhesion length. (A) An illustration of the
action mechanism of the peptides used in this study: Gly-Arg-Gly-Asp-Ser-Pro-Lys (GRGDSPK)
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and Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) to inhibit integrin-mediated cell adbesion and used Gly-
Arg-Ala-Asp-Ser-Pro (GRADSP) as a negative control. (B-Top panel) On flat surface, control and
GRADSP treatment resulted in similar cell shape and stress fiber appearance. GRGDSPK and
GRGDSP treatment altered the stress fiber pattern to a more dorsal stress fiber appearance. Scale bars
represent 20 um. (B-Bottom panel) On Topo1018 surface, we observed changes in cell shape and stress
fiber structure. Scale bars represent 20 um. (C) Quantification of cell area of cells cultured on flat and
Topo1018 surfaces and treated with peptides. (D) Quantification of F-actin intensity of cells cultured
on flat and Topo1018 surfaces and treated with peptides. (E-Top panel) Focal adbesions of hMSCs
cultnred on flat surface (grey) are pointed with a red arrow. In control groups, the length of focal adbesions
remains similar yet GRGDSPK and GRGDSP treatment resulted in smaller focal adbesions. Scale
bars represent 10 um. (E-Bottom panel) Focal adbesions of hbMSCs cultured on Topo1018 surface
(grey) are pointed with a red arrow. In control groups, the length of focal adbesions remains similar,
however, we did not observe focal adbesions on GRGDSPK and GRGDSP treated groups. Scale bars
represent 10 wm. (D) Quantification of focal adhesion length of cells cultured on flat and Topo1018
surfaces and treated with peptides. (Error bars represent 95% confidence intervals, **p<0.01). For all
experiments, N = 3. (FA=focal adbesion)

Next, we did the opposite experiment, i.e. increase integrin affinity to ECM, by adding
Mn?* to the culture medium in which hMSCs grew on flat and 1018 surfaces. (Fig.7).
On flat, we observed a strong increase in cell area and a profound increase in F-actin
intensity. Mn?* treated cells have very thick stress fibers, indicating that they induce
integrin/ECM interaction and thus affect focal adhesion organization and cell shape.
(Fig.7B, left panel, Fig.7C&D). On 1018 surfaces too, Mn?* treatment led to the
formation of larger cells with thicker stress fibers (Fig.7B, right panel, Fig.7C&D),
demonstrating a correlation between cell area and strength of adhesion of the cells to
the surface. However, despite the visible change in cell area and F-actin organization,
focal adhesion size did not noticeably change upon addition of Mn?* on either flat or
1018 surface (Fig.8).
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Figure 7. Small molecules that influence integrin signaling, actin polymerization
and microtubule stability affected the actin cytoskeleton. (A) An illustration of the
action mechanism of the small molecules used in this study: Mn?* to activate integrin signaling and
induce F-actin polymerization, parbendazole to induce F-actin polymerization and degradation of
miicrotubules, paclitaxel to compromise F-actin polymerization and stabilize microtubule assembly (B-
Left panel) Treatment with Mn?* and parbendazole increased the thickness of the ventral stress fibers
whilst paclitaxel treatment lead to the formation of thinner stress fibers compared to control groups.
Scale bars represent 20 um. (B-Right panel) On Topo1018 surface, similar to flat surface, we observed
that stress fibers become thicker and cells attached to the bottom of the surface upon Mn?* and
parbendazole treatment. Scale bars represent 20 um. (C) Quantification of cell area of cells cultured on
flat and Topo1018 surfaces and treated with small molecules. (D) Quantification of F-actin intensity
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of cells cultured on flat and Topo1018 surfaces and treated with small molecules. (Error bars represent
95% confidence intervals, *p<<0.05, ***»<0.005). For all experiments, N = 3.

Actin organization is essential for cell shape

We next questioned how increasing or reducing actin polymerization affects focal
adhesion formation, stress fiber formation and cell shape (Fig.7). As expected,
treatment of hMSCs grown on flat surfaces with the microtubule inhibitor parbendazole
led to increased actin polymerization with very pronounced stress fibers (Fig.7B), as
reported previously®. Furthermore, parbendazole treatment resulted in significantly
larger cells and increased F-actin intensity compared to untreated controls (Fig.7C&D).
The compound paclitaxel compromises F-actin polymerization and has the opposite
effect: cells have fewer stress fibers and cell area is reduced 1.5-fold compared to
untreated control and 4-fold compared to parbendazole treated cells on the flat surface
(Fig.7C). On topography 1018, parbendazole treatment resulted in a significant increase
in the cell area, as well as the intensity in the filamentous actin intensity (Fig.7C&D).
Similar to our observations on the flat surface, paclitaxel treatment of the cells on
Topo1018 surface resulted in a 7.5-fold decrease in cell area compared to parbendazole
treated counterparts and a 3-fold decrease compared to untreated controls (Fig.7C&D).
Furthermore, paclitaxel treatment in both flat and Topo1018 surfaces resulted in the
change of the organization and phenotype of stress fibers. Contrary to parbendazole
treatment, which leads to the formation of thick ventral stress fibers, paclitaxel
treatment results in the formation of mainly thin dorsal stress fibers and transverse arcs.
Finally, we did not notice a change in focal adhesion length upon parbendazole or
paclitaxel treatment (Fig.8). These results suggest that manipulation of actin
organization can be independent of the maturation of the focal adhesions.
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Figure 8. Small molecule targeting microtubule stabilization resulted in shorter
focal adhesions. (A) We cultured bVSCs on flat and Topo1018 surfaces and treated them with
small molecnles targeting integrins (Mn?+), F-actin and microtnbules (Paclitaxel and parbendazole)
and we stained them with vinculin to visualize focal adbesions and pointed them with red arrows. Scale
bars represent 10 um. For all experiments, N = 3.

Cells with different stiffness display similar responses to tendon imprints
So far, we manipulated cell adhesive properties by changing the surface or by
biochemically interfering with the adhesion and actin cytoskeleton. An alternative
approach to investigate the effect of topography on cell shape is to culture cells with
reported different stiffnesses and adhesive properties*#! and observe their response.
For this, we seeded different cell types whose origin tissues have different stiffness,
namely monocytes from blood, human umbilical vein endothelial cells (HUVEC),
hMSCs from human bone marrow, chondrocytes from cartilage and HeLa cells from
cervical cancer tissue (Fig. 9A). All cells adhered well to the surfaces, with the clear
formation of stress fibers, except for monocytes that did adhere to the surface but did
not spread. Monocytes are the smallest cell type that we selected with the least adhesive
properties and upon culturing on tendon imprint, cell shape did not change as cell size
is too small to detect the topographical cues on tendon imprint (Fig. 9B,C&H). HUVEC
and chondrocytes have similar cell area (Fig.9D&F) and the contact guidance was clearly
observed. However, HUVEC display an increase in the cell aspect ratio and cell area
remain unchanged in both conditions (Fig. 9B, D & I). hMSCs and HeLa cells are the
largest cells and again orient themselves based on the topographical cues underneath
(Fig. 9B). Furthermore, in both cell types, cell area and aspect ratio changed, indicating
that cell area is an important parameter for cells to organize their actin cytoskeleton.
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Figure 9. Different cells on tendon imprint undergo similar changes in cell area
and aspect ratio. (A) Panel illustrating the stiffness of tissues in which the monocytes, HUVEC,
bMSCs, chondrocytes and Hel a cells originate from. From left to right, tissue stiffuess increase. (B)
Phalloidin (yellow) and DAPI (red) staining of monocytes, HUVEC, HMSCs, chondrocytes and
Hel a cells cultured after 24 hours of culture on flat surface and tendon imprint. Scale bars represent
100 um. (C-G) Quantification of cell area remained in similar values in all cells except for Hel a cells
on tendon imprint. (F-G) Quantification of cell aspect ratio shows that tendon imprint leads to a
significant increase in the cell aspect ratio of BbMSCs and Hel a cells (Error bars represent 95%
confidence intervals, *p<0.05, ****p<0.001). For all experiments, N = 1.
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Small molecules interfering with actin polymerization lead to a decrease
in tenocyte phenotype

So far, we demonstrated that cells dynamically adapt their cytoskeletal organization to
the surfaces that they attach to, and previous studies emphasized the role of cell shape
on their phenotype. In addition, we previously demonstrated that the decrease in the
actin stress formation and myosin contraction leads to a decrease in the expression of
tenocyte marker genes declines in hMSCs cultured on Topo1018 surfaces?. In order to
validate this phenomenon in tenocytes on tendon imprint, we cultured rat tenocytes on
tendon imprints and exposed them to Y-27632 to inhibit Rho-associated protein kinase
(ROCK), CCG-203971 to target Rho/MRTF/SRF and blebbistatin to block non-
muscle myosin-II for 24 hours. (Fig.10).

As shown above, tenocytes possess thick ventral stress fibers and spread out cell
morphology on flat surface, whilst tendon imprints induce an elongated shape with
reduced number of stress fibers. When treated with the small molecules, actin
organization was compromised, and tenocytes lost their intact cytoskeleton (Fig.10A).
The expression of tenomodulin (TNMD) was measured as a marker for tenogenic
differentiation. The tendon imprint induced TNMD expression relative to flat,
confirming that stress fibers and large focal adhesions negatively correlate with
tenogenesis. It was therefore surprising to see that TNMD expression declined when
the actin inhibitors were added to tenocytes on imprint surfaces. Although our results
are in line with the current literature on the regulation of Rho/ROCK signaling on
tenogenic differentiation or tenocyte phenotype maintenance’35, this could also
indicate the presence of other regulatory systems and there are more to discover the
crosstalk between tenocyte phenotype and Rho/ROCK signaling.
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Figure 10. Actin modifiers affect tenocyte phenotype on tendon imprint. (A1) Rat
tenocytes cultured on flat surface and tendon imprint with additional inbibitors (Y-27632 to target
ROCK, CCG-203971 to target Rho/ MRTF/SRE and Blebbistatin to target Myosin 1) targeting
the actin cytoskeleton formation. Cells on the flat surface possess thick ventral stress fibers whereas this
was not visible in tendon imprint control and tendon imprint with DMSO supplementation. When
treated with small molecules, intact cell shape was lost. Scale bars represent 50 um. (B) Quantification
of TNMD shows that on tendon imprint, without any inhibitors targeting actin machinery, its level is
increased compared to flat surface. Upon treatment with small molecules, TNMD levels significantly
decline. (Error bars represent 95% confidence intervals, **p<0.01, ****p<0.001). For all
experiments, N = 2.

Cells modulate the expression of integrin genes based the topographical
context

Based on what we presented so far, tenocytes dynamically respond to topographies by
organizing their actin cytoskeleton and focal adhesions to fit the topographical reality
and they change the expression of tenomodulin. We were interested to learn if tenocytes
modulate the expression of integrins based on the topographical context. Therefore, we
analyzed the transcriptome profile of dedifferentiated tenocytes growing on flat
polystyrene 7 vitro versus those of native iz vivo rat tenocytes from a previously
published study*2. Figure 11 shows a Volcano plot with differentially expressed genes
and with the names of the integrin related genes depicted, with negative fold change
being higher expressed in vitro and vice versa. Obviously, tenocytes do change the
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expression of integrin related genes. Tenocytes express more I#ga77, which encodes for
the protein a1l integrin monomer (12-fold change compared to iz vivo tenocytes). The
subunit a11 forms the integtin a11f1 dimer and I#gb7 is also among the differentially
expressed genes for dedifferentiated tenocytes. Another integrin encoding gene, I#gav,
which encodes subunit av, is highly expressed in 7 vitro tenocytes.
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Discussion

Previously, we demonstrated that mesenchymal stem cells?-3743, tenocytes242530 and
pre-hypertrophic chondrocytes* actively organize their cytoskeleton upon exposure to
topography, and described its phenotypic consequence on differentiation, phenotype
maintenance, proliferation and metabolism. In this manuscript, we zoom into the cell-
biomaterial interface. We describe how rat tenocytes and human mesenchymal stem
cells adopt their focal adhesions on surfaces with different material properties, and how
this reflects on the cytoskeletal organization of the cells. We demonstrate that the
dynamic organization of the actin cytoskeleton starts very early upon cell attachment
and the difference in cell shape becomes more pronounced over time. We provide
further evidence on the link between focal adhesion maturation and changes in the
actin-stress fiber profile and emphasize this link by interfering with cell adhesive
properties. Finally, our results confirm the theory on the influence of cell shape on
phenotype and the involvement of Rho/ROCK signalling in it. Overall, the results
reported in this manuscript support our hypothesis regarding the involvement of
adhesion molecules in cell morphology and further expands the knowledge on the
dynamic adaptation and organization of the cell-biomaterial interface.

Dynamic organization of the actin cytoskeleton to adapt to the surrounding extracellular
matrix occurs immediately after cell attachment. Curtis ¢f 2/ used interference reflection
microscopy to visualise changes in the shape of embryonic chick heart fibroblasts eatly
upon cell attachment®. Pierres e a/. illustrate that initial cell attachment occurs via the
formation of small protrusions in a “tiptoe-like” manner to probe the surrounding space
and full attachment occurs after tens of seconds*. Similarly, fibroblasts organize their
shape on fibronectin patterns via contact guidance within 30 minutes*’ but significant
topography-guided differences in cell morphology take up to hours in endothelial cells*8
and human osteosarcoma-derived cells®. These results are in line with our findings that
rat tenocytes adapt to the tendon topography eatly upon attachment yet differences in
cell elongation and area become only outspoken after 24 hours, which coincides with
the moment that prominent actin stress fibers become visible. Interestingly, it took
hMSCs only 4 hours to acquire a significant difference in cell area on micro-
topographies. This suggests that adaptation of cell shape is highly dependent on cell
type and topographical properties. Monocytes, for instance, maybe too small to perceive
contact guidance provided by the tendon imprint in this manuscript, whereas we saw
clear changes in cell shape previously on some TopoChip-derived topographies™. Tong
et al. reported that fibroblast-like cells adapt their cytoskeleton and become more
elongated in response to a tendon biomimetic surface topography compared to
epithelial-like cells®!. In their paper, in contrast to our results, Hela cells did not show
contact guidance. It is unclear what causes this difference.

143



Chapter VI

As the cues from the surrounding microenvironment to the actin cytoskeleton is
mediated through focal adhesions, we hypothesized that the dynamic alterations in cell
shape and stress fiber phenotype is associated with focal adhesion maturation. It is
known that larger focal adhesions indicate higher cellular tension and come with thick
ventral stress fibers2. For instance, epithelial-like cells spread more on smooth surfaces
and created longer focal adhesions compated to those on rough surfaces® indicating
stronger adhesion and cellular tension on smooth surfaces. Abagnale ¢f 2/. demonstrated
that pluripotent stem cells'* and hMSCs>? on aligned topographies have a higher aspect
ratio, smaller cell size and smaller focal adhesions whilst cells on flat surfaces have the
larger surface area and focal adhesions. An interesting study by Yang ¢f a/. showed that
focal adhesions are not necessarily biggest on flat surfaces. They showed that in hMSCs,
the size of focal adhesions per cell become 275 um? and 260 um? when the distance
between the microgrooves are 0.5 ym and 3 pm, respectively>*. The area of focal
adhesions was measured around 150 pm? on flat surface, and microgrooves with
distances of 10 um and 30 pm and focal adhesion size correlated with higher cell
stiffness3%. We observe this link between cell area and focal adhesion maturation in both
rat tenocytes and hMSCs. Over time, parallel to the increase in the cell size, focal
adhesion length increases. Furthermore, we provide further evidence on the link
between stress fiber and focal adhesion maturation. As the cells grow and spread on the
flat surface, the tension in the cells increases and this is balanced with the maturation of
the focal adhesions, therefore, supporting the cellular tensegrity model’. On
topographies, considering that cell spreading is already limited by the surrounding
topography, apparent ventral stress fibers and the length of focal adhesions decrease,
cells have less tension in their cytoplasm.

Cellular tension also results in the recruitment of more or different integrin receptors
to the focal adhesion. In cell suspension, gene expression of Igfa2 and Igta4 in MG-63
osteosarcoma cells was upregulated after 4 hours, however, upon culturing on a
substrate allowing cell attachment, same integrins were not expressed®. Similarly,
integrins a531 and av33 modulate the organization of the actin cytoskeleton in response
to changes in surface stiffness or cyclic stretching®. The same study demonstrated that
avB3 expression is enhanced when cells are cultured on lower stiffness ranges.
Furthermore, Elosegui-Artola ¢f al. demonstrated that sensing and adaptation to matrix
rigidity are determined by different integrins>’. Constitutively expressed a5p1 integrins
in healthy tissue or selectively expressed avf6 integrins in malignant tissue allows cell
attachment, force regeneration and further integrin recruitment®’. Furthermore,
changes in the expression of integrins reflect on the focal adhesion points. For instance,
when human fibrosarcoma cells were cultured on fibronectin-coated polyacrylamide
gels, focal adhesion kinase (FAK) activation occurred through integrin «581, and its
activity increased proportionally to substrate rigidity>s. However, on collagen-coated
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polyacrylamides, FAK is activated by integrin a281 and its activity was similar in soft
and rigid substrates®8. Similarly, expression of @547 and av33 in smooth muscle cultured
on fibronectin-coated coverslips was higher than cells on laminin-coated surfaces®.
Further evidence was put forward by Cassidy eza/ who show osteoprogenitors and
MG63 human osteoblast-like cells follow the contact guidance on 240 and 540 nm deep
grooved surfaces and develop a smaller number of super mature focal adhesions (more
than 5 pm in length) yet more focal complexes (less than 1 um in length) compared to
flat controls which allowed cell spreading’. The same study also reports that the
expression of ITGAT is declined in hMSCs cultured on microgrooves compated to
those cultured on flat surface’. In agreement with the current literature, we report
differential expression of integrins in both tenocytes and hMSCs. Expression of av
integrins induced formation of large focal adhesions in mouse fibroblasts®, which is in
line with our findings on increased expression of I#gav in 7n vitro tenocytes, compared to
in vivo tenocytes. Similarly, in our recent studies*?’, we report an increase in the
expression of ITGAT1, ITGAT0 and ITGB2 in hMSCs cultured on microtopographies
compared to flat surface, and with this study we demonstrate that this difference is also
observed in the level of focal adhesion maturation and cytoskeletal organization.

The strength of the adhesion between ECM and integrins determines cell shape and
stress fiber formation, and here we provide further evidence by treating hMSCs with
RGD peptides. Essentially, RGD is a peptide sequence found in cell-adhesive proteins
(e.g. fibronectin and vitronectin) and binds to specific integrins, such as integrin 81, 33
and B35 subunits and ultimately influence the actin cytoskeleton »ia focal adhesion
complexes®!. The influence of RGD peptides on the strength of cell adhesion can be
measured by using atomic force microscopy (AFM). For instance, AFM was employed
to measure the adhesion strength of zebrafish primary mesendodermal progenitors to
fibronectin substrates and it was reported that when cells were treated with soluble
RGD, less force was needed to detach them from the surface$?. However, neither on
flat surface nor on topographies cell adhesion cannot be fully abolished with RGD
peptide treatments®62, and in fact, Sawyer e¢f al reported that RGD, alone, is not
sufficient to induce a full cell attachment and spreading. This can explain why we
observe cell attachment and formation of stress fibers on hMSCs, despite the RGD
treatment in hMSCs on both flat surface and microtopographies. However, the spatial
organization and phenotype of stress fibers drastically change on both flat surface and
microtopographies. Hspecially on microtopographies, cells appeared to be more
rounded and actin fibers are more clustered. Therefore, we speculate that these are
accumulations of cortical actin, which could also explain the lack of the focal adhesions
on microtopographies as cortical actin is often linked with cadherin-based cell-cell
adhesion, rather than cell-surface adhesion®%. However, considering the current
literature on the adhesion strength of cells on topographies>* and RGD treatment®2, our
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RGD data suggest that topographies can mimic the RGD effect and leads to the
formation of smaller focal adhesions, and thus we can confirm that cells on
topogtraphies are less strongly attached to the sutface.

Conclusion

In this article we show that cell attachment adapts to the properties of the surface on
which the cells grow. The spatial distribution of topographic features is translated into
an adjusted distribution of focal adhesions, degree of maturation and the formation of
stress fibers. Our data are in accordance with the tensegrity model, which teaches that
cells coordinate their internal stress on the actin cytoskeleton with the mechanical
properties of their environment. Our data show that cells on topographic surfaces have
lower tension than cells on flat sutface, and are consistent with the role of actin-related
signal transduction pathways in the differentiation of MSCs and tenocytes under the
influence of topographies and the relationship we found between cell shape and
function. Integrin-mediated bonding is a design feature that can be used in many ways
in the functionalization of biomaterials.

Materials and methods

Surface fabrication

A detailed description of the fabrication of the micro-topographies can be found
elsewhere . In brief, the inverse pattern of the topographies in PS was etched into a
silicon wafer, by deep reactive ion etching, generating a silicon master mould. The
master was coated with a layer of perfluorodecyltrichlorosilane (FDTS, Sigma-Aldrich)
and copied into polydimethylsiloxane (PDMS). The PDMS intermediate (mould) was
subsequently copied into OrmoStamp hybrid polymer (micro resist technology GmbH),
which served as the working mould for hot embossing the topographies into PS films
(Goodfellow). The conditions for the hot embossing were 140 °C for 5 minutes at a
pressute of 10 bat, and a demolding temperature of 90 °C. Before cell culture, PS films
were oxygen plasma-treated for 30 seconds at 0.8 mbar, 50 sccm O2, and 100 W to
enhance cell attachment.

Production of tendon imprint is described elsewhere 2. Briefly, porcine tendons were
sectioned at 300 um thickness with a Cryotome (Leica CM1950). Next, a PDMS
solution (SYLGARD 184 Silicone Elastomer Base and Elastomer Curing agent) was
prepared in 10:1 ratio and subsequently poured onto the tendon slices and vacuum
degassed for 30 minutes. Next, PDMS was allowed to polymerize for 48 hours. Next,
tendon section was peeled off from PDMS, creating a native tendon topography. For
the production of the PS tendon imprint, the following construction was clamped: glass
slide — PDMS mould — PS sheet — glass slide, and put in the oven at 140°C for 30

minutes. After cooling down, the PS was removed from the mould and underwent
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plasma oxygen treatment (30 sec, O2). All surfaces were and sterilized with ethanol for
at least 30 minutes and washed with PBS prior to cell culture.

To produce the platform with binary micropatterns, a two-step thiol-ene reaction was
performed. Before thiol-ene coupling on the surface of a microscopy glass slide, the
glass was activated with oxygen plasma and piranha solution. Then, the vinyl silane was
vapour-deposited overnight at 80 °C. Next, a two-step thiol-ene reaction was performed
on the vinyl-coupled sutface. First, 10mM CGGGRGDS (Chinapeptides) peptide
solution containing 5mg/ml LAP ( Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(TCI chemicals))solution was prepared. On the vinyl-modified glass substrate
(25%25X%1 mm, widthXlength X thickness), 3 uL. of the RGD thiol solution was dropped,
covered with the photomask and irradiated with UV light for 10 min. The volume of
the thiol solution for the first thiol-ene reaction is critical to transfer the patterns as a
(proximity) gap between mask and glass substrate reduces the resolution of the patterns.
After removing the photomask, samples were washed in ethanol, in water in an
ultrasonication bath for 10 min, and dried with a nitrogen gun. Then, the second thiol
to graft (10 mM of either PEG thiol or HAVDI peptide solution containing 5mg/ml
photoinitiator) was dropped onto the pre-patterned surface, covered with a fluorinated
quartz slide and UV-irradiated for another 10 min. Finally, the plate was washed with
THF, ethanol and water in an ultrasonication bath and dried with a nitrogen gun. The
samples were stored in 70% ethanol for further use at 4 °C.

Cell culture

Human mesenchymal stem cells (hMSCs) isolation was conducted from the bone
marrow of 74-years old female donor after obtaining written informed consent from
the patient. Ethical approval for using the samples was obtained from the ethical
advisory board of the Medisch Spectrum Twente, Enschede. All methods were carried
out following local and relevant guidelines and regulations. hMSCs were cultured in
basic medium («-MEM, (Gibco)) supplemented with 10 % Fetal Bovine Serum (FBS)
(Thermo Fisher Scientific) and 1% Penicillin/Streptomycin. To investigate the effect of
surface topography, passage 5 hMSCs were seeded at 5000 cells/cm? density and
cultured for the designated times in a humidified incubator with 5% CO; at 37 °C.
Adipose-derived human mesenchymal stem cells (AD-hMSCs) were purchased from
Lonza. AD-hMSCs were cultured on MEM Alpha GlutaMAX, no nucleosides (Gibco)
supplemented with 10% FBS, 0.2 mM ascorbic-acid-2-phosphate (ASAP), and 10
U/mL Penicillin/Streptomycin. Cells were grown at 37°C in a humid atmosphete at 5%
CO:a. Rat tenocytes were isolated from the hind limbs of 23 weeks old Cypla2ren strain
rats after euthanization considering their surplus status from the breeding program.
Upon cell isolation, tenocytes were expanded in a cell culture medium of Dulbecco's
modified Eagle's medium (DMEM, Sigma-Aldrich) supplemented with 10% FBS,
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100 U/ml penicillin/streptomycin. To investigate the effect of surface topography,
passage 4 tenocytes were seeded at 5000cells/cm? density and cultured for the
designated times in a humidified incubator with 5% CO; at 37 °C. Bovine chondrocytes
were isolated from bovine articular cartilage from the metacarpo/tarsophalangeal joint,
provided as a slaughterhouse material, by using an overnight digestion protocol. In
brief, the digestion solution containing chondrocyte medium (high-glucose DMEM
(Gibco), 10% FBS (Sigma-Aldrich), 100 U/ml Penicillin/Streptomycin (Thermo Fisher
Scientific)), 0.01% hyaluronidase, and 0.15% collagenase I1. Passage 2 chondrocytes was
used in this study. HelLa cells (ATTC CRM-CCL-2™, 70012009) were cultivated in
high-glucose DMEM with pyruvate (Gibco), 10% FBS (Sigma-Aldrich), 100 U/ml
Penicillin/Streptomycin (Thermo Fisher Scientific). HeLa cells wete used at passage 9.
Human monocytes were isolated using CD14 Microbeads human (BD, 130-050-201)
from peripheral blood mononuclear cells (PBMCs). CD14+ cells were seeded 104
cell/mlL. using complete RPMI 1640 medium containing 10% FBS (Sigma-Aldrich),
100 U/ml Penicillin/Streptomycin.

Pharmaceutical reagents exposure

Rat tenocytes were seeded on tendon imprints at the seeding density of 5,000 cells/cm?
in a basic medium, after 24 hours basic medium is replaced with a new basic medium
supplemented with Y-27632 (Selleckchem), CCG-203971 (Sigma-Aldrich) and
Blebbistatin (Sigma-Aldrich) at the final concentration of 10 uM. Cells were fixed after
24 hours for staining. hMSCs were seeded on Topo1018 surface topographies at the
seeding density of 5,000 cells/cm? in basic medium supplemented with manganese (II)
chloride (MnCly) (Sigma-Aldrich) at the final concentration of 2mM to activate
integrins, Paclitaxel (Sigma-Aldrich) at the final concentration of 1 uM to stabilizes
microtubule arresting, Parbendezole (Bio-Connect B.V) at the final concentration of
4 uM to inhibit the microtubule assembly. We also added RGD peptides Gly-Arg-Gly-
Asp-Ser-Pro and Gly-Arg-Gly-Asp-Ser-Pro-Lys (Sigma-Aldrich) to block integrin
activation, Gly-Arg-Ala-Asp-Ser-Pro (Sigma-Aldrich) as a negative control. Cells were
exposed to pharmaceutical reagents for 4 hours.

Microarray analysis and transcriptional profiling

Transcriptomics data for tenocytes are downloaded from ArrayExpress
(https://www.ebi.ac.uk/arrayexpress/). Raw data belonging to “E-MTAB-4800 -
Transcriptomic profiling of chondrocytes and tenocytes in de- and re-differentiation

relative to native tissue®”” was downloaded and processed in the online portal
arrayanalysis.org. P-values were corrected for multiple testing using the Benjamini and
Hochberg method. Genes were considered differentially expressed when a corrected p-
value below 0.05 was reached. In order to identify all the differentially expressed genes,
a Venn’s diagram tool was used. Next, pathway over-representation analysis was
148


https://www.ebi.ac.uk/arrayexpress/

Cells dynamically adapt to surface geometry by remodelling their focal adhesions and actin cytoskeleton

performed zia ConsensusPathDB (CPDB)% to identify the gene ontology (GO)
identifiers of selected genes with background list containing all measured genes to
improve the statistical evaluation of the pathways. To cluster genes with their GO
identifiers, ToppCluster was used. Obtained data were imported to CytoScape to
modify the network for further visualizations. Pathways with a false discovery rate-
corrected p-value <0.05 were considered significant.

Scanning electron microscopy (SEM)

Rat tenocytes were cultured at as described above and fixed in 2.5 % glutaraldehyde
(Fisher Scientific) at room temperature for one hour. Then, they were washed with
distilled water 3 times 10 minutes, dehydrated in 25%, 50%, 75%, 90%, and 100%
ethanol for 15 minutes each, and incubated in 100% ethanol for additional 15 minutes.
Next, samples were dried in Hexamethyldisilazane (HMDS) (Sigma-Aldrich) for 1 hour.
Prior to imaging, samples were coated with 5 nm gold-palladium and imaged using a
scanning electron microscope (SEM) (FEI Quanta 3D FEG Dual Beam).

Immunofluorescent staining

Rat tenocytes and human mesenchymal stem cells cultured on tendon imprints and
Topo1018 surface were fixed at designated time points with 4% paraformaldehyde in
PBS for 20 minutes, and washed with PBS twice to remove remaining fixative. Next,
samples were permeabilized with 0.1% Triton X-100 in PBS for 10 minutes. The
samples were incubated with 1:100 Horse Serum (HS) in PBST (PBS with 0.2% Triton
X-100 and 0.5% Bovine Serum Albumin (BSA)) for 60 minutes and washed with PBST.
The samples were incubated overnight with monoclonal mouse IgG1 for vinculin
(Sigma, V9131, 1:200) diluted in PBST and subsequently washed three times with PBST.
The samples were then incubated with 1:200 Goat anti-mouse IgG conjugated with
Alexa488 (Molecular Probes, A21121) and 1:200 Phalloidin 647 (Sigma) in PBS-T for
1.5 hour. Afterwards, the imprints were washed three times with PBST, whereafter they
were incubated for 30 minutes with 1:50 DAPI in PBS-T. The DAPI solution was
removed and the samples were washed three times with PBS. Then, the samples were
mounted on a glass slide with Mowio and kept at 4°C until imaging.

Human mesenchymal stem cells cultured on binary micropatterns were washed with
phosphate-buffered saline (PBS) and fixed with 3.7% paraformaldehyde (Sigma-
Aldrich) for 10 min at room temperature. After washing three times, cells were
permeabilized with 0.01% Triton X-100 and blocked with 3% BSA in PBT (PBS +
0.02% Triton-X-100, 0.5% BSA) for 1 h. Afterward, cells were incubated with the
ptimary antibodies dissolved in PBT for overnight at 4 °C. Cells were washed three
times and incubated with a specific secondary goat antibody conjugated to Alexa Fluor
647 and/or Alexa Fluor 488 (1:400; ThermoFishet), together with Phalloidin conjugated

to Alexa Fluor 568 (1:250; ThermoUFisher) in PBT for 1 h. After washing, the nucleus
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was counterstained with Hoechst 33258 (1:1000) for 10 min. After washing three times,
surfaces were mounted on glass cover slides with mounting media (Dako). All washing
steps were performed with PBT. Primary antibodies used in this study were: mouse anti
human-YAP1 antibody (1:200; Santa Cruz, SC-101199) and rabbit anti human-paxillin
antibody (1:200; Abcam; ab32084).

Sir-Actin live imaging

In order to visualize live actin organization, SiR-actin Kit (Spriochrome, CY-SC001)
was used by following manufacturer’s instructions. Briefly, after letting tenocytes to
adhere on tendon imprints and flat surface for two hours, we replaced the culture
medium with culture medium enriched with final concentration of 100nM of SiR-actin
probe and 1nM of verapamil. Images were taken in every 10 minutes with Leica DMI8
microscope for 40 hours. During imaging, the cells inside in a humidified tissue culture
chamber at 37°C with 5% CO..

Imaging and data analysis

Focal adhesion imaging was performed with a confocal microscope (Leica TCS SP5X).
Images were taken at 63X magnification. Focal adhesion length was measured by using
Image] by using measure plugin. Cell shape was analyzed through CellProfiler 3.1.8¢7
employing custom-made pipelines. Briefly, after correction of illumination of the three
channels, the nuclei were identified as Primary Objects by Global Minimum Cross
Entropy thresholding from the DAPI image channel. Subsequently, cell shape was
determined as Secondary Object by propagating and again applying Global Minimum
Cross Entropy thresholding from the Phalloidin image channel. For both channels,
missegmented artifacts were removed by adapting the arbitrary threshold on nuclei and
cell size. Following this, the cytoplasm was identified as Tertiary Object by removing
the nuclei shape from the total cell shape. After enhancing and masking the vinculin
channel, the focal adhesions were identified as Primary Objects again. These structures
were captured by Otsu Adaptive thresholding of the enhanced and masked vinculin
channel. The object’s size and shape were determined. Figures are prepared in InkSpace
and graphs are prepared by using GraphPad Prism version 8.0 (GraphPad Software,
Inc., San Diego, CA).

Statistical analysis

All statistical analysis was performed by using GraphPad Prism version 8.0 (GraphPad
Software, Inc., San Diego, CA). Two-way analysis of variance (ANOVA) was performed
to determine the statistical significance in Fig.2, Fig.3 and Fig.4. One-way ANOVA was
used performed to determine the statistical significance Fig.6, Fig.7, Fig.8 and Fig.10.
Student's t-test was cartied out for Fig. 9. Significance set at p < 0.05 to determine the
significance between means. All quantitative data represented in this study are based on
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biological triplicates unless stated otherwise. Microarray p-values were corrected for
multiple testing using the Benjamini and Hochberg method. Genes with a corrected p-
value below 0.05 were considered differentially expressed.
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Chapter VII

Decellularized porcine Achilles tendon
induces anti-inflammatory macrophage
phenotype in vitro and tendon repair in

VIiVO

ecellularized tissues and organs from animal sources are widely used in

regenerative medicine and tissue engineering. However, in tendon tissue

engineering there is limitation not only in terms of tissue source -allografts
and autografts- but also standardization of decellularization techniques. The goal of this
study is to decellularize porcine Achilles tendon to be used as an off-the-shelf product
for tendon reconstruction. We describe a novel, mild decellularization strategy which
retains the biochemical and biomechanical characteristics of native tendon upon
decellularization. We further show that decellularized tendon sections zz vitro induce
tenogenic differentiation in stem cells and anti-inflammatory response in naive
macrophages. Upon implantation in an Achilles tendon defect in rabbits, we observed
that decellularized tendons integrated with the host tissue without signs of tissue
rejection or encapsulation. Together, we demonstrate that decellularized tendons

produced with our new protocol bear a great potential for tendon tissue regeneration.
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Introduction

Tendon injury is one of the most common types of musculoskeletal injuries, which is
associated with intrinsic and extrinsic factors including age, gender, and obesity as well
as with sport-related or other rigorous physical activities !. Due to its poor blood supply
2, low cell density 3-5, and low regenerative capacity 3, natural tendon healing results in
the formation of scar tissue, impaired structural integrity and mechanical strength. As a
consequence, the healed tendon is more susceptible to re-injury ¢. Treatment of tendon
injury includes physiotherapy, anti-inflammatory drugs, painkillers or surgery yet the net
outcome is ineffective as patients suffer from a substantial decrease in personal
productivity 7. In surgery, the damaged tendon is replaced with autografts, allografts, or
natural extracellular matrix (ECM) derived grafts 8-10. Autografts are limited in number,
dimension and sites of harvest, and lead to donor site morbidity 0!, Allografts are
limited in terms of available healthy donors as well as the potential of causing an
inflaimmatory response in the host and can be expensive >4, There are commercial
xenogenic scaffolds available, however not yet of tendon origin but instead dermis,
intestinal submucosa and pericardium '5. The use of these scaffolds are unfortunately
not without complications such as rerupture, postoperative edema, aggravated pain and
decreased range of motion 5. In addition, synthetic polymers such as a poly-glycolic
acid (PGA), poly-lactic glycolic acid (PLGA) or polysaccharides such as chitosan or
various collagen derivatives have been used for tendon reconstructions ' . However,
due to the complex ECM structure, composition, and mechanical properties; no
biomaterials have yet progressed beyond in vitro or eatly in vivo evaluation 17. Within
the last few decades, researchers have applied decellularized tissues for tissue
regeneration, due to their inductive nature which makes them a strong candidates for
clinical application'®20.  Decellularized tissues such as dermis, small intestine,
pericardium and heart valves harvested from allogenic or xenogeneic sources are
commercially available and have been used in the clinic for various applications
including soft tissue regeneration and valve replacements 2!, Similarly, demineralized
bone matrix has been used for decades as a bone graft substitute. Although
decellularized non-tendon tissues are being used in tear repairs or provide support,
decellularized tendons from xenogeneic sources to be used in tendon orthopaedic
applications are not available 22. Therefore, the aim of this study is to develop and
validate a protocol towards an off-the-shelf product for tendon and ligament
reconstruction.

Several protocols describe decellularization of a whole tendon or tendon sections, and
involve physical and/or chemical disruption of cellular components and use different
tendon sources 2-%7. Special attention is given on z vitro and in vivo characterization of
decellularized tissue in order to prove that material can be used as an off-the-shelf

product. ECM structure and composition 2332 after decellularization is important and
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should be similar to the native tissue to retain the mechanical properties typical of
tendon tissue. Moreover, decellularized tissue should be cytocompatible, support the
invasion of tissue-resident cells after implantation, and support tenogenic
differentiation [31]—[37]. Decellularized allogeneic and xenogeneic tissues may even
induce an immunogenic response favouring tissue remodelling 3. Keane e a/ used
decellularized porcine small intestine produced with three different methods and
investigated host response in terms of macrophage polarization profile ¥. Their results
indicate that effective decellularization resulted in M2 macrophages, which is associated
with constructive tissue remodelling *. Even though challenging, producing
decellularized tendons while preserving ECM structure and composition, allowing
recellularization in absence of an anti-inflammatory response in the host material is a
major step towards a clinically applicable tendon graft 40 . Therefore, we formulated a
mild but robust decellularization protocol as illustrated in Fig.1 and demonstrated that
decellularized tendons were devoid of DNA yet retained important biochemical and
biomechanical properties. The decellularized tendons we produced can support iz vitro
and 7n vivo cell viability and tissue formation. In addition, the produced decellularized
tendons were shown to induce an anti-inflammatory macrophage phenotype.
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Figure 1. Decellularization protocol. After freege-thaw cycles, tissues were incubated with
Triton X-100 and Benzonase. In between every step, tissues were washed with hypotonic or hypertonic
solutions to achieve cell lysis. The final step consisted of a five-day long washing step of tendons in PBS.

Results

Gross structure, DNA content and biochemical properties of tendon
after decellularization

To evaluate remaining DNA after decellularization, we visualized nuclei in
decellulatized and native tissue using Hematoxylin & Eosin (H&E) and 4', 6-diamidino-
2-phenylindole staining (DAPI). In native tissue sections, we observed nuclei in both
H&E (Fig.2A) and DAPI stained sections (Fig.2C).Cells were aligned between the
crimp of the collagenous extracellular matrix (ECM) and more densely packed in the

endotenon regions (Fig.2A). In decellularized tissue sections, we observed no nuclei
162



Decellularized porcine Achilles tendon induces anti-inflammatory macrophage phenotype in vitro and tendon repair in vivo

with both stains (Fig.2B, D). Next, we quantified the DNA content of both tissues.
Native tendon contained 814 * 14 ng/mg DNA per tissue dry weight, which was
significantly reduced to 34 £ 13 ng/mg (Student t-test, p<0.0001) per tissue dry weight
after decellularization, which is below the threshold set by decellularization criteria.
Finally, gel electrophoresis demonstrated that in decellularized samples, DNA
fragments were not observable; however, high molecular weight DNA was observed in
DNA isolated from native tissue (Supplementary Figure S1). Together, we conclude
that our novel protocol was successful in decellularization of tendon tissue.

Both tissue structure and biochemical composition should be maintained as much as
possible to act as a tissue-instructive scaffold. We noted that the pink colour of ECM
coming from eosin staining was lighter in decellularized tissue, indicating loss of ECM
proteins. Alcian Blue staining showed glycosaminoglycan (GAG) staining in native
tendon sections throughout the tissue section, but more pronounced in the endotenon
region (Fig.2E). Decellularization resulted in less prevalent staining of GAGs compared
to native tendons sections (Fig.2F). Picro Sirius Red Stain was used to stain all collagens
in native and decellularized tendon ECM and we observed collagen type I in red, and
type 1II in green under polarized light (Fig.2G, H). We observed a slight colour
difference in collagen I and collagen III between native and decellularized tendon. Next,
we quantified total GAG and collagen in native and decellularized tendons. Total GAG
content was 6.9 + 0.6 pg/mg and statistically significantly reduced to 3.2 + 0.2 pg/mg
(p<0.0001, student t-test) following decellularization, confirming our histological
observations. For the total hydroxyproline content, an indicator of collagen content, of
native tendons was 33.0 * 8.7 pg/mg and increased to 40.9 + 5.9 pg/mg following
decellularization, which was however not statistically significantly different (Student t-
test, p>0.05). Here, we conclude that decellularization has no effect on collagen
composition and structure in tendon ECM; however, GAG content significantly
decreased.

Tendon has a unique tissue structure with bundles of collagen fibres aligned along the
tissue forming unique crimp structures. We observed a similar crimp pattern of collagen
fibre in both native (Fig.3A) and decellularized (Fig.3B) tissues using scanning electron
microscopy. At higher magnification, we observed the alignhment of collagen fibres
along the tissue as shown in figure 3C, D. Biochemical and histological examination
thus demonstrates mild effects on the biochemical composition of decellularized
tendons, but intact structure.
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B | Figure 2. Loss of
nuclear  components
S and  alterations in
M) tendon  composition
: following
&%, | % decellulatization.
Histological sections of native
0 “ G E & G
=) : decellularized (B, D, F ¢ H)
were  stained with nuclear
stainings HSE (A,B) and
DAPI (CD), alcian blue
staining (E,F) for GAGs
and  picro  sirius red stain
(G,H) for collagen type I and
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decellnlarized sections (B, D).
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Mechanical properties of tendon after decellularization

To assess the mechanical properties after decellularization we subjected decellularized
and native tendon tissues to uniaxial tensile testing in a biodynamic chamber in which
samples were incubated in PBS during the whole test period (Supplementary figure 2).
Both ends of the samples were embedded in epoxy resin to limit slippage from the
clamps during tensile testing (S2. C-E). Unfortunately, slippage was still observed at
high strains and samples were thus not tested completely until failure. The stress-strain
plots revealed a discrepancy (S2. F,G) between the decellularized (DPT) and native
(NTP) group, likely due to sample deformation upon re-hydration. Primarily this
resulted in varying toe regions (S2. F,G) between samples. Still, all stress-strain curves
displayed a linear region, devoid of slippage, the elastic moduli could be quantified. The
elastic modulus of the NPT group (22.1% 12.0 MPa) was significantly higher (p < 0.05,
Welch test) compared to the DPT group (9.2% 10.2 MPa) (S2. H).

Figure 3. Preserved
tissue ultrastructure.
SEM wmicrographs of native
(A, C) and decellularized
(B, D) tendon sections. At
lower magnifications, similar
crimp patterning on native
(A) and decellularized (B)
tissue is observed. Similarly,
at higher magnifications (C,
D) alignment of collagen
| fibers was reserved  affer
decellularization (D).

Decellularized tendons are cytocompatible

To assess in vitro cytocompatibility of decellularized tendons, we seeded hMSCs on
decellularized tendon sections and measured the release of lactose dehydrogenase 24
hours after seeding (Fig.4). Cells cultured in tissue culture plastic in basic medium were
used as a negative control, and as a positive control, we added lysis buffer to cells
cultured on tissue culture plastic. LDH release was significantly different between

positive control and negative control, whereas no significant difference between
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negative control and hMSCs cultured on decellularized tendon sections was observed

(Fig.4A). Here, we conclude that decellularized tendon sections do not have a noticeable

cytotoxic effect.

To further investigate cell viability, we cultured hMSCs on decellularized tendon

sections for 6 hours, 1, 3 and 7 days and labelled live cells with calcein and dead cells
with ethidium bromide (Fig.4B). After 6 hours, we observed attachment of hMSCS to
decellularized tendon sections with very few dead cells (Fig.4B). At later time points,
cells displayed a high rate of proliferation and were viable (Fig.4B). We observed only a

few dead cells in all replicates for each time point. Interestingly, calcein stain showed

that even at the earliest time point (6 hours) cells aligned along the tissue (Fig. 4B).
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Figure 4. Induction of cell
viability of decellularized
tendon sections A)
Absorbance measurement of LDH
release.  hMSCs  cultivated  on
decellularized  tendon  sections
released the same amount of LDH
with bMSCs cultivated on tissue
culture  plate  with  the  basic
medinm. (B)  Fluorescence
microscopy  images  of  hMSCs
cultured on the 300um thick of
decellnlarized tendon sections at 6
hours, 1 day, 3 days, and 7 days
stained with LIVE/DEAD
stain. Live cells stained in green
(calcein  AM) and  dead cells
stained in red (EthD-1). At early
time  points (6 hours) cellular
attachment started and over 7 days,
a high percentage of viable cells with
very few dead cells are observed.
Scale  bar  indicates  100um.
(MAX=maximum LLDH
release, TCP="Tissue culture plate,
DTS=Decellularized tendon
section.  (***indicates a  p-valne

0/<0.001)
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Decellularized tendon sections induce a tenocyte-like morphology and
support differentiation of hMSCs towards tenogenic lineage

To study the effect of decellularized tendon sections on tenogenic differentiation, we
investigated morphology and gene expression of hMSCs for 7 days. At day 1, both
nuclei (blue) and cytoskeleton (red) of hMSCs started to align between collagen fibres
and took the shape of collagen crimps (Fig.5A). From day 1 to day 4, we observed an
increase in the number of cells, while cells retained an elongated shape (Fig.5A). Nuclear
aspect ratio at day 1 (1.67 & 0.41) significantly increased to 1.91 £ 0.96 at day 4 (p<<0.05,
student t-test). At day 7, the surface of decellularized tendon section was covered with
clongated hMSCs (Fig. 5A) and nuclear aspect ratio (1.89 £ 0.59) remained similar to
day 4 . Additionally, the orientation of the cellular stress fiber network of the hMSCs
was calculated. At day 1 and day 4, stress fibers displayed a strong anisotropy -18.26 *
13.62° at day 1 and -20.37 = 10.74 ° at day 4 and strickly followed the collagen fiber
direction (S3. D,E) At day 7, orientation of the cellular stress fiber network was -6.68 £
8.75° (S3. F).

To investigate the effect of the decellularized tendon on the expression of tenogenic
marker genes, hMSCs were cultured on the decellularized tendon and at day 1, day 4
and day 7 qPCR was performed on the following genes: SCX, TNMD, MKX, EGR-1
and COL1A1(Fig.5B-F). As control surfaces, tissue culture plastic was left uncoated
(TCP) or coated with rat tail collagen type I (CC). Expression of SCX, which is a
tenocyte specific transcription factor, was significantly upregulated on decellularized
tendon sections (DTS) compared to TCP conditions at day 1, but similar at day 4 and
day 7 (Fig. 5B). Expression of TINMD, which is a mature tenocyte marker, was
statistically upregulated at day 1 in DTS conditions compared to TCP and significantly
upregulated compared to CC and TCP at day 4 (Fig. 5C). However, at day 7, TNMD
expression decreased and was similar to CC and DTS conditions. MKX a transcription
factor which controls tenocyte differentiation and cell homeostasis, was significantly
upregulated in CC condition compared to TCP and DPT at day 1 and significantly
upregulated in CC conditions competed to DTS day 7 (Fig. 5D). EGR-7 is a zinc finger
transcription factor early growth response 1 and was shown it involve in the
differentiation of stem cells towards tenogenic lineage. Expression of EGR-7 (Fig. 5E)
was not changed over the 7 days in hMSCs cultured on DTS and reduced in TCP.
COL1AT7 is one of the main ECM genes expressed in tenocytes, and its expression did
not show a significant change for 7 days in DTS condition yet its expression was
significantly downregulated compared to the CC condition at day 1 and day 4 (Fig. 5E).
Based on these results, we can conclude that culturing hMSCs on DPTs improved
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tenogenic differentiation, especially when compared to tissue culture plastic at early time

points.
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Figure 5. Promotion of
tenogenic phenotype
and differentiation on
decellularized tendon
sections (A) Fiuorescence
microscopy images of bMSCs
cultured on the 300um thick
of  decellularized
sections at 1 day, 3 days, and
7 days stained with DAPI
(nucles, blue) and Phalloidin-
AF488 (F-actin, red). At
day 1, nuclei and cytoskeleton
of bMSCs  adopted  the
direction of the collagen fibres.
At day 4, cells proliferated
and aligned between collagen
fibres. At day 7, cell kept
proliferating and covered the
of  decellularized
tendon  section. Scale  bar
100um.  (B-F)
Tendon-related gene
expression  of  hMSCs
cultured on TCP, CC and
DTS. Expression of SCX

was significantly increased at

tendon

surface

indicates

day 1, gradnally decreased at DTS condition, and was stable under CC and TCP conditions. (B)
Expression of TNMD at day 4 compared to TCP and CC but reduced at day 7. (D) Expression of
MKX was significantly higher at day 4 in CC compared to TCP and DTS and showed a similar
expression profile at day 7. (E) Expression of COL1.AT was significantly bigher at day 1 and day 4
in CC condition compared to CC and DTS. (F) Expression of EGR-1 was highest day day 1 and
day 4 but reduced at day 7. In DPT and CC conditions, expression of EGR-1 remained same.
Relative gene excpression was calenlated by normalizing the data to TCP day 1, using 18SRNA as a
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honsekeeping gene. (1CP="Tissue culture plate, CC=Collagen coated surface, DTS =Decellularized
tendon section). (*indicates a p-value of <0.05, ** indicates a p-value of <0.07).

Decellularized tendons induce anti-inflammatory phenotype in
macrophages

Assessment of macrophage polarization towards pro- or anti-inflaimmatory phenotype
is another aspect for the characterization of decellularized tendons. We differentiated
the THP-1 macrophage cell line into Mo macrophages, Then, we either exposed Mo
macrophages with IFNy and LPS to polarize them towards an M, (pro-inflammatory)
phenotype, or with IL.-4 to polarize them into M» (anti-inflammatory) phenotype, and
used these cells as positive controls for macrophage polarization. In order to assess the
response of Mo macrophages to decellularized tendons, we cultured them on DTSs for
24 hours (Mppr) and calculated the fold changes relative to My (Fig.6). MCP-1, CD6S,
CCR7, TNF-a and IL-6 were significantly less in both Mz, Mppr and Moy groups
compared to My (Fig. 6A). On the other side, expression of anti-inflammatory markers
CD200R1, CD206, CD163 and I.-10 in the Mppr group showed similar expression
profile with those in M group (Fig. 6B). Thus, decellularized tendon sections induce an
anti-inflammatory (M») phenotype in macrophages.
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Figure 6. In vitro macrophage polarization of THP-1 cells cultured on
decellularized tendon sections for 24 hours. Gene expression of THP-1 cells treated with
IFENy + LPS (pro-inflammatory, M), IL-4 (anti-inflammatory, M), DPT (Mppr) and My to
assess the expression of pro-inflammatory marker genes MCP-1, CD68, CCR7, TNF-a and 11.-6.
(A) Expression of My marker genes is significantly higher in both M2 and Mppr indicating that Mppr
does not induce a pro-inflammatory phenotype. (B) Expression of CD206 and CD200RT is
significantly higher for both marker genes in groups Mo and Mppr compared to My and My indicating
that Mppr induces an anti-inflammatory phenotype. Relative gene expression was calculated by
normalizing the data to Mo values, using GAPDH as a housekeeping gene. (* indicates a p-value of
<0.05, ** indjcates a p-value 0f<0.01, *** indicates a p-valne 0f<0.001 ).

Decellularized tendon induces efficient tissue formation in vivo

We investigated the 7z vivo performance of decellularized tendons (DT) by implanting
them into a 10 X 3 mm rabbit patellar tendon defect. As a control group, we implanted
autologous tendon (AT) from one knee into the defect that we created (Supplementary
figure 2). After 6 weeks, we collected tissues and stained them with H&E (Fig.7A, D),

Pico Sirius red (Fig.7B, E) and Alcian blue (Fig.7D, F) to histologically examine the
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response of the host to implants in terms of cellularity and collagen fibre organization.
In general, our results indicated no tissue rejection or encapsulation and the interphase
between the implant and host tissue was not clear. H&E and Alcian blue staining of DT
indicated cellular infiltration from the host (Fig.7A, C). Based on cell shape, we propose
that these cells are tenocytes located between collagen fibres, aligned in the loading
direction. In addition, the shape of the cells that repopulated the decellulatrized tendons,
displayed an elongated shape similar to that of the host cells. Moreover, the presence of
blood vessels was not observed. Sirius red staining which gives type I collagen a red
colour and a green colour to type I1I collagen under polarized light demonstrated that
both at the host (H), DT and AT, the main type of collagen is type 1 (Fig.7B, E). Alcian
blue staining (Fig.7C, F) showed GAGs was recovered in decellularized tendon tissue
after implantation. To conclude, our results indicate that GAGs, which are lost after

decellularization, are restored and implanted tissue is repopulated with host cells.
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Figure 7. In vivo performance of decellularized tendon in rabbit patellar tendon
at 6 weeks after surgery. (A-F) Histological evaluations of HS>E stained decellularized tendon

(DT) with autologous patellar tendon transplantation from the contralateral leg (AT) as control. (A-
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C) HE, picro sirius red (collagen staining) and alcian bine staining (GAG staining) of DT
implanted tendon show that decellularized tendons are invaded by host (H) tenocytes. Both tenocytes
and collagen fibres aligned towards the loading direction (A*C). Pico Sirius red staining is imaged
with polarized light under which collagen type I is observed in red, collagen type 11 is observed in green.
Staining results indicate that at the meeting point of host and DT, collagen remodelling is ongoing and
collagen type I is dominating the collagenous part of the ECM (B). (D-F) H&E picro sirius red and
alcian blue stainings of AT tendon show that implanted tendon is capable of bearing mechanical loads.
(D&F). Scale bar indicates 100um. Arrows indicate the loading direction, asterisks indicate tenocytes
and boxes indicate randomly selected areas to be magnified for viewing cells and suture sites. Dashed
circles represent incision sites. (DT=Decellularized tendon, H=Host, AT= Auntologous tendon)

Discussion

Criteria of biological materials to be used in clinics have been described in a number of
official documents. For instance, according to American Food and Drug
Administration (FDA) “Regulatory Considerations for Human Cells, Tissues, and
Cellular and Tissue-Based Products: Minimal Manipulation and Homologous Use”
regulations, transplanted tissue should be able to perform basic functions of replaced
tissue. Furthermore, European Union Commission Regulation number 722/2012 states
many rules such as reduction, elimination or removal of infectious agents, risk analysis
and risk management, slaughtering and processing controls, the contact area, its the
surface type for the use of animal source products as medical devices 4. In the light of
these, engineered animal tissues or derivatives to be used as graft material should induce
host cell migration and infiltration, should be sterile and be able to bear the mechanical
forces that replaced tissue is exposed to after implantation. For many years, natural
ECM derived from different tissues or organs have been successtully used in the clinic.
For instance, allogenic bone grafts have been used by surgeons for the past 50 years and
the demineralized bone matrix is a readily available and popular form of bone graft
substitute 4243, Similatly, 7z situ tissue engineering approaches have been used in the
clinic for the reconstruction of several tissues including the larynx, and for trachea and
finger reconstructions #*. Xenogenic source tissues such as porcine small intestinal
submucosa or bovine dermis, but not tendon itself, are used as reinforcements in
tendon-related orthopaedics #. In this manuscript, we engineered a decellularized
porcine tendon and propose that it can be clinically applied for tendon replacement or
repair.

Our decellularization protocol, using a combination of physical, chemical and enzymatic
methods, enabled decellularization of tendon and did not grossly affect tissue structure
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although its biochemical composition changed slightly due to the decellularization
procedure. Similar results have been described in the literature, where it is stated that
decellularization alters both mechanical and biochemical properties of decellularized
tissues such as tendons and aortic valves 2147, Based on the results of iz vivo experiments,
we can claim that there’s no rejection or encapsulation of implanted tissue, and
decellularized tissue is re-populated with host cells and biochemical properties are
recovered after implantation. In line with this, it has been reported that the 7in vitro
macrophage response to implanted materials is strongly correlated with tissue
remodelling outcome. Thus, macrophage polarization assays in the characterization of
the materials to be used in clinics is highly convenient to predict the host response to
the material 4%, We tested the influence of decellularized tendon sections on
macrophage polarization 7 vitro and we observed that decellularized tendon sections
induced an M, phenotype, which is a regulatory, alternatively activated, anti-
inflammatory phenotype which is favourable for tissue remodelling 4. Supporting this
result, Keane ¢# a/ showed that decellularized porcine small intestinal ECM showed
smaller M;/M ratio . This is supported by our histological data in which we obsetrve
that GAG staining, which was reduced after decellularization, recovered to normal
levels after 6 weeks. The different structure that we observe between host tendon and
decellularized tendon might result from the fact that two different animals (porcine
versus rabbit) and different tendons (Achilles versus patellar tendon) were used.
Another outstanding question regarding the mechanical stability and strength of the
decellularized tendon is the durability of the suture points, as one of the main reasons
for the failure of current techniques is overloaded sutures >'. We can claim that, as after
6 weeks of implantation tissue was still intact, it will endure longer time points and
integrate with the whole tissue, in other words, the interface between the host and
implanted tissue can hardly be recognized, which is an indicator for proper integration
and likely mechanical integrity.

In order to preserve mechanical and biochemical properties, our decellularization
strategy can be optimized in terms of time or methods used such as enzymes or
detergents, or the size of the tendon to be decellularized. Not all tendon injuries require
a whole tendon replacement; it could be a segmental defect or a tendon tear, hence the
graft material needed for repair is different. Another challenge in tendon repair with a
graft is that although surgery is an option, there’s no gold standard to be used as
xenogenic graft material 525 Especially, the repair of rotator cuff (RC) injuries is a
particular challenge as surgery often includes removal of the biceps tendon that
otherwise gets impinged. Dermal grafts are mainly used in RC surgeries for preventing
impingement but not for repair . As the risk of injuring rotator cuff tendon increases
with ageing and given the current treatment methods, a new strategy can be
implemented 7. Considering this, our method can be implemented to
174



Decellularized porcine Achilles tendon induces anti-inflammatory macrophage phenotype in vitro and tendon repair in vivo

decellularization of bone-tendon grafts for RC reconstructions or decellularization of
other connective tissues such as anterior cruciate ligament (ACL) for ACL
reconstructions. In parallel to this, our research group also applied the same protocol
for bone-patellar tendon-bone (BPTB) decellularization to create a graft material for
ACL reconstruction.

In vitro assessment on bioactivity performance of decellularized tendon showed that they
were not cytotoxic, allowed attachment and proliferation and induced tenogenic
differentiation of hMSCs. However, we did not observe cell infiltration on day 7, which
is one of the challenges of recellularization of the decellularized tendon owing to its
dense structure 47. I vivo results showed that within 6 weeks, the decellularized tendon
was repopulated with host cells. Repopulation after 7# vivo implantation can be explained
by the exposure the mechanical stimulation. Here, we can speculate that as mechanical
forces stimulated tendon fibroblasts, more cells from the host were attracted to the new,
empty scaffold.. The infiltrated cells had an elongated shape and oriented in the axis of
mechanical stimulation. Gene expression results also confirmed that 7 witro,
decellularized tendons induce an upregulation in the early tenogenic marker SCX and
mature tenocyte marker TINMD.Collagen type I is the main collagen type in tendon
ECM.Cultivating mesenchymal stem cells on decellularized tendon sections resulted in
stable gene expression of collagen type I for 7 days ## vitro. This results can be explained
by the fact that not only a collagen-rich environment but also an aligned collagen fibre
structure in DTS may decrease collagen I synthesis. In agreement with these results,
Yang ef a/ demonstrated that expression of COL7.A remains similar in a 2D and 3D
collagen enriched environments, whereas a tendon ECM and non-collagen coated 2D
environment results in higher expression 58. This indicates that decellularized tendons
carry enough biochemical and topographical ECM cues to stem cells cultivated on them.

In translation perspective, there are two questions to be addressed before we can use
the decellularized tendon clinically: 1) which animal model and which tendon tissue
should we use to demonstrate efficacy of the tendon graft? In our study, we selected
rabbit patellar tendon owing to its similarity with human patellar tendon in terms of
mechanical loading. However, sheep could be a better animal model based on closer
biomechanical and mechanical properties to human 5%, Porcine is another candidate
as the healing process is similar to humans . 2) What is the method to map the usability
of the product and reduce the cost? This requires collaboration and coordination
between research laboratories and clinics. Also, targeting the particular problem for each
tendon and designing experimental approaches based on that would increase the
efficiency, reduce cost and likelihood of failures. In commercialization perspective,
tendon grafts are challenging for several reasons. In order to completely replace a
ruptured tendon, decellularized tendon graft must be able to bear very large and
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impulsive forces and stresses during even modest activities of daily living. Considering
this, repair of each injury in particular tendon tissue could be unique; hence it is difficult
to propose one model of the decellularized tendon as a general graft. However, in terms
of augmenting repairs and replacements, it is less challenging as scaffold does not need
to resist such large mechanical loads from bone to muscle. Therefore, depending on the
need of repairing the injury, our method can be optimized and applied.

While with this study we characterized decellularized tendons extensively for its
potential use for tendon tissue repair, we will first focus on pre-clinical efficiency.
Production of a pain-free, functional tendon is the prime target, so animal behaviour
such as gait pattern in the knees can be monitored right from the moment of
implantation. In addition to this, in order to get more insight on the time needed for
the graft to fully integrate with the host animal, longer time points such as 2 months, 6
months and 12 months need to be monitored.

Conclusion

In this study, we produced a simple but robust protocol to decellularize porcine Achilles
tendon and characterized it in many aspects that can be used not only in the
characterization of decellularized tissues but also any biological material. We
demonstrate that decellularized tendons support stem cell proliferation, induce eatly
tenogenic differentiation and induce macrophages towards a tissue remodelling
phenotype. Furthermore, i vivo experiments showed that 6 weeks after implantation,
decellularized tendons integrate with host tendon without showing signs of tissue
rejection or encapsulation. These findings are essential in terms of standardization of
not only the decellularized tendons but also tendon-bone or bone-ligament-bone
sections in the reconstruction of musculoskeletal defects.

Materials and Methods

Tissue harvest and storage

Porcine Achilles tendons were obtained from crossbreeds of Great Yorkshire and
Dutch land pigs aged between 6-8 months old and between 85-95 kg of weight
(Compaxo Meat B.V, the Nethetlands). Achilles' tendons were transported under
conditioned circumstances (4°C) in sealed plastic bags within 24 hours of slaughter.
Muscle, fat, bone-like tissues, synovial sheath, and para-tenon were aseptically dissected
and the remaining tendon was cut into 4-cm segments and stored at -80°C until further
processing.

Preparation of decellularized tendon slices
Frozen tendons were cut into 2-3 cm long sections and freeze-thawed five times in

liquid nitrogen and 37°C phosphate buffered saline (PBS) (Sigma-Aldrich), respectively,
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then incubated for 48 hours in distilled water at room temperature. Next, samples were
incubated in Tris-EDTA (VWR) buffer (pH 7.6) containing 1% Triton 100-X (VWR)
for 48 hours at room temperature. After another 24 of wash in distilled water at room
temperature, samples were incubated in Benzonase (2U/ml) (Sigma-Aldrich) in 50mM
Tris / 1mM MgCl, (Sigma-Aldrich) at pH 7.6 for 24 hours at 37°C. This step is followed
by 30 minutes wash in distilled water at room temperature, 3 hours incubation in 2.7mM
EDTA pH 7.6 at 37°C, and 50mM Tris /1.5M NaCl (VWR) (pH 7.6) overnight
incubation at room temperature. Next day, samples were incubated in PBS for 30
minutes and 70% ethanol (EtOH) prepared in PBS at room temperature. This was
followed by 72 hours of incubation in PBS. Next, samples were incubated in Tris-
EDTA buffer pH 7.6 containing 1% Triton 100-X for 48 hours at room temperature,
washed in distilled water at room temperature for 24 hours, incubated in Benzonase
(2U/ml) in 50mM Ttis plus 1mM MgClI2 at pH 7.6 for 24 hours at 37°C and finally
washed in PBS at 4°C for 5 days. Figure 1 summarizes the decellularization protocol.
Samples were incubated on a rotator shaker, 40 mL solutions were used changed every
day unless stated otherwise. Samples are stored at -80°C until further usage.

Determination of total DNA content

DNA in decellularized (N=06) and native samples (N=06) was measured with
CyQUANT™ Cell Proliferation Assay Kit (Thermo Fisher Scientific). Briefly, frozen
tendons were thawn to room temperature and cut into smaller pieces. Next, samples
were freeze-dried for at least 24 hours at -55°C and frozen again in liquid nitrogen.
Next, 10 mg samples were lysed with Proteinase K (Sigma-Aldrich) in Tris/EDTA
buffer at a final concentration of 1 mg/ml for 48 hours at 56°C. 100 ul digested DNA
sample and 400 ul of cell lysis buffer at 0.01 mg/ml final concentration were mixed and
incubated at room temperature for one hour. Finally, 100 ul of each sample and DNA
standards (4 pg/ml, 2 ng/ml 1 pg/ml, 0.5 ng/ml, 0.25 pg/ml and 0 pg/ml dilution)
were transferred into a 96 well plate and mixed with 100 pl 2x GR-dye solution. Samples
were incubated for 15 minutes in the dark and fluorescence at emission wavelength 520
nm, excitation 480 nm was measured. Data were normalized to scaffold dry weight,
obtained prior to digestion. To determine the remaining DNA fragment size, 2 pg of
extracted DNA from each sample were loaded onto a 2% agarose gel (Thermo Fisher
Scientific) containing SYBR Safe DNA gel stain (Thermo Fisher Scientific) and
visualized with Biorad-ChemidocTM MP imaging system using the 1 Kb Plus DNA
Ladder (Thermo Fisher Scientific) as a reference.

Determination of collagen content

The total collagen content of decellularized (N=3) and native samples (N=3) was
measured using the Hydroxyproline Assay Kit (Sigma-Aldrich). Briefly, frozen tendons
were freeze-dried for at least 24 hours at -55°C. Next, samples were cut into a constant
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weight and hydrolyzed in 4M HCI for 4 hours at 120°C. 10ul of each sample was
transferred to a 96-well plate and evaporated under vacuum overnight. Next, 100ul of
the Chloramine T/Oxidation Buffer Mixture was added to each sample and standards
and incubated at room temperature for 5 minutes. Next, 100ul of the Diluted DMAB
Reagent was added to each sample and standards and incubated for 90 minutes at 60°C.
Absorbance was measured at 560 nm. Readings were corrected by subtracting the blank
value from all readings. The amount of hydroxyproline present in the samples was
calculated based on the standard curve. Data were normalized to scaffold dry weight,
obtained prior to digestion.

Determination of glycosaminoglycan content

Glycosaminoglycan content of decellularized (N=3) and native samples (N=3) was
measured using the dimethylene blue (DMMB) assay. Briefly, frozen tendons were cut
into smaller pieces and freeze-dried for at least 24 hours at -55°C. Samples were cut into
a constant weight and digested in papain (Sigma-Aldrich) digestion buffer [140 ug per
ml in 5 mM L-cysteine hydrochloride (Sigma-Aldrich) plus 5mM Na,EDTA (VWR)]
for 16 hours at 60°C with agitation. 40ul of standards (chondroitin sulfate sodium salt
from shark cartilage (Sigma, C4384)) and test samples were transferred to 96-well plate
and mixed with 150 pl of 1,9-dimethylene blue solution (DMMB) and incubated 2
minutes at room temperature. Absorbance was measured sequentially at wavelengths
540 nm and 595 nm and the readings were subtracted one another (540-595).
Concentrations of the samples were calculated based on the data from the standard
curve. Data were normalized to scaffold dry weight, obtained prior to digestion.

Histology and immunohistochemistry

Decellularized and native samples were fixed in 10% (v/v) neutral buffered formalin
(Sigma-Aldrich) for 48 hours at room temperature. Next, samples were incubated in
70% ethanol for 1 hour, 95% ethanol for another hour and in absolute ethanol for 4
hours. Then, samples were twice incubated in Xylene for 1 hour. Finally, samples were
embedded in Paraplast X-TRA (Sigma Aldrich) at 58°C for 1 hour, twice and incubated
at room temperature. Embedded samples were sectioned at 10 pm thickness by using a

microtome.

Hematoxylin & eosin and DAPI staining

Sections of native and decellularized tissues were deparaffinized in Histo Clear (Baker),
decreasing ethanol series and finally incubated in distilled water for 4 minutes each.
Next, samples were incubated in Weigert’s iron hematoxylin solution (Sigma-Aldrich)
for 1 minute, washed in tap water and distilled water for 3 minutes, incubated in eosin
(Sigma-Aldrich) for 30 seconds, and washed again. Finally, samples were dehydrated in
increasing series of ethanol, Histo Clear and mounted in DPX mounting medium
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(Sigma Aldrich). For DAPI staining, after deparaffinization, the samples were incubated
with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich) for 5
minutes, dehydrated and mounted.

Alcian blue stain

Alcian blue was used to stain glycosaminoglycans. Briefly, sections of native and
decellularized tissues were deparaffinized in Histo Clear (Baker), decreasing ethanol
series and finally incubated in distilled water for 4 minutes each. Next, sections were
incubated in 3% acetic acid solution (VWR) before they have incubated in 1% Alcian
blue solution [Alcian Blue-8GX (Sigma Aldrich) dissolved in 3% Acetic Acid] for 30
minutes at room temperature. After rinsing in 3% acetic acid, tap water, and distilled
water, sections were stained with 0. 1% Nuclear Fast Red Solution for 5 minutes,
dehydrated in increasing series of ethanol, Histo Clear (Sigma Aldrich) and mounted in
DPX mounting medium (Sigma Aldrich).

Picro Sirius Red stain

Picro Sirius Red Stain Kit (Connective Tissue Stain) (Abcam) was used to stain collagen.
Briefly, sections of native and decellularized tissues were deparaffinized in Histo Clear
(Baker), decreasing ethanol series and finally incubated in distilled water for 4 minutes
in each. Next, samples were incubated in Picro-Sirius Red Solution for one hour. Then,
tissue sections were rinsed in 0.5% acetic acid twice and rinsed in absolute ethanol.
Finally, sections were dehydrated in increasing series of ethanol, Histo Clear (Sigma
Aldrich) and mounted in DPX mounting medium (Sigma Aldrich).

Scanning Electron Microscopy

Samples were fixed in 2% glutaraldehyde (Fisher Scientific) in 0.1M sodium cacodylate
trihydrate (Sigma-Aldrich) buffer prepared in PBS pH 7.4 at room temperature for one
hour. Next, samples were washed with 0.1M sodium cacodylate trihydrate buffer for 3
times 10 minutes and dehydrated in 25%, 50%, 75%, 90%, and 100% EtOH for 15
minutes each and incubated in 100% ethanol for additional 15 minutes. Next, samples
were dried in hexamethyldisilazane (HMDS) (Sigma Aldrich) overnight and covered
with 5 nm gold-palladium and imaged using a scanning electron microscope (FEI
Quanta 3D FEG Dual Beam).

Tensile testing of native and decellularized samples
Native (N=2) and decellularized (N=2) tendons were longitudinally cut into 4-6 pieces
and imaged using a Nikon SMZ25 stereomicroscope to determine their cross-sectional
areas. Tissue ends were embedded in an epoxy resin (Innotec Topfix) to prevent sample
slippage from tensile test clamps, often observed due to cross-sectional thinning upon
elongation. Upon epoxy curing, samples were incubated in PBS at room temperature
overnight and tensile tests were carried out in PBS at room temperature. A TA
179



Chapter VI

Electroforce 3200 mechanical tester with a Biodynamic Chamber accessory (allowing
for testing in fluid environments) was used to conduct the tests. A 450 N load cell was
used. Samples were elongated at 1% strain/s (mover velocity in mm/sec was adjusted
for each sample based on the length of the stretchable part between the resin embedded
ends) and the force and the displacement were recorded. The elastic moduli of the
samples were determined by calculating the slope of the linear regions of the stress-

strain cutves, beyond the toe region.

Preparation of tendon sections for cell culture

Frozen decellularized tendons were embedded in Optimal Cutting Temperature (OCT,
Sakura) compound and fixed to the cutting base plate of a cryotome and longitudinally
sectioned into tendon slices with a thickness of 300 um and washed with PBS, snap-
frozen in liquid nitrogen and freeze-dried for at least 24 hours. Dry decellularized
tendon sections were cut into the size of the surface area of a well plate of interest and
incubated in 70% ethanol for 1 hour. Remaining ethanol was removed and samples
were dried in sterile conditions. Next, samples were washed in sterile PBS for two times,
half an hour at room temperature, and one time at 37°C for half an hour. The day before
the experiment started, samples were incubated in culture media, overnight at 37°C in

5% COs..

Cell culture, viability and cytotoxicity assay

Bone marrow aspirate was obtained from a donor (D210, female/74 years old) who
were undergoing total hip replacement surgery and had given informed consent.
Nucleated cells were counted from the aspirate and seeded at a density of 500
000 cells cm™2 in hMSC proliferation medium consisting Minimal Essential Media
alpha (x-MEM) containing (Thermo Fisher Scientific) 10% fetal bovine serum (FBS)
(Sigma-Aldrich), 100 U/ml Penicillin/Streptomycin (Thermo Fisher Scientific), and 20
mM L-Ascorbic acid with an additional 1 ng mL-! basic fibroblast growth factor
(Neuromics) at 37°C in a humidified tissue culture chamber with 5% CO,. The hMSCs
obtained after the first trypsinization (Trypsin-EDTA (0.05%), Fisher Scientific)
were seeded at a density of 2x105 cells/cm? in Minimal Essential Media alpha («-MEM)
containing (Thermo Fisher Scientific) 10% fetal bovine serum (FBS) (Sigma-Aldrich),
100 U/ml Penicillin/Streptomycin (Thermo Fisher Scientific), and 20 mM L-Ascorbic
acid at 37°C in a humidified tissue culture chamber with 5% CO,. Cell viability was
qualitatively assessed for a week (6 hours, 1 day, 4 days and 7 days) with
LIVE/DEAD™ Viability/Cytotoxicity Kit (Thermo Fisher Scientific) assay. Briefly,
cell-seeded tendon sections were washed with PBS two times and incubated in 2 uM
Calcein AM and 6 pM ethidium homodimer (EthD-1) in serum-free «-MEM with
nucleosides and without phenol red (Thermo Fisher Scientific) for 30 minutes at 37°C
in the dark and washed with the medium twice.
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Cytotoxicity assay was performed by measuring lactate dehydrogenase (LDH) release
using the Pierce LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific). Briefly,
hMSCs wete cultured on decellularized tendon sections at a density of 2x105 cells/cm?
in Minimal Essential Media alpha (x-MEM) (Thermo Fisher Scientific) containing 10%
fetal bovine serum (FBS) (Sigma-Aldrich), 100U/ml Penicillin/Streptomycin (Thermo
Fisher Scientific), and 20 mM L-Ascorbic acid (ASAP) at 37°C in a humidified tissue
culture chamber with 5% CO; for 24 hours. Then, to measure the maximum LLDH
activity, 10X Lysis Buffer was added and incubated at 37°C, 5% CO: for 45 minutes.
Next, 50puL of each sample medium (cells cultured on basic medium as a negative
control, cells cultured on decellularized tendon sections and maximum LDH activity
group as a positive control) were transferred to a new well plate and mixed with 50uL
of Reaction Mixture, incubated at room temperature for 30 minutes protected from
light. Finally, 50puL. of Stop Solution was added and absorbance was measured at
wavelength 490nm and 680nm. To determine LDH activity, we subtracted the 680nm
absorbance value (background) from the 490nm absorbance value. Culture plates were
coated with rat tail collagen I (Gibco) based on the vendot’s protocol. Briefly, 1 mg/ml
of rat tail collagen tail was coated and incubated at 37°C, 5% CO: overnight, and wells
were washed with PBS three times.

Macrophage culture and polarization

The human monocytic cell line THP-1 (Sigma-Aldrich) was cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (A10491-0, Gibco), supplemented with FBS
(10% v/v, Bovogen) and penicillin/streptomycin (1% P/S v/v; Lonza, Basel,
Switzetland, DE17-602E) in 37°C, 5% COa. In otrder to induce macrophage
differentiation, 300,000 cells/ml were incubated in culture medium with 50 ng/ml of
12-myristate13-acetate (PMA). After 24 hours, adherent macrophages were washed
with PBS and incubated in fresh media for 48 hours to acquiesce. Macrophages were
cultured for 24 hours in following conditions for further assessment: RPMI medium
supplemented with 10% FBS and 1% P/S with 20 ng/ml IFNy and 100 ng/ml LPS to
promote an M; phenotype, RPMI medium supplemented with 10% FBS and 1% P/S
with 20 ng/ml IL-4 to promote an Mz phenotype and on decellularized tendon sections
with RPMI medium supplemented with 10% FBS and 1% P/S resulting in a Mppr
phenotype.

RNA isolation and quantitative PCR (RT-qPCR)

RNA of each sample was isolated with the protocol described in the RNeasy Mini Kit
(QIAGEN) or TRIsol™ Reagent. Reverse transcription was carried out based on the
protocol provided by iScript™ Select cDNA Synthesis Kit (Bio-Rad). gPCR was
performed by using iQ SYBR Green Supermix (Bio-Rad). Briefly, iQ SYBR Green
Supermix (2x), forward and reverse primers (at 300nM final concentration), cDNA
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(100ng final concentration) and nuclease-free water were mixed for a total of 10 ul
reaction volume. qPCR run was performed by using the Bio-Rad CFX manager. The
expression of target genes (MCP-1, CD68, CCK, TNF-a, I1 -6 ,CD200R, CD206, CD163
and II.-70) in macrophage polarization experiments was normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) gene as a housekeeping gene. The expression
of target genes (SCX, COL1.A7, TNMD, MKX ) in tenogenic differentiation was
normalized to RNA18S as a housekeeping gene. Relative gene expression was calculated
with the AA Ct formula. Primer sequence of target genesare listed in Table 1.

Sterilization and in vivo biocompatibility of decellularized samples
Animal experiments were performed in the animal centre of Sichuan University with
the permission of the local ethics committee for laboratory animal (Sichuan Laboratory
Animal Management Committee) and two adult female New Zealand rabbits were used.
The rabbits were anaesthetized with intravenous pentobarbital sodium (30 mg/kg) and
surgically operated under general sterile condition. A longitudinal incision was made on
the knee and the subcutaneous tissue was divided to expose the patellar tendon. A 10
X 3 mm size defect (length X width) was made in the middle third of the tendon. The
implant (10 X 3 mm) was bundled up with 4-0 nylon suture at the two ends and was
sutured to the host tendon at the four corners using 4-0 nylon suture. Following the
implantation, the wound was closed by 4-0 nylon suture. Using the same implantation
procedure, the tendon harvested from one knee was bundled and implanted in the other
knee of the sampled animal as an autologous control. Penicillin was intramusculatly
injected for 3 consecutive days to prevent infection. Six weeks later, the rabbits were
sacrificed by intravenous administration of a lethal dose of pentobarbital sodium and
the implants were collected with surrounding tissues. The samples harvested were fixed
in 10% formalin and subjected to paraffin embedding for histological evaluation.

Image analysis

Aspect ratio of the nuclei was calculated by using Image]. Briefly, images were
treasholded and analysed by using Analyze Particles option for which measurements were
selected to Shape descriptions. Directionality of actin fibers was measured by using

Directionality section in the Analyse command.

Statistical analysis

All statistical analysis was performed using GraphPad Prism version 8.0 (GraphPad
Software, Inc., San Diego, CA). Student’s t-test, one-way and two-way analysis of
variance (ANOVA) was carried out with significance set at p < 0.05 to determine the
significance between means. For multiple comparison tests, the Tukey procedure was

applied.
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Supplementary figures
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Supplementary Figure S2: Representative images of mechanical tests and stress-

strain plots. (A-E) Mechanical tests were carried ont on longitudinal sections obtained from ~1cm

long pieces of lyophilized porcine tendons. The cross sectional areas were measured from stereomicroscope

images (A) by drawing a polygon around the area using Image] (B). The ends of the samples were
embedded in epoxy resin to prevent slipping from clamps during tensile testing (C-E). Results displayed
large variations between stress-strain plots (F,G). From the linear region of the stress-strain curves,
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the elastic modulus was calculated. (H) Box plot result showing first, second and third
quartiles with crosses marking the maximum and minimum values. Results indicated a
significant difference in modulus based on a Welch t-test between native and
decellularized tissues (p-value 0.04) (NPT=Native tendon, DPT=Decellularized
tendon).
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Supplementary Figure S3: Directionality analysis of hMSCs cultured on
decellularized tendon sections and directionality analysis of cytoskeleton. (A-C)
Representative images f hMSCs cultuted on DTS for day 1 (A), day 4 (B) and day 7 (C).
(D-F) Stress fiber directionality of hMCSs at day 1 (-18.26 £ 13.62°) was even more
strongly anisotropic at day day 4 (-20.37 £ 10.74°) and day 7 (-6.86 £ 10.74°).
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Supplementary Figure S4:
Subcutaneous view of the
patellar tendon site, before
and after implantation of
the decellularized  and
autologous tendon in the
surgically produced rabbit
patellar tendon defect. (A1)
Image of the decellularized tendon
(DT) implemented in the rabbit
patellar tendon within the 10 X 3
mm incision site. (B) Image of the
antologons  tendon  that  was
harvested  from one knee and
implanted in the contralateral knee

of the animal as control. (C) Image of the rabbit knee, G weeks after implantation of the DT graft.
(D) Image of the rabbit knee, G weeks after implantation of the AT graft.
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Chapter VIII

General Discussion

hey say the history we know begins when ancient Sumerians of Mesopotamia

invented the cuneiform. Being the pioneers of many things that we use today,

such as wheels, maps, the fundamentals of mathematics and astronomy, they
also created the foundation of regenerative medicine. It is documented on Sumerian
tablets that between 2100-2000 BC, honey was used as a treatment for wound healing!.
Since then, humans kept on developing new applications in regenerative medicine as
much as technology allows. In 1794 autologous skin grafting and in 1881 cadaveric skin
grafting had started, however, it was not until 1952 that cryopreservation of tissue had
started to store collected tissues and only in 1987 the term “Tissue engineering” joined
the modern medicine and science literature?. Thanks to the accumulation of scientific
experience and knowledge, today, we are developing new biomaterials that our ancestor
would not have imagined, and frankly, they would be dumbfounded to see what we
have achieved. By following the footsteps of ancient Sumerians, I too used nature as a
source for inspiration and created “Nature-inspired biomaterials” to be used in tendon
tissue engineering, which are documented in this thesis.
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Recapitulation of main findings

As we obtain more information about human physiology, and advancements in
biological and material science, we are getting better at producing biomimetics for
regenerative medicine. Variations of synthetic and natural polymers are used as a
backbone to make materials with varying biochemical and biophysical properties. Of
the available synthetic or natural polymers, collagen steps forward as it is the main
structural protein in the connective tissues, as well as other tissues and thus can be used
as a joker biomimetic material 3. In particular, in tendon tissue engineering, collagen
receives the lion’s share in both iz vive and in vitro applications* as tendon tissue is
predominantly composed of collagen®. 3D collagen gels®7, coating surfaces with soluble
collagen®?, creating surface topography with collagen!®-'3 are different ways of
mimicking tendon’s collagen nature. In this thesis, in chapter IV, we also created
surface topographies that are formed by the self-agglomeration of collagen. The surface
topographies we obtained are special in many ways. First, the topography in the
concentric rings induced elongated cell morphology that tenocytes 7 vivo have. Second,
cells experienced the collagen itself as a biochemical cue. Third, formation of three
distinct regions upon evaporation with respect to topographical architecture can
resemble the heterogeneity that we also have 7 vivo. Although it is arguable that how
much of the 7z vivo experience that we can provide tenocytes 7 vitro (considering that
tenocytes in the tendon are in limited access to supplies and oxygen, constant exposure
to mechanical stimulation and cocktail of growth factors and enzymes), it is valuable to
give tenocytes the best we can 7 vitro.

Another way of creating a tendon biomimetic is creating tissue itself or surface
topographies with the help of certain technologies, such as 3D printing'* or
electrospinning!>16. These methods can enable fine-tuning the biophysical properties
(e.g. surface topography, stiffness etc.) and chemical composition. In particular, the
advancements in 3D printing technology led researchers to fabricate tissues with
complex architectures, such as heart or cartilage, 2 layer-by-layer construction.
However, due to the limitations of the printability of biocompatible polymers, such as
melting temperature and viscosity, as well as the needle size, fiber dimensions can only
be around a few hundred micrometers. This, in particular, is a limiting factor for tendon
tissue as the hierarchal fiber organization is around 10-50 um, and fibril diameters are
at nano level'”. Therefore, laser-assisted bioprinting or inkjet bioprinting are better
selections to increase spatial resolution as they could give 10um resolution and despite
their pros, they induce lower cell viability and density's. Here, electrospinning is more
advantageous as spatial resolution with it can be reduced to tens of micrometers or even
nanoscale. Nonetheless, both techniques require specialized equipment, expensive
materials and specific protocols that can limit their application in tissue engineering.
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General Discussion

As illustrated in chapter V and chapter VI, we used a simple soft-embossing technique
that only requires everyday-lab types of equipment, such as oven or glass microscopy
slides. One might argue that the drawback of our technique is standardization. That is,
new PDMS from new tendons are prepared after several use of mother PDMS mold to
maintain the quality of tendon imprints. However, in theory and in practice, using
different tendons to make imprints does not affect the readout. Furthermore, the graft
materials from animal or human resources are not their identical replicates. Therefore,
maybe in 7z vitro tissue engineering research, we need to loosen the “standardization”
belt and give some space to variability in material properties within a certain range. From
a translational point of view, the limitation of this technique, though, is that we have
only tested polystyrene imprinting from PDMS, but not other biodegradable polymers
that have been used in tissue engineering applications. Collagen and silk can be
interesting candidates as they have been actively used in tendon regenerative medicine.
However, material properties, such as glass transition temperature, of these materials
has to be studied more in detail and further optimizations have to be adjusted.

A great number of 7z vitro platforms had established to prove the concept that tenocyte
phenotype is correlated with spindle-shaped cell morphology. This is a very important
point, as it has been demonstrated by other groups!®-2! -as well as in chapter V and our
other published work?- that tenocytes rapidly dedifferentiate, and pushing cells into an
elongated shape recovers dedifferentiated tenocyte phenotype and induce
differentiation of stem cells to tenogenic lineage. In fact, as we emphasize in chapter V
that expression of tenocyte marker genes is positively correlated with cell elongation
and negatively correlated with cell area.

Undoubtedly, aspect ratio, as it indicates cell elongation (or spindle-shape), is an
important parameter to describe tenocyte shape both 7 vive and in vitro. However, the
cell area in vitro also indicates cell phenotype with respect to its spreading and tension.
Essentially, the more spread the cell, the more tension occurs in the cell to manage
attachment. However, in 7z vivo, cell spreading, hence, cell area is lower. Tension also
reflects on the focal adhesion (FA) area and length as well as stress fibers. Therefore,
smaller cells with fewer stress fibers and smaller FAs is another description to define
tenocyte phenotype, as we discussed in chapter IT and chapter VI. However, the cell-
biomaterial interface is a complex contact point where the biochemical and biophysical
cues from ECM are translated by integrins and focal adhesions to actin cytoskeleton to
give a biological response. Although it sounds very straightforward, the story of the
organization of actin cytoskeleton and its reflection on the cell phenotype is rather an
incomplete picture, especially for tenocytes. One example is the Rho/ROCK/SRF
signaling, as we discuss in chapter IT and chapter VI. Considering the way we define

tenocyte phenotype with respect to its shape and the cytoskeletal organization does not
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really fit with the activity of Rho/ROCK/SRF signaling as described in above-
mentioned chapters. Therefore, we need more data to elucidate the regulation of
tenocyte phenotype viz signal transduction pathways. One suggestion can be performing
transcriptomics and proteomics experiments in tenocytes possessing different shapes
and performing detailed pathway and gene network analysis. As we described in
chapter III, omics tool preserve a lot of information waiting to be unearthed.

There are different attempts to modulate a healthy tenocyte phenotype i vitro (e.g.
mechanical stretching, altering biophysical properties of the culture conditions etc.) and
thanks to the lessons we learned from these studies, we are getting closer to find
alternatives for tendon grafts. So far, using natural (e.g. silk, collagen, chitosan etc) or
synthetic polymers (e.g. polylactic acid (PLA), polyglycolic acid (PGA), polylactic-co-
glycolic acid (PLGA) etc.) or composite materials have been on the rise in 7 vivo
research* as they can also be compatible with the above mentioned technologies.
However, in clinics, selection of a candidate material is tricky as allografts and autografts
are already the golden standards and orthopedic surgeons, as well as patients, have to
have good reasons to switch to another potential product.

Therefore, as described in chapter VII, in order to produce a graft material to be used
in tendon tissue engineering, instead of mimicking the nature, we used the nature itself,
the tendon, to create a sense of familiarity in the patient’s and surgeon’s head as the
replacing product is still a tendon. Secondly, in order to create reliability and
trustworthiness, we used a highly-accepted process called decellularization? and created
an acellular tendon by washing out its cells and some proportion of its ECM
components. In fact, the very concept of decellularization is fascinating. In analogy,
decellularization is selling your house to someone else and taking some of the furniture
with you. Finally, we characterized our decellularized tendons in various aspects:
biochemically, biomechanically, 7 vitro and in vive biocompatibility to demonstrate the
potential of decellularized tendons in regenerative medicine.

Decellularized tissues are already in use in the clinics and have a variety of applications
including wound healing, atrial and ventricle repair, pericardial and thoracic wall
replacement. For tendon tissue regeneration, Graftjacket® and Allopatch HD™ offer
commercial products prepared by the decellularization of human dermis ECM, which
has been approved for clinical use by the FDA in 2014 and used in rotator cuff repair?+.
Several other companies are in the market and offer decellularized porcine dermis and
intestine submucosa (Conexa™ and CuffPatch™) for Achilles tendon and rotator cuff
repair and reinforcement?. However, the issue with the current applications is that they
are not of tendon origin, hence, may lack the biochemical composition and
biomechanical properties that are required for the injured tendon. As mentioned in

chapter I and chapter II, for the maintenance of tendon homeostasis, mechanical
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stimulation is very critical and most tendon injuries originate from excessive loading.
Another issue with the current tendon grafts is the origin of the tendon. Human
materials (both autografts and allografts) are expensive and limited in access. However,
there are millions of tendons available as a byproduct of the food industry. Therefore,
from a sustainability point of view, once prepared properly, characterized thoroughly
both #n vitro and in vive, xenograft decellularized tendon can be the new golden standard.

Future directions

In this thesis, with the concept of “nature-inspired” in mind, we introduce different
methodologies to create surface topographies to manipulate cell shape, investigate cell-
biomaterial interface and produce a biomaterial that has a potential to be used in tendon
tissue engineering. The data that we report answers several questions regarding tenocyte
and tendon physiology, however; it also creates more questions than it answered.

Firstly, in general, when we think about tissue engineering and regenerative medicine,
animal source tissues or synthetic/natural polymers come to mind. However, a growing
amount of research now demonstrates the potential of plant-based tissue engineering?>-
3. For instance cellulose and alginate are among the most frequently used plant-based
polymers and have been demonstrated to be biocompatible in both ## vitro and in vive
studies?s. In the context of tendon tissue engineering, decellularized celery can promote
tenocyte phenotype 7 vitro3' and scaffolds —with respect to their size and mechanical
properties- can withstand the physiological loads that a palmaris longus is exposed to3!.
There are certain aspects that plant-based tissue engineering can become supetior to
animal-based tissue engineering. Firstly, plants have a very complex tissue organization
(porosity, fiber density, network structure etc.) and topographical landscape. This
complexity can be used as an advantage to explore their capability to manipulate cell
behavior. Secondly, their availability and absence of ethical concerns compared to
animal-based materials can make the preference easier. Finally, cross-reactivity that
occurs with animal-based tissues can be overcome with plant-based tissues owing to
their inherent resistance to degradation in human body, though, long term effects of
such non-degradable materials have to be elucidated.

Secondly, as briefly described above, the soft embossing method has great potential to
make biomimetics. Indeed, the protocol has to be optimized for the potential polymer
of interest, such as melting temperature or duration of embossing. For tissues, such as
tendon, that has a uniform topographical order; imprinting surface topography is a great
step to create a biomimetic material. More interestingly, in the degenerated tendon,
compared to healthy tissue, there is a drastic difference in tissue organization and
surface topography, which can be imprinted on a PDMS (with our current method) or

other polymers that are more pronounced in the degenerated tendon (such as GAGs or
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collagen type I1I). With this, a tendinopathy model can be created zz vitro to elucidate
the dynamics between healthy and degenerated tendon. Furthermore, the replication of
enthesis, which is the bone-tendon end of the tendon, 7z vi#ro can enable future research
to understand this interface better.

The relevance of mechanotransduction in the regulation of tenocyte phenotype cannot
be overstated as tenocytes are highly mechanosensitive cells and their fate is highly
correlated with their morphology. Therefore, the mechanotransduction pathways that
are affected by the cell shape are among the hot topics in tendon research.
Rho/ROCK/SRF signaling, for instance, is one of these pathways, as described in
chapter II in detail, yet we still have to unravel their involvement in steering tenocyte
phenotype. This can help us to create biomaterials or small molecules that could target
activation (or inhibition) of these pathways and maybe allow zz sitn interference to the
injury site. One of the most efficient ways of obtaining such comprehensive information

is using transcriptomics or proteomics tools.

The future of tendon tissue engineering can follow the footsteps of regenerative
medicine. Essentially, the health of a tendon is influenced by age, smoking, gender or
drugs and furthermore the nature of each injury can be different and may need to have
a different approach for treatment. Given the various methods to create decellularized
tissues with varying sizes and mechanical properties, situation of each patient can be
assessed individually and implant can be produced for the need. In fact, with the right
technology, similar to stem cell therapies, tendon therapies can be provided. This
technology can be a washing machine that requires a tendon and the detergents or more
like an imprinting machine that creates an implant in the surgery room. For this to
happen, clinics and research laboratories should join their power.
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Summary

ature, undoubtedly, is the best engineer. It provides an enormous

amount of information concerning how cells, tissues and organs form,

organize and communicate with each other inharmony. Ergo,
throughout the scientific journey of humankind, scientists are constantly
inspired by nature to produce materials to reflect nature’s genial way of working
for human use. For example in industry, highly flexible and deformable
properties of octopus became a muse to develop adaptive robotics. Similatly,
through inspiration from the surface topography of plant leaves, materials that
can reduce particle adhesion or that have self-cleaning and anti-pollution
properties were created. In regenerative medicine, application of bio-inspired
tissue engineering approach roots back to 1970s when Dr W.T Green used
spicules of bone as a tool to mimic cartilage tissue. Ever since, we scientists are
heartened by what nature has to offer and not only create solutions to treat
pathogenic or dysfunctioning tissues but also try to understand the roots of the
problem.

In this thesis, by taking nature as a guide, we aim to develop materials to be used
in tendon tissue engineering and further understand the cell-biomaterial
interactions concerning cell shape to control cell behaviour. We used chapter I
to briefly introduce tendon tissue and the tenocyte phenotype cycle and
highlighted the motivation of this thesis, which is developing materials to be
used in tendon tissue engineering 7z vivo and materials that can mimic zz vivo
tenocyte phenotype 2 vitro to elucidate how tenocyte shape is linked with its
phenotype. In chapter II, we elaborated the concept of tenocyte phenotype
cycle as “Loop of phenotype” and elaborated on the role of tenocyte cell shape in
healthy and damaged tendon 7z vive. We further elaborated on how cell shape is
manipulated via in vitro tools, through which mechanisms the information on cell
shape is reflected in downstream phenotypical responses that affect both cell-

extracellular matrix and, in return, cell shape. Ultimately, we discussed how this
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information can be translated into clinical applications to generate new
approaches for tendon tissue engineering. We used chapter III to discuss the
relevance of omics tools (transcriptomics, proteomics etc.) to investigate cell-
biomaterial interactions en route to engineering new biomaterials or explore new
potentials of the existing biomaterials.

In chapter IV, we did our first attempt to mimic nature. By using the self-
agglomeration process of collagen molecules as a starting point, we managed to
create three distinct surface topographies to manipulate tenocyte shape and
orientation. We elaborated on the impact of cell shape on cell phenotypical
markers by making a tendon-biomimetic iz vitro that possesses native tendon
topography obtained iz soft embossing technology in chapter V. Ultimately,
this method allowed us to obtain a plastic fendon that can be used to alter tenocyte
shape, expression of its marker genes and proliferation capacity, and allow
tenocytes to experience 2 vivo stimuli during 7z vitro culture. We explored the
involvement of cell shape on the regulation of integrin signalling and focal
adhesion maturation in chapter VI, to have a better understanding of the Logp
of Phenotype. As a final experimental chapter, we used chapter VII to directly
apply what nature has provided to find a biomaterial to be used in tendon tissue
engineering. For this reason, we adopted the decellularization approach to obtain
decellularized tendon.

In summary, this thesis provides new aspects on how to use nature itself to
manipulate cell shape and overall cell phenotype and their relation with focal
adhesion maturation, which elucidates an important parameter of the
mechanisms of mechanotransduction. In chapter VIII, we discussed the
translational aspect of our findings and their (dis)advantages and encouraged to
looking into nature when seeking inspiration.
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Samenvatting

e natuur is zonder enige twijfel de beste ingenieur. Ze bevat enorm

veel informatie waarmee ze de vorm, organisatie en communicatie van

cellen, weefsels en organen in harmonie orkestreert. Ergo, gedurende
de hele wetenschappelijke reis van de mensheid zijn wetenschappers constant
door de natuur geinspireerd om materialen te produceren die de ingenieuze
manier van werken van de natuur weerspiegelen. Zo vormden in de industrie de
zeer flexibele en vervormbare eigenschappen van de octopus een bron van
inspiratie voor de ontwikkeling van adaptieve robotica. Ook de fascinerende
oppervlaktetopografie van plantenbladeren stimuleerde onze creativiteit om
materialen te ontwikkelen die de aanhechting van deeltjes verminderen of die
zelfreinigende en anti-vervuilende eigenschappen hebben. In de regeneratieve
geneeskunde gaat de toepassing van bio-geinspireerde #ssue engineering terug tot
de jaren '70, toen dr. W.T. Green de spicula van bot gebruikte als instrument om
kraakbeenweefsel na te bootsen. Sindsdien worden wij wetenschappers
bemoedigd door wat de natuur te bieden heeft en creéren we niet alleen
oplossingen voor de behandeling van pathogene of niet functionerende weefsels,
maar proberen we ook de problemen die we tegenkomen bij de wortel aan te
pakken. In dit proefschrift zijn we, door de natuur als leidraad te nemen, op zoek
gegaan naar materialen die gebruikt kunnen worden voor peesweefsel engineering
en wilden we daarnaast de cel-biomateriaal interacties die de celvorm
beinvloeden beter begrijpen om zo het gedrag van de cellen te kunnen
controleren. We hebben hoofdstuk I gebruikt om het peesweefsel en de
fenotypecyclus van tenocyten kort te introduceren. We benadrukten daarin ook
onze motivatie voor dit proefschrift, namelijk het ontwikkelen van: ) materialen
die gebruikt kunnen worden in tendon tissue engineering iz vivo en b) materialen
die het n vivo tenocyt fenotype kunnen nabootsen in zz vitro omstandigheden,
met als uiteindelijk doel om te verduidelijken hoe de tenocytvorm verbonden is
met het fenotype. In hoofdstuk I hebben we de tenocyt fenotype cyclus verder

onderzocht als een "/ogping fenotype" en zijn we dieper ingedoken op de rol die
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de vorm van tenocyten heeft in gezond en beschadigd peesweefsel iz vivo. We
onderzochten ook hoe de celvorm kan worden gemanipuleerd met 7z vitro
technieken en identificeerden daarnaast enkele mechanismen waarmee de
celvorm invloed uitoefent op een aantal fenotypische reacties die uiteindelijk de
downstream extracellulaire matrix beinvloeden. Die matrix kan op zijn beurt weer
de vorm van de cel beinvloeden. Tot slot hebben we in dit hoofdstuk besproken
hoe deze nieuw verkregen informatie kan worden vertaald naar klinische
toepassingen om nieuwe benaderingen voor peesweefsel engineering te
ontwikkelen. Hoofdstuk III hebben we gebruikt om de relevantie van omics
tools (transcriptomics, proteomics, etc.) te bespreken om cel-biomateriaal
interacties te onderzoeken die mogelijk de weg kunnen banen naar nieuwe
engineered biomaterialen of naar nieuwe toepassingen voor bestaande
biomaterialen. In hoofdstuk IV hebben we een eerste poging gedaan om de
natuur na te bootsen. Door het zelfagglomeratieproces van collageenmoleculen
als uitgangspunt te nemen, zijn we erin geslaagd drie verschillende
oppervlaktetopografieén te maken waarmee de vorm en oriéntatie van tenocyten
gemanipuleerd kan worden. In hoofdstuk V hebben we de impact van de
celvorm op de celfenotypische markers onderzocht door 7 vitro met behulp van
soft embossing een pees-biomimetic te creéren die een pees-eigen topografie bezit.
Uiteindelijk heeft deze methode ons in staat gesteld een plastic pees te
synthetiseren die gebruikt kan worden om de vorm van de tenocyten, de
expressie van marker genen en het proliferatievermogen te veranderen. Het
maakt het bovendien mogelijk voor tenocyten om zz wvivo stimuli te ervaren
tijdens zx vitro celkweek. In hoofdstuk VI hebben we het effect van de celvorm
op de regulatie van integrine-signalering en focal adhesion maturation onderzocht,
om een beter inzicht te krijgen in het “/oping fenotype”. In het laatste
experimentele deel van dit proefschrift, hoofdstuk VII, maakten we gebruik van
een decellularisatie-technieck om van echte pezen geisoleerd uit paarden een
biomateriaal te creéren dat gebruikt kan worden in peesweefsel engineering.
Samenvattend biedt dit proefschrift nieuwe inzichten in hoe we de celvorm en
het celfenotype kunnen manipuleren en het vergroot ons begtip van hun relatie
met focal adbesion maturation, wat resulteerde in de ontdekking van een belangrijk
aspect van mechanotransductie. In het laatste hoofdstuk VIII reflecteerden we
daarom op deze bevindingen, bespraken we mogelijkheden voor translatie naar
de kliniek en de bijbehorende voor- en nadelen, en moedigden we onderzoekers
aan om zich tot de natuur te wenden bij het zoeken naar inspiratie.
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Ozet

oga hig stiphesiz ki en iyi mithendis ve bize hiicrelerin, dokularin ve

organlarin nasil olustugu ve birbirleriyle nasil bir uyum iginde

haberlestigi konusunda muazzam miktarda bilgi veriyor. Insanligin
bilimsel tarihi stiresince, bilim insanlar siirekli dogadan ilham alip, doganin genel
calisma seklini yansitan malzemeler Uretip insan kullanimina sunulmustur.
Ornegin, bir ahtapotun esnek ve bicimi bozulabilen yapist ayarlanabilir robotik
calismalarinda kullanilan képtige ilham vermistir. Yine benzer bir sekilde, bitki
yapraklarinin yiizey topografisinden ilham alinarak parcactk yapismasini azaltan,
kendi kendini temizleyen, kirlenme karsit1 Ozellikleri olan malzemeler
tretilmistir. Biyolojiden esinlenen doku mithendisliginin rejeneratif tip alaninda
kullanilmast 1970’lerde Dr. W.T Green’in kemik sivri uglarint kikirdag: taklit
etmek icin bir ara¢ olarak kullanmasi ile baslamistir. O zamandan beri doganin
sunduklart bilim insanlarint ¢alismayan ya da sorunlu dokulari iyilestirmek icin ve
bu sorunlarin temelini anlayabilmek i¢in yureklendirmistir
Tezimde dogay1 rehber alarak, tendon doku muhendisliginde kullanilmak tizere
malzeme gelistirmeyi ve ayni zamanda hiicrelerle biyomalzeme arasindaki iliskiyi
htcre seklini manipiile ederek, hticre sekli ve genel fenotipi arasindaki iligkiyi
calismayt amagladik. Bélum Ii tendon dokusunu ve tenosit fenotip déngtsiini
tanitmak, tezimin konusunu sizlere aktarmak icin kullandim. Bélum ITde,
tenosit fenotip dongusti kavramini “fenotip dongiisti” olarak detaylandirdik ve
tenosit hucrelerinin sekillerinin yasayan kosullarda saglikli ve hasarhi tendon
tzerindeki rolint detaylandirdik. Daha sonra, hiicre sekillerinin laboratuvar
ortamindaki araglarla nasil degistirildigine, hiicre seklinin bilgisinin hangi asagt
akis isleyis ile htcre ve hiicre matrisi arasindaki etkilesimi ve hiicrenin kendi
seklini etkileyen fenotip cevaplara aktarddigini detaylandirdik. Nihayetinde bu
bilgilerin nasil tendon mithendisliginde yeni yaklasimlar gelistirmek amaglt klinik
uygulamaya donistiricii olabileceginden bahsettik. Bélum IIu omics
araclarinin (transcriptomics, proteomics vb) hiicre ve biyomalzeme arasindaki
etkilesimlerin arastirilmasindaki yerini ve bunun yeni biyomalzemelerin
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tasarlanmasinda  veya hali hazirda bulunan biyomalzemelerin  yeni
potansiyellerinin bulunmasinda nasil kullanilabilecegini tartismak i¢in kullandik.
Bélum I'Vde dogay: taklit etmekteki ilk cabamizi yaptik. Kolajen molekullerinin
kendi kendine yigilma surecini baglangic noktast olarak alarak tenositlerin seklini
ve yonelimlerini degistirmek icin 3 farkli yiizey topografyast tretmeyi bagardik.
Hiicre seklinin hiicre fenotip belirteclerine etkisini laboratuvar ortaminda
yumusak kabartma teknigini kullanarak yerli tendon topografisini sahiplenen
tendon-biyomimetigi yaparak nasil calisugimiza Bélum Vde bahsettik.
Nihayetinde bu teknik bizim tenosit seklini, belirte¢ genlerinin ifadesini ve
cogalma yetisini etkilemekte kullanilabilecek plastik tendon tretmemizi ve
tenositlerin yasayan kosullardaki uyaricilart laboratuvar ortamindaki kiltirde
deneyimlemelerini sagladi. “Fenotip dongustni daha iyi anlayabilmek icin
Bélum VI’da hicre seklinin Integrin sinyal yolak kontrolindeki ve fokal
adezyon olgunlasmasindaki roliint inceledik. Son deneysel bolum olan Bélum
VI de doganin sagladiklarini tendon dokusu mithendisliginde dogrudan
biyomalzeme olarak kullanilmast igin yazdik. Bu sebeple, hucresizlestirilmis
tendon elde etmek i¢in hiicresizlestirme yontemini kullandik. Son olarak Bélum
VITde sonuclari ve genecek firsatlarini tartistik.

Ozetle, bu tez doganin kendisini nasil hiicrelerin sekillerini ve genel olarak
fenotiplerini etkilemek i¢in kullanabilecegimiz ve bunun mekanotransduksiyon
isleyisinde Onemli bir parametre olan fokal adezyon olgunlasmasindaki
roliine yeni bakis agilar getirmektedir. Son boliimde bulgularinizin klinik alanina
geviri yoniini ve avantaj ve dezavantajlarini tartisip, ilham arayist icerisinde
oldugunda dogaya donilip bakmay: cesaretlendirdik.
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