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CHAPTER 1

INTRODUCTION

abstract

Pericytes, the mural cells of blood microvessels, are important regu-
lators of vascular morphogenesis and function that have been postulated
to mechanically control microvascular diameter through as yet unknown
mechanisms. Their disfunction has been implicated in several patholo-
gies, including cerebral ischemia, Alzheimer’s disease and diabetic ret-
inopathy.

To reveal mechanisms used by pericytes for mechanical interactions
within microvessels we designed models bringing human induced pluripo-
tent stem cell (hiPSC)-derived pericytes in contact with various micro-
patterned substrates representing the microvascular basement membrane
organization. Our findings shed light on how pericytes can mechanically
regulate microvascular morphogenesis and function, and open possibilit-
ies for testing therapeutic strategies.



1.1 Pericytes and their functions

1.1 Pericytes and their functions

In 1873 the French scientist Charles-Marie Benjamin Rouget de-
scribed a subset of contractile cells surrounding microvessels [1]. These
cells were called "Rouget cells" until Zimmerman introduced the term
"pericytes" in 1923 to connect to their close location to the endothelial
cells (ECs) that form vessel tubes [2]. The “close location” and more
precisely “embedment within the capillary basement membrane (BM)”
is currently an accepted definition of mature pericytes [3]. Nevertheless,
this definition is efficient only for fully developed vasculature and not ap-
plicable during angiogenesis or in some pathologic cases when pericytes
tend to separate from capillaries and penetrate the tissue.

1.1.1 Morphology of pericytes and location in blood vessels

In a capillary bed, which consists of arterioles, capillaries and venules,
pericytes have been found to be located mainly on pre-capillaries, mid-
capillaries and post-capillaries. The morphology of the pericytes de-
pends on their location. Mid-capillary pericytes have long cytoplasmic
processes that bridge several endothelial cells. Perpendicularly to these
primary branches extend thin, secondary arms that partially encircle the
vessel. In contrast, pre- and post-capillary pericytes have a more stellate
shape with many branches (Fig. 1.1a) |2, 4].

Pericytes are not just “embedded” within the capillary BM, they
make a variety of mechanical and biochemical interconnections with
ECs. Among them are: peg-and-socket contacts for direct cell signaling
and communication, cell-to-cell adhesions by N-cadherins, and integrin-
mediated binding of pericytes and ECs to the BM of capillaries, as fea-
tured in chapter 2 and chapter 3 (Fig. 1.1b) [5-8].

1.1.2 Identification of pericytes

So far, no single pericyte-specific molecular marker have been iden-
tified. Markers that are currently used to identify pericytes are also
expressed by other cell types and/or can change their expression levels
depending on external factors such as: pathological conditions, devel-
opment and in vitro culturing [5, 10, 11]. Among validated pericyte
markers are: PDGFR-3 (platelet-derived growth factor receptor-beta),
NG2 (chondroitin sulfate proteoglycan 4), CD13 (alanyl (membrane)
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Figure 1.1: Schematic representation of the capillary basement membrane

(BM). Laminin-411/511 and Collagen IV are main components that form

two layers [9]. Fibronectin deposits are embedded into the Laminin part of
the BM and situated in the pericyte-endothelial cell interstitia.

aminopeptidase), «SMA (alpha-smooth muscle actin), Desmin [4, 5, 10,
12].

Pericytes are frequently confused with their close neighbors — vas-
cular smooth muscle cells (vSMCs). These also feature periendothelial
location and share a vast majority of molecular markers with pericytes.
Absence of specific markers, morphological heterogeneity of pericytes
and a smooth transition from the pericyte phenotype to vSMCs, dis-
cussed in chapter 4, adds to the challenge of pericyte identification [4,
10, 13|. Currently, pericyte identification depends on a combination of
a few factors: location on the capillary tree, morphology, two or more
pericyte markers and their ability to support angiogenesis [5, 10, 14].

1.1.3 Pericyte abundance and functions

The density of pericytes and their coverage on capillaries varies across
the human body. In normal tissue, the EC-to-pericyte ratio is between

©



1.2 Pericytes and mechanobiology

1:1 to 10:1 and pericytes can cover from 10% to up to 70% of the en-
dothelial abluminal surface [3|. It was observed that the density of peri-
cytes depends on endothelial barrier properties, showing highest pericyte
coverage in brain, then in lungs and muscle; and on orthostatic blood
pressure with increased pericyte coverage in the lower body parts. Ad-
ditionally, areas with high EC turnover feature lower pericyte densities.

The distribution of pericytes across the body reflects their functions.
In the central nervous system (CNS) pericytes play a critical role in
the development, regulation and maintenance of the blood-brain barrier
(BBB). During embryo development and angiogenesis they regulate the
formation and stability of newly formed microvessels, contribute to and
control extracellular matrix protein expression and deposition of BM by
ECs. In the mature CNS vasculature, pericytes regulate BBB-specific
gene expression in ECs to maintain a high number of tight and adher-
ens junctions between cells, and consequently establish the low level of
bulk-flow transcytosis of brain ECs. Pericytes also have been reported
to induce polarization and mediate proper attachment of the end-feet
of astrocytes surrounding CNS capillaries [12, 15, 16]. Taken together,
this explains why in the CNS the highest pericyte coverage has been
found among all tissue. The barrier function of pericytes causes their
lower concentration in the gas-exchange (lungs), filtration (kidney) and
nutrient transport regions of the body [11]. The presence of proteins
like actin, the high concentration of myosin, tropomyosin and other mo-
tors makes pericytes highly contractile cells [17-20]. In combination
with their tendency to position themselves around EC junctions and to
cover gaps between ECs, pericytes may provide a mechanical support
for microvessel walls, preventing excessive dilation. This correlates dir-
ectly with an increased concentration of pericytes in regions of high or
rapidly-changing [21] blood pressure.

1.2 Pericytes and mechanobiology

Despite extensive studies of pericytes there are still many import-
ant unsolved questions regarding their mechanobiology [25]. To start
with, pericytes have two states: active and mature. These two states
are different in the way pericytes migrate. In their active state, pericyte
migration is reminiscent of “escaping” from the vasculature and penetrat-
ing the tissue |11, 26| sometimes serving as a leading "tip-cell" for a new
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Function Organ/Process Details Referen-
ces
BBB integrity CNS Regulation of tight and [12, 15]
control adherens junctions & bulk
fluid flow transcytosis
Astrocyte CNS pericytes induce polarization [15]
end-feet and mediate proper
polarization attachment of the astrocyte
end-feet surrounding CNS
capillaries
Blood flow CNS, mature pericytes may dilate and [11,
regulation and vasculature constrict capillaries in 21-23]
vascular tone response to vasoactive
maintenance substances and
neurotransmitters
Vessel Angiogenesis, Contacts between pericytes [10, 12,
stabilization embryonic and ECs promote EC 24]
vascular survival, regulate EC
development, migration, proliferation,
mature differentiation and branching
vasculature
Basement Angiogenesis, pericytes together with ECs [5]
membrane (BM) embryonic produce and deposit
synthesis and vascular extracellular matrix (ECM)
deposition development, proteins necessary for
mature vascular BM formation
vasculature
Participation in CNS, mature pericytes have [11, 12]
immunologic vasculature macrophage-like properties
defense and/or can convert into
macrophages. They act as
antigen-presenting cells for
primed T-lymphocytes and
are the first line of defense in
the brain
Contribution to Vascular niche pericytes may represent [10, 11]

tissue
regeneration

mesenchymal stem cells, white
adipocyte progenitors, muscle
stem cells and neural stem
cells. They were shown to
promote tissue regeneration

Table 1.1:

General functions of pericytes



1.2 Pericytes and mechanobiology

vessel branch. In that state they retract processes, degrade the BM and
penetrate the tissue. This active state is specific for tissue healing and
generation. In the mature state, pericytes are tightly located around the
vessel, stably built-in to the vessel BM, and develop numerous contacts
with ECs. Migration in the mature state is described as "sliding" along
the vessel, and spreading across newly formed vessels. Both states can
be simultaneously observed during active angiogenesis.

The ECs of protruding vasculature release the protein PDGF-B, at-
tracting PDGFRS positive pericytes [27-30]. When cells are in close
proximity, an initial cell-to-cell contact leads to protein EphrinB2 en-
gagement by EphB membrane receptors. Subsequent EphrinB2 phos-
phorylation starts a reverse-signaling program promoting cell-to-cell ad-
hesion formation [31, 32].

Let us take a closer look at the cell-to-cell adhesion types that may al-
low mechanical communication between pericytes and ECs. One of them
is mediated by N-cadherins [7]. N-cadherins directly link the cytoskeleton
of pericytes with that of ECs, promoting direct mechanotransduction
between these two cell types [33]. Yet, it has been shown that with ves-
sel maturation and the formation of a BM, the expression of N-cadherins
by ECs is downregulated in favour of VE-cadherin binding between the
ECs [34, 35]. The next mechanical type of coupling is represented by
peg-and-socket contacts. They are known to contain gap-junctions for
direct communication and signaling between pericytes and the ECs [6].
The structure of these insets of pericytes into the cytoplasm of ECs is
reminiscent of mechanical hooks, that potentially are established to pull
on the ECs [36, 37]. Another type of adhesion dominates in mature
vasculature. It involves integrin binding of both cell types to the extra-
cellular matrix of the BM [8|. Pericytes are located within a layered BM
between collagen type IV on the outer side and laminin (LM)-411/511 on
the pericyte-EC interstitium [9, 38]. Electron microscopy analysis shows
that the laminin layer also contains small deposits of fibronectin (FN).
These FN deposits are 0.2 — 2um wide and occur only between pericytes
and ECs. The vast majority of focal adhesions, for both cell types, are
formed on top of these FN deposits, suggesting that those FN deposits
are the points of mechanotransduction between pericytes and ECs. Nev-
ertheless, mechanotransduction pathways between pericytes and ECs are
not fully discovered by now.

One of the most interesting topics related to the mechanobiology of
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pericytes is their ability to control vascular blood flow [22, 23, 39-41].
Pericytes have many features that would allow them to fulfill this func-
tion. They express contractile proteins that allow them to apply forces
on the vessel tube [17-20]. The actin fibers of pericytes are oriented
axially in the primary processes and circumferentially in the secondary
processes. Taking into account that fiber orientation reflects the main
direction of cellular force application, circumferential orientation of the
fibers in the secondary processes suits to the idea of a role of pericytes
in capillary diameter modulation [42]. Additionally, pericytes are often
located at capillary branching points — an ideal place for control and
redirection of the blood flow, thus working as a switch [43]. In the CNS
pericytes have been shown to be capable to react on neuronal activity,
resulting in active relaxation and thereby capillary dilation [39, 41|. How
pericytes decrease or increase a vessel lumen by constriction through nor-
mal forces, general wall stiffening or thinning by tangential contraction

or deformation of the underlying ECs, however remains to be discovered
[25].

1.3 Pericytes and pathology

Pericytes play an important role in the microvasculature and, thus,
are involved in many pathological conditions [44]|. The role of pericytes
in pathology shall be divided between pathologies: that are caused by
deficient pericytes, and those that are caused by impairment of the func-
tions of healthy pericytes due to other factors.

The first group is relatively small, as deficient pericytes usually res-
ult in death already during embryo development due to deficient vessels
and hemorrhages [12]. The second group includes, for instance, dia-
betic retinopathy, diabetic nephropathy, diabetic neuropathy and dia-
betes related erectile dysfunction. These diseases are partially caused
by pericytes vulnerability to uncontrolled, high glucose levels in patients
suffering from diabetes [44].

Another example of pericytes involvement in the pathophysiology
is that of ischemia. Myocardial or renal ischemia promote pericytes to
contribute to fibrosis and scar formation in heart and kidneys [45, 46]. In
cerebral ischemia, pericytes have been shown to enhance brain damage
by actively blocking capillaries in response to prior lack of oxygen and
glucose supply [39].
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1.4 Outline of this thesis

Alzheimer disease (AD), one of the main reasons of cognitive decay
in elder humans, appears to induce pericyte contraction, followed by the
small vessel disease and cerebral blood flow reduction. The conditions of
AD further lead to a decreased pericyte vessel coverage and final BBB
breakdown. Combination of both factors further accelerates AD progres-
sion and dramatic neurodegeneration [47, 48].

In cancer, pericytes are considered to be progenitors of glomus tumor
and myopericytoma [49]. Yet, all tumors lead to impaired functions of
pericytes and ECs in general, in particular in the tumor proximity. Vari-
ous conditions may alter the recruitment of pericytes to newly formed
tumor vessels, resulting in high or low pericyte coverage of the tumor mi-
crovasculature. Both settings lead to either nourishing the cancer cells
resulting in aggressive tumor growth, or in intravasation of cancer cells
into the bloodstream and formation of metastasis [44].

All together, during the past decade pericytes have been recognized
as important players in pathobiology. An accurate identification of the
general role of pericytes, their respective signaling programs and their
mechanobiology is needed to understand the mechanisms that pericytes
play in pathology. Such novel insight may lead to a more on-target
treatment in a diverse range of disease.

1.4 OQutline of this thesis

To allow the study of pericyte mechanobiology I focused on in wvitro
modelling of the capillary basement membrane (BM) in chapter 2.
The part of BM in between pericytes and endothelial cells (ECs) sup-
posedly acts as a mediator of the mechanical interaction between these
two cell types. To mimic the BM I developed a technique using micro-
contact printing (LCP) of proteins on surfaces of largely varying stiffness.
Thereby I reproduced the BM rigidity-range and it’s unique spatial or-
ganization of the two main ECM components in the pericyte-endothelium
cell interstitium — laminin (LM)-411/511 and fibronectin (FN).

In chapter 3 I then used the in vitro BM-model together with hu-
man induced pluripotent stem cell (hiPSC)-derived pericytes on flexible
PDMS micropillar arrays. I showed that mid-capillary pericytes indeed
preferred FN-plaques, and I was able to demonstrate that these plaques
indeed act as sites for exquisite stiffness sensing and regulation of con-
tractile forces and cell spreading. My findings will open opportunities
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for testing therapeutic strategies that target the mechanical properties
of capillaries in disease.

In chapter 4 I assessed the mechanical signals that potentially in-
fluence a-SMA expression in pericytes. I used the in wvitro BM-model
approach to investigate vessel diameter, BM composition and the effect
of stiffness on the a-SMA recruitment to stress fibers in hiPSC-derived
pericytes and compared my findings to those for human smooth muscle
cells (SMCs). To quantify the results I developed an automatic image
analysis. I showed that a-SMA recruitment was mainly affected by the
spatial organization of FN and LM, and to a lesser extend to the stiff-
ness or the ECM contact area. Those findings for pericytes significantly
differ to those of SMCs, which were more affected by the rigidity and
spreading area, rather than by the protein arrangement in the BM.

In chapter 5 I investigated the opportunity to study the behaviour of
pericytes in pathological conditions in vitro. I integrated flexible PDMS
micropillar arrays into fluid-flow channels to examine mechanoresponse
of pericytes to compromised oxygen and/or glucose supply that permits
to mimic pathological conditions like hypoxia and ischemia in vitro. My
approach will allow us to monitor cellular forces simultaneously with
morphological changes, and dynamic protein behaviour in rapidly chan-
ging conditions of the microenvironment. Such instrumentation will have
a broad applicability for potential in vitro testing of drugs or treatment
strategies in pathological conditions.
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CHAPTER 2

TOWARDS CAPILLARY BASEMENT
MEMBRANE in vitro MODELING !

abstract

Basement membranes (BMs) represent thin layers of compact, spa-
tially organized extracellular matrix (ECM) proteins that surround most
tissues, and align epithelium and vascular endothelium in the body. In
vitro reconstruction of any organ or tissue that comprises BMs, requires
either inclusion of single ECM proteins, formation of the BM ECM scaf-
fold, or development of a system resembling BM functions. Here, we
focused on modeling of the capillary BM part that acts as a mediator
of mechanical interaction between pericytes (PC) and endothelial cells
(ECs). By using 2D ECM modeling techniques, such as protein micro-
contact printing (LCP) onto surfaces of different stiffness we could mimic
the capillary BM rigidity range and unique spatial organization of two
main ECM components — laminin (LM)-411/511 and fibronectin (FN).
Our system is useful for studying interactions in the PC-EC interstitial
layer of the capillary BM and can be expanded to the complete capillary
BM model by adding the collagen-rich second layer.

1. This chapter is based on: O. Iendaltseva, V.V. Orlova, C.L. Mummery, E. H.
J. Danen and T. Schmidt, Fibronectin Patches as Anchoring Points for Force Sens-
ing and Transmission in Human Induced Pluripotent Stem Cell-Derived Pericytes,
published in Stem Cell Reports, 2020
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Biochemical and spatial organization of extracellular matrix (ECM)
proteins, as well as, matrix stiffness have implications for cell behavior
[1-3]. It is important to combine all these factors in order to accurately
reproduce the cell microenvironment in wvitro. The capillary basement
membrane(BM) has a unique organization of its three main components
— collagen IV, laminin-411/511 and fibronectin that are used for attach-
ment of cells in the capillary wall [4-7]. Endothelial cells attach mainly
to laminin, for pericytes this is less well understood. Here ,we revised
existing approaches in ECM modeling to develop an in vitro model of
the BM that can be used to study the biochemical and mechanical in-
teraction of vessel cells such as endothelial cells and pericytes with the
BM.

There are many properties of a cell’s physical environment that can
be mimicked to study their influence on the cell’s behavior. These include
the biochemical composition, stiffness and geometry of the surrounding
ECM. In addition, tissue-level mechanical signals such as tissue rigidity
that depends on cell density and intercellular forces, or aspects such as
shear stress or hydrostatic pressure in blood vessels, or dynamic mech-
anical loads such the beating heart [3].

Approaches to mimic ECM protein composition and stiffness of dif-
ferent tissues include 2D and 3D substrates and can be roughly divided
into four major categories: decellularized matrices, nanofibrous scaffolds,
biomimicking gels and arrays of micro- and nano-posts (Table. 2.1) [20].
Here we will briefly describe the main principles.

Tissue decellularization allows obtaining a natural, cell-assembled
matrix, which includes all tissue-specific ECM components in a physiolo-
gically correct arrangement that cannot be reached by using just pure
proteins or synthetic materials [8]. However, composition of such matrices,
as well as their stiffness, is not fully known and varies from donor to
donor, restricting their usefulness as a preclinical model.

Nanofiber fabrication [9] is focused on the use of only essential ECM
components such as collagen, laminin, fibronectin and other fibrous pro-
teins. These proteins can be used directly to create nanofibrous scaf-
folds or blended with synthetic (usually biodegradable) polymers to com-
pensate for their rapid degradation and low mechanical strength. Elec-
trospinning [10], phase separation [11], self-assembly [12] and other tech-
niques were developed to obtain 2D or 3D nanofibrous scaffolds with a set
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Category Dimen- Strengths Limitations Referen-
tions ces
Decellularized 3D Natural, Composition and 8]
matrices cell-assembled mechanical
matrix. Includes properties are
all tissue-specific ~ not fully known
ECM and vary from
components in a donor to donor
correct
arrangement
Nanofibrous 2D, 3D ECM scaffolds Impossibility to [9-12]
scaffolds with defined fine tune the
protein spatial
composition, organization of
fiber diameter, ECM proteins.
alignment, length  Nanofiber
and crosslinking scaffold stiffness
density. Allows dependence on
obtaining its protein
scaffolds of composition and
different stiffness  density
Biomimicking 2D, 3D Decouple the Gel porosity, [13-16]
gels effect of ECM which depends
stiffness from it’s  on concentration
biochemical of crosslinker,
composition; cell  showing increase
TFM in the pore size
with decrease in
the gel stiffness
Arrays of micro- 2D, 3D TFM on 3D geometry of [17-19]

and nano-posts

substrates of
different rigidity,
independently
from substrates-
coupled ECM
feedback

the array surface
or restricted, by
the post
diameter, cell
FAs size

Table 2.1: ECM mimicking approaches
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Figure 2.1: Biological rigidity range

fiber diameter, length and crosslinking density that ultimately define the
scaffold’s resulting stiffness. The main limitations of this approach are
the impossibility to fine-tune the spatial organization of ECM proteins
and the dependence of the scaffold stiffness on its protein composition
and density.

ECM proteins can also be coated on synthetic polymer gels of a
certain stiffness to decouple the effect of the biochemical composition and
protein density from the matrix stiffness. Polyacrylamide (PAA) [13],
hydroxy-polyacrylamide (hPAA)[14] and polydimethylsiloxane (PDMS)
[15] gels suit well and are widely used as biomimicking gels for 2D setups.
Adding a defined volume of crosslinker while keeping the amount of base
polymer unchanged allows to control the rigidity of such gels. PAA and
hPAA hydrogels can be prepared in the stiffness range starting from 0.1
kPA, while PDMS gels are mostly used for the higher stiffness like 100
kPA — 1 MPa. Combined use of such polymers embraces the biologically
relevant rigidity range of ~50 Pa — ~4 GPa (Fig.2.1). Blending marker
beads into these gels also allows performing cell traction force microscopy
(TFM) [16]. The drawback of such an approach is gel porosity, which
depends on the concentration of crosslinker, showing an increase in the
pore size with a decrease in the gel stiffness. This influences mechanical
feedback from the substrate-coupled ECM in addition to the change in
total bulk stiffness of the gel [21].

As an alternative, arrays of Silicone (Si)/PDMS nano- [17, 18] or
PDMS micro- [19] posts can be used to measure cell traction forces
on substrates of different rigidity, independently from substrate-coupled
ECM feedback. Changing the geometry of the posts, but not the amount
of crosslinker in the polymer, controls the stiffness of such arrays. Longer
posts yield lower rigidity. ECM proteins can be coated on top of the
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posts or in between them, depending on the experiment goal, and the
rest of the surface is passivated to prevent unspecific cell binding. Nev-
ertheless, this system also has some disadvantages like 3D geometry of
the array surface or the restricted celllECM attachment area due to the
small diameter of the individual posts.

Taken together, all existing systems have their advantages and dis-
advantages and the experimental approach should be carefully chosen,
depending on the cellular process of interest and effects that can be neg-
lected.

As aforementioned, ECM matrix has not only certain mechanical
properties and biochemical composition, but in many cases, also a defined
spatial organization of proteins. For instance, in the vessel BM, laminin
and collagen — it’s main components — are not mixed , but located in
layers [22]. On the other hand, fibronectin in the BM is located in small
patches. To mimic such organiztion, placing proteins in a pattern on top
of 2D substrates can serve as a scaffold or a guide for cell shaping and
alignment [23].

While micro-scale substrate patterning can shape cells, nano-scale
patterning can spatially control subcellular structures. For instance,
nano-patterning ECM allows to control the distance between individual
ECM-binding receptors such as integrins. This, in turn, affects cell sub-
strate adhesion formation, cell spreading area, and cell proliferation [24].

By combining controlled substrate stiffness and spatial organization
of proteins, the various aspects of the BM can be mimicked. Here, we
are mainly interested in the impact of the ECM at the cellular scale (i.e.
not the nano-scale), and we focus on micro-scale patterning techniques.

Microcontact printing (uWCP) was first introduced by George M. Whi-
tesides and Amit Kumar in 1993 [25]. Initially it was developed to obtain
patterns of self-assembled monolayers (SAM) on top of a gold film, which
with a subsequent selective etching would yield well-defined micrometer
sized features of gold. At the base of the technique was an elastomer
stamp containing a desired pattern surface texture, covered with SAM
and pressed onto a Si wafer with a film of gold on it. This resulted in
a transferred pattern of SAM on top of the gold film in places were the
surface of gold came in contact with the prominent parts of the stamp.
The Si wafer was then etched to produce the desired features. The main
advantage of this method was a fast production of gold patterns without

clean room or photolithographic equipment.
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Further, this principle was adopted for cell biology studies to create
patterns of ECM proteins on top of different substrates |23, 26, 27|. In
the most utilized approach, an elastomer stamp (mainly made of PDMS)
would be covered by a protein of interest and then used to “print” a
protein micropattern on top of the activated substrate like PDMS gels,
Si wafers, glass, polystyrene dishes or PDMS micropillar arrays of a
controlled stiffness [28§].

To solve some major problems of pCP, when printing of small, far
scattered forms is required, a “stamp-off” method was first applied in the
group of Christopher Chen [29]. This method represents an extension of
the conventional pCP technique. The difference with convenstional uCP
is that the PDMS stamp carrying a patterned surface texture, rather
than adding a protein layer to a surface, now is used to remove pro-
teins from the flat surface covered with a protein monolayer at places of
contact. This leaves the protein only at areas untouched by the PDMS
stamp.

Here, we have combined conventional and stamp-off pCP with PDMS-
and hPA A-based substrates of controlled stiffness, to mimic the capillary
BM ECM composition, spatial organization, and mechanical properties.
The models can be used to study the biochemical and mechanical inter-
action of vascular cells such as endothelial cells and pericytes with the
BM.

2.2 Methods

2.2.1 Generation of PDMS flat substrates

PDMS flat substrates were preparead as following. 20g of PDMS
elastomer was mixed in the 1:10 crosslinker:prepolymer ratio, degassed
for 1h at 150 pressure and spread onto silanized Si blank wafer. This
wafer with PDMS on it was degassed again for 15" and curred at 65°C for
16 hours. After polymerization, PDMS was detached from the Si wafer
and cut into 10 x 10 mm pieces.

2.2.2 Patterning of PDMS flat substrates

PDMS micropillar arrays for stamping were prepared as was de-
scribed before [30] [31]. Briefly, SI mold was made by two-step Deep Re-
active Ion Etching (DRIE) process. This yielded a 10 x 10 mm hexagonal
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array of 2 pm diameter holes with 2 um spacing and varying depth,
flanked by two 50 wm deep 10 X 2 mm tranches. After mold passivation
with trichloro silane (Sigma), PDMS 1:10 was poured over it and cured
for 20 hours at 110°C. The peeled off PDMS had a negative of the mold
shape with micropillar array and 50 um spacers on the sides. 50 pum
spacers were further cut off to ensure a good contact between the flat
surface and pillar array.

A FN-dot pattern on top of PDMS substrates was obtained by using
a “microcontact printing” method. First, flat PDMS (Sylgard 184,Dow
Corning) 1:30 (crosslinker:prepolymer ratio, cured 16 hours at 65°C)
stamps were incubated 60’ with a 40 pul drop of 50 pg/ml FN plus 10
ug/ml Alexad05-FN in milliQ, washed ones in milliQ and dried under
laminar flow. Then, aforementioned PDMS (Sylgard 184,Dow Corning)
1:10 (crosslinker:prepolymer ratio, cured 20 hours at 110°C) micropillar
arrays with spacers cut off were 10’ UV-ozone activated and inverted on
top of the PDMS stamp for 10°. Further, micropillar arrays with FN
on them were pressed onto the UV-ozone activated PDMS substrates
surface for 10’. Before removing PDMS micropillar arrays, everything
was immersed with 100% Ethanol. After PDMS micropillar arrays were
gently detached from the PDMS substrates, 100% Ethanol was replaced,
first, with 70% Ethanol and then with 1% BSA 60’at room temperature
to block the rest of the surface.

A grid of crossing FN and LM lines pattern on top of the PDMS
substrates was obtained by combining “stamp-off” and “microcontact
printing” methods [32]. First, two PDMS 1:10 molds with 5 um high
lines of different width were produced by using replica-molding from a
silicon wafer. After UV-ozone activation 10’, they were pushed onto
PDMS 1:30 stamps with a protein layer dried on them. Followed by 10’
incubation and removal, this molds left a negative of the pattern in the
protein layer on top of the PDMS stamps. Further, PDMS stamps were
inverted on top of the UV-ozone activated PDMS 1:10 surface, creating
a pattern of crossing LM and FN lines on it (Fig. 2.3a). As a last step,
everything was immersed with 100% Ethanol, then 100% Ethanol was
replaced, first, with 70% Ethanol and then with 1% BSA for 60’ at room
temperature to block the rest of the suface.

A pattern on top of PDMS flat 1:10 (crosslinker:prepolymer ratio,
cured 16 hours at 65°C) substrates, where LM would surround FN spots
or the inverse organization, was produced by combining “stamp-off” and

@)
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“microcontact printing” methods [32]. Two flat PDMS (Sylgard 184,Dow
Corning) 1:30 (crosslinker:prepolymer ratio, cured 16 hours at 65°C)
stamps were separately incubated for 60 with LM-111 (Sigma, 12020)
and mixture of Alexa405-labeled and unlabeled FN (Sigma, f1141), washed
with milliQ) and dried under laminar flow. With a help of UV-ozone ac-
tivated PDMS 1:10 micropillar arrays, were obtained holes in one of the
layers. Further, two stamps were inverted one by one on top of the UV-
ozone activated PDMS 1:10 surface and incubated for 10’ each, to get
previously modified protein sheet on top of the uninterrupted layer of —
second (Fig. 2.2a, b).

PDMS surfaces with FN lines under a layer of LM with holes were
printed by using PDMS stamps with LM and FN layers modified as
aforementioned. A PDMS micropillar array was used to make holes in
the dry LM monolayer and PDMS mold with lines — to create a line
pattern in FN. Further, this stamps were loaded for 10" each on top of
the UV-ozone activated PDMS surface, with FN stamp going first (Fig.
2.3b). Finally, all patterned PDMS surfaces were washed with 100%
Ethanol, followed by 70% Ethanol and blocked by using 1% BSA 60’.

2.2.3 Generation of hPAA hydrogel

hPA Am hydrogels were made following a previously described method
[14]. Gels stiffer then 40 kPa were obtained following the same proced-
ure as suggested in [33] and [34] by increasing polyacrylamide mono-mer
concentration with a fixed monomer/crosslinker ratio of 29:1.

2.2.4 Generation of PDMS gel

PDMS gels were generated similar to the procedure described be-
fore. First, 13 mm glass coverslips were cleaned in milliQ and ethanol,
dried and treated 10 in the UV-ozone chamber. Then, PDMS (Sylgard
184, Dow Corning) prepolymer was mixed with the crossliker in differ-
ent ratios from 10:1 to 100:1, degasssed and spread on top of the glass
coverslips, followed by curring at 65°C for 16 hours.

2.2.5 hPAA hydrogel and PDMS gel patterning

A pattern on top of hPAA hydrogels and PDMS gels, where LM
would surround FN spots was produced by combining “stamp-off” and

(22)
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“microcontact printing” methods [32]. First, stamps were prepared in
the same way for both types of gels. A 40 ul drop of 50 pg/ml LM-
111 in milliQ water was incubated for 60’ on top of the 10 x 10 mm
PDMS (Sylgard 184,Dow Corning) 1:30 (crosslinker:prepolymer ratio,
cured 16 hours at 65°C) stamp, followed by washing and drying under
laminar flow. Then OV-ozone activated PDMS micropillar array was
pushed onto the dry LM-111 monolayer to obtain holes in the places of
micropillar-LM-111 contacts. After 10’ incubation the array was removed
and a second 40 pl drop of 50 pug/ml FN plus 10 pg/ml Alexa405-FN in
milliQ was gently spread onto the first layer for 60°. Finally, the stamp
was washed and dried under laminar flow.

Hydroxy-PAAm hydrogels were dried using nitrogen flow and incub-
ated with the stamp for 60’ (Fig. 2.6a), following blocking with 1% BSA
in PBS o/n and washing with PBS.

PDMS gels were 8 OV-ozone activated and incubated with a stamp
for 107, following blocking with 1% BSA in PBS or 0.2% Pluronic (F-127,
Sigma) in PBS for 60" and washing with PBS.

2.2.6 hPAA hydrogel and PDMS gel imaging

Confocal imaging was performed on a home-built setup based on
an Axiovert200 microscope body (Zeiss), spinning disk unit (CSU-X1,
Yokogawa) and an emCCD camera (iXon 897, Andor). IQ-software
enabled setup-control and data acquisition. Lasers of 405 nm (Crys-
taLaser), 488 nm (Coherent), 514 nm, 561 nm (Cobolt) and 642 nm
(Spectra Physics) wavelength were coupled into the CSU via polariza-
tion maintaining single-mode fiber. For PDMS and hPAA 2D assays
parafilm spacers were made directly on top of the glass coverslips.This
approach ensured reproducible cell observation within the limited work-
ing distance of a high-NA objective on an inverted microscope.
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2.3.1 PDMS surface micropatterning

First, to generate a pattern of micron sized spots of FN on a flat
surface, which would resemble FN deposits in the capillary BM, we used
PDMS micropillar arrays as a stamp for FN dots and several test sub-
strates following microcontact printing technique. Test substrates in-
cluded PDMS flat surface prepared in the ratio 1:10 crosslinker:base
and cured in a polystyrene dish, PDMS flat surface 1:10 cured on a
Si blank wafer and glass coverslips. PDMS micropillars had 2 um dia-
meter, hexagonal order and 2 um spacing. Stamping was tested using
pillar arrays of two different stiffness — 47.2 kPA and 137 kPa. After test
surfaces were cleaned and activeted with UV-ozone, micropillar arrays
having FN on top of the pillars were pressed into them. Alexa647 FN
labeling prior to experiment allowed to examine stamping results with
confocal microscope (Supplementary Fig. 2.7). Stamping a PDMS flat
surface prepared on a blank Si wafer with 137 kPa stiff micropillar ar-
ray yielded the most homogeneous and reproducible pattern of FN dots
(Supplementary Fig. 2.7¢) and this combination was chosen for further
experiments. Next, we tested two surface passivation ways to prevent
unspecific binding of cells. Stamped PDMS surfaces were incubated for
1 hour with either 1%BSA in PBS or 0.2%Pluronic in PBS, washed and
seeded with cells. After 4 hours incubation cells were fixed, stained for
F-actin and the average cell spreading area was determined (Supple-
mentary Fig. 2.8). Both approaches showed effective passivation with
no difference in effect on cell spreading behavior.

To further introduce LM into the system, a PDMS suface patterned
with FN dots was coated or stamped with a thin layer of LM-111 or mat-
rigel. Cells readily attached to substrates, but were not able to sense FN
dots (data not shown). To solve this issue a reverse approach was taken.
Following “stamp-off” method principles, a PDMS micropillar array was
used to make holes in the LM layer, which was further transferred onto
a PDMS flat surface stamped with a FN monolayer (Fig. 2.2a). This
approach yielded a pattern were FN was exposed through hexagonally
ordered 2 pm wide holes in the LM layer (Fig. 2.2c). For the cell ad-
hesion assays an inverse pattern was additionally generated (Fig. 2.2d)
where LM was exposed through holes in a FN layer (Fig. 2.2b). Besides
this, a pattern of crossing LM and FN lines (Fig. 2.3a, 2.3c) together
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Figure 2.2: (a and b) “micro contact printing” schemes for patterns with: (c)
FN spots surrounded by LM-111, (d) LM-111 spots surrounded by FN

with FN lines exposed through holes in LM layer (Fig. 2.3b, 2.3d) were
developed using microcontact printing and “stamp-off” techniques.

To investigate whether gel stiffness influences precision of the gel sur-
face patterning and accuracy of patterned features, a pattern steepness
was assessed for PDMS and hPAA gels of different rigidity. Pattern
steepness of the LM layer with holes and FN/LM lines was determined
from an intensity profile (Fig. 2.4). The intensity profile (Fig. 2.4b) was
read from the cross section set manually by the line (Fig. 2.4a) and a
distance from the 20% peak hight and 80% was determined as pattern
steepness Ax (Fig. 2.4b). Pattern containing microholes showed higher
steepness than FN/LM crossing lines (Fig. 2.5).

2.3.2 PDMS gels micropatterning

Subsequently, to introduce stiffness into our model we generated
PDMS gels of different rigidities by varying the base:crosslinker ratio
according to a technology described earlier [21]. Base:crosslinker ratios
were taken from 1:10 to 1:100 yielding PDMS gels in a ~2300 kPa —

25)
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Figure 2.3: (a — b) “micro contact printing” schemes for patterns with: (c) a
grid of crossing LM-111 and FN lines, (d). FN lines stamped under a layer
of LM-111 with holes.
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Figure 2.5: LM with holes and FN/LM crossing line pattern steepness
on PDMS, determined from the intensity profile. NS, P>0.05; *P<0.05;
**P<0.005; ***P<0.0005 according to Mann - Whitney test

0.1 kPa stiffness range accordingly. However gel exposure to UV-ozone
enabling protein binding resulted in surface wrinkling for gels with ri-
gidities below 40 kPa. Such an effect can be explained by the formation
of a silica (SiO2)-like stiffer layer on the PDMS surface caused by the
formation of new Si-O-Si bonds under plasma oxidation [35, 36]. By de-
creasing the time of UV-ozone treatment from 10 min to 5 min we could
prevent wrinkle formation, but surface patterning became impossible due
to stickyness of the gel caused by insufficient crosslinking.

2.3.3 hPAA gels micropatterning

As an alternative, we used hPAA hydrogels that were reported to
provide the same flexibility in substrate micropatterning as PDMS gels,
but remain polyacrylamide hydrogel precision in controlling stiffness [14].
Authors utilized this method to obtain pattern structures > 10 pm in
size, while our FN spots required to go down to 2 um scale.

First, we tested two stamping approaches that as aforementioned
showed good results for PDMS flat surface stamping: i)direct patterning
with micropillar arrays of 137 kPa stiffness and ii) two step stamping of
FN monolayer with hole patterned LM layer on top (Fig. 2.2a). The first
approach appeared to be not suitable due to the uneven surface of the
gel, which did not allow to obtain sharp, homogeneous patterns of the
dots on top of the gel surface (Supplementary Fig. 2.9a). Furthermore,
stiff thin pillars would create micropits in the gel surface under certain

@)
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pressure on the micropillar array stamp. In the second case we discovered
that the LM layer simply didn’t bind on top of FN to the surface of the
gel (Supplementary Fig. 2.9b).

To obtain a desirable pattern of FN dots surrounded by LM on top
of the hPAA hydrogels we developed an approach based on the tech-
nique mentioned in [29]. In this paper authors used “re-inking” of the
PDMS stamp after modification of the first protein layer via “stamp-off”
approach. Hence, in our new microcontact printing sequence a PDMS
stamp was first covered by LM-111, then the UV-ozone activated PDMS
micropillar array was pressed into the dried LM layer to create holes in
it, followed by PDMS stamp “re-inking” with FN, drying and inverting
onto the dried hPAA gel for 1 hour. The resulting pattern resembled the
earlier obtained on top of the flat PDMS surface (2.2c) and had good re-
producibility. Pattern sharpness quantification showed steepness values
within 1 um for layer of LM with holes on top of hPAA gels of different
stiffness (Fig. 2.6b)
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2.4 Discussion

BMs are spatially organized into a thin sheet of ECM underlying
every epithelium and vascular endothelium [37-39], mainly built from
collagen type IV, LM and proteoglycans. Although BMs are extensively
studied, their in vitro mimicking is challenging and commonly limited to
2D coating to replicate the BM biochemical composition, ECM protein
functionalization of gels or micro/nano post arrays to resemble the BM
mechanical properties or designs that allow investigating the BM func-
tionality, like PDMS porous thin films or nanofibrous scaffolds [40-42].
Recent findings revealed that LM and type IV collagen are not organized
into one homogeneous network, but form two layers, allowing fibroblasts
to interact with collagen on one side and epthelial cells or EC to interact
with LM on the other [22|. Moreover, deposits of FN are found by EM
in the LM-rich layer in vivo [4, 7, 43|. Here, we focussed on designing
an in vitro model of the PC-EC interaction environment of the capilarry
BM (Fig. 1.1).

The BM itself is on average 200-400 nm thick [44, 45] and requires 3D
ECM modeling, while the PC-EC interstitial layer is much thinner and
allowed us to use 2D ECM modeling approaches, such as protein uCP
on top of substrates of controlled rigidity. This approach was chosen
to mimic LM and FN spatial organization in the BM and its overall
stiffness. Our first attempt to obtain FN dots on top of PDMS gels
of different stiffness, prepared according to the protocol used in [21],
revealed unwanted wrinkle formation on the gel surfaces with stiffness
lower 40 kPa after exposure to the UV-ozone. This effect has been shown
by other studies [35, 36| to be related to the stiffer silica (SiO2)-like layer
formation on the PDMS surface under UV-ozone treatment. While on
stiff PDMS gels this effect is not directly visible, on the soft ones it results
in surface wrinkling. Although such a phenomenon is extensively used
to obtain PDMS surfaces with grooves of a controlled geometry [46-48],
for our model it is not acceptable, making the stiffness of PDMS gels
unreliable.

We observe that pCP on top of hPAA hydrogels represents a bet-
ter system in comparison to pCP on PDMS gels, to obtain spatially
organized proteins on top of matrices of low stiffness in a range that
is biologically relevant for microvessels [49, 50|. The presence of N-
hydroxyethylacrylami-de (HEA) in these gels results in a constant avail-
ability of hydroxyl groups on the gel surface enabling hydrogen protein



2.4 Discussion

bonding without the need of surface hydroxylation with oxygen plasma,
piranha, HF, UV-ozone etc., as is needed in case of glass, Si or PDMS
substrates [51]. We also find that the size of pCP pattern features can
be lowered from > 10 pum to 2 um by combining hPAA gels with a
“stamp-off” protein printing approach that previously was mainly used
for micropatterning on a PDMS flat surface or PDMS micropillar arrays.
Importantly, pattern steepness on hPAA hydrogels is not lower than the
one on PDMS flat surface and does not depend on the gel stiffness. A
possible explanation for the last observation is that hPAA gel stamping is
preceeded by dehydration of the gel uCP and followed by gel rehydration
when stamping is finished. Hence, at the moment of protein printing all
gels have highly similar stiffnesses allowing for identical pattern qualities.
This makes our system easy to reproduce and use.

Taken together, our model represents the PC-EC interstitial layer
of the capillary BM, including the LM layer and the FN deposits. Our
combinations of stamping approaches will be of general applicability to
create heterogenous patterned surfaces resembling other biological struc-
tures. The combination of stamping techniques and hydrogels of vari-
able stiffness allows investigating responses of cells to altered substrate
stiffness. Our design does not include analysis of the inverse process:
cellular forces applied to the BM. This can be made possible for instance
by adding marker beads for traction force microscopy [16]. In addition,
our model can be further expanded to represent the complete capillary
BM by including proteogycans and adding a seperate layer rich in type
IV collagen.
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2.5 Appendix
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(a) (b)

20 um

Figure 2.9: FN (red) and LM (green) pattern stamping results on top of
the hPAA gels, obtained with PDMS micropillar arrays (a) and “stamp-off”
double step protein pCP (b)
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CHAPTER 9

FIBRONECTIN PATCHES AS
ANCHORING POINTS FOR FORCE
SENSING AND TRANSMISSION IN
HUMAN INDUCED PLURIPOTENT

STEM CELL-DERIVED PERICYTES !

abstract

Pericytes (PCs), the mural cells of blood microvessels, have emerged
as important regulators of vascular morphogenesis and function. PCs
have been reported to participate in the regulation of the capillary dia-
meter and blood flow. Certain pathological conditions such as cerebral
ischemia, Alzheimer’s disease and diabetic retinopathy are associated
with the increase of PC-contractility and overall PC-death. Nevertheless,
the degree to which PCs contribute to the regulation of microvessel blood
flow is still a matter of controversy. It has been suggested by electron-
microscopy that PCs use small deposits of fibronectin (FN), within the
laminin (LM) rich basement membrane (BM) aligning the endothelial
cells (ECs), as anchoring points to the capillary. Here, we developed an
in vitro model for PC adhesion plaques and investigated the mechanical
aspects of human induced pluripotent stem cell (hiPSC)-derived PCs.

1. This chapter is based on: O. Iendaltseva, V.V. Orlova, C.L. Mummery, E. H.
J. Danen and T. Schmidt, Fibronectin Patches as Anchoring Points for Force Sens-
ing and Transmission in Human Induced Pluripotent Stem Cell-Derived Pericytes,
published in Stem Cell Reports, 2020



Our results showed that PCs strongly prefer FN over LM for the form-
ation of force-loaded adhesion plaques when interacting with a variety
of FN/LM patterned substrates. Moreover, we found that PCs sense a
preferred FN substrate stiffness in the range of ~50 kPa on micropillar
arrays and ~25 kPa on continuous substrates. At both lower and higher
substrate stiffness, PCs react by dramatically increasing traction force
application, altered cytoskeletal organization and cell matrix adhesion
distribution patterns in combination with decreased cell spreading beha-
vior. Together, our findings reveal how FN deposits as observed in the
BM of microvessels provide anchoring points for mechanical regulation
of capillaries by PCs.
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3.1 Introduction

Pericytes (PCs) cover the majority of all capillaries in the human
body [1|. PCs express markers that are shared with mesenchymal stem
cells and smooth muscle cells but, in mid-capillary regions lack smooth
muscle actin (SMA) expression |2, 3]. PCs have been shown to promote
regulation of vascular development, stabilization and maturation of ves-
sels, and the maintenance of the blood-brain-barrier [4, 5|. Although
PCs are essential for the development of the vascular tree [6] their pre-
cise role in the control of blood flow through capillaries is still highly
debated |7, 8]. PCs are embedded in the capillary basement membrane
(BM) and develop characteristic branched processes around microvessels
[1, 2]. This morphology together with the presence of contractile pro-
teins like actin, high concentration of myosin, tropomyosin and other
[9-12] suggests their functional role in applying mechanical forces to
strengthen the blood vessel wall, and their participation in the regu-
lation of microvascular blood flow in particular in the brain [13, 14].
Notably, dysfunction or loss of PCs has been implicated in pathologies
such as cerebral ischemia, Alzheimer’s disease and diabetic retinopathy
[15-18]. Thus, PC-endothelial cell (EC) mechanical interaction repres-
ents a potential target for therapy in such conditions.

PCs and ECs build-up a variety of mechanical and biochemical inter-
connections. They use peg-and-socket contacts that contain gap junc-
tions [19] for direct communication and signaling, cell-to-cell adhesions
by N-cadherins [20], and integrin-mediated binding of both cell types
to the extracellular matrix of the BM of the capillaries [21]. A crit-
ical component of the PC/ECs proper assembly and vessel formation is
EphrinB2 reverse signaling. Initial cell-to-cell contact during agiogenesis
leads to EphrinB2 engagement by EphB membrane receptors and sub-
sequent EphrinB2 phosphorylation. EphrinB2 phosphorylation, in turn,
starts reverse signaling that promotes cell-to-cell adhesion formation [22,
23]. In particular, the integrins and N-cadherins provide two independ-
ent adhesion systems that allow PCs to apply forces to their environment
and thereby affecting the blood flow in the capillary. It has been shown
that PC-EC connections through N-cadherins occur mainly during an-
giogenesis, being lost with vessel maturation and BM generation [24, 25].
Hence, in mature resting vasculature the mechanical PC-EC connection
is dominated by BM-mediated integrin adhesion. The BM in capillaries
contains collagen type IV in the outer layer and laminin (LM)-411/511
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in the inner layer close to the ECs [26, 27]. PCs are situated within the
BM where they may bind collagen and LM. Yet, electron microscopical
analysis further suggests a role for 0.2 — 2 pm deposits of fibronectin
(FN) as specific anchoring points [28-30] (Figure 1.1).

PCs may play an important role in mechanical regulation of the vas-
culature by providing additional mechanical strength to the endothelium
or by regulating blood-flow by their contractility. How this is realized
is poorly understood, yet understanding of this process might lead to
novel concepts in treatment of pathological conditions, and to the iden-
tification of novel targets for therapy. Here we developed an in vitro
model to investigate mechanical aspects of PC behavior. We utilized our
previously described human induced pluripotent stem cell-derived PCs
(hiPSC) with a close to mid-capillary PC phenotype, lacking smooth
muscle actin (SMA) expression 31, 32]. Micropatterned surfaces of LM
and FN, mimicking BM structures were generated on surfaces varying in
mechanical stiffness and in topography. This allowed us to obtain quant-
itative information on cell morphology and cell contractility. Our results
show that (i) PCs strongly prefer FN over LM for adhesion formation,
(ii) PCs sense a preferred FN substrate stiffness for spreading, and (iii)
PCs respond to either lower or higher stiffness with increased traction
forces, altered cytoskeletal organization, and decreased cell spreading.
Our results suggest that FN deposits, as observed in the endothelial
BM by electron-microscopy, provide the anchoring points for mechanical
regulation of capillaries by PCs.

3.2 Methods

3.2.1 Cell culture

CD31- (dif31 and dif43) and SV80 cell lines were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM, Gibco|Thermo Fisher Sci-
entific, USA) supplemented with 10% fetal bovine serum (HyClone, Etten-
Leur, The Netherlands), 25 U/ml penicillin and 25 pg/ml streptomycin
(Invitrogen/Fisher Scientific). NIH 3T3 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma) supplemented with 10% calf
serum (Thermo Scientific/Sigma), 2 mM glutamine, and 100 pg/ml peni-
cillin/streptomycin. For all experiments cells were seeded at 20 000 cells
per sample density directly on the patterned surface. After 4 hours



FN patches as anchoring points for force sensing and transmission
in hiPSC-derived PCs

incubation they were fixed 10" in 4% paraformaldehyde in PBS for im-
munostaining.

3.2.2 Immunostaining

After cells were fixed, they were permeabilized for 10’ with 0.1%
Triton-X and blocked for 60" with 1% BSA (Sigma, a2153) in PBS. For
cell matrix adhesion assays cells were prepared for staining according
to the earlier described method [33|. Briefly, after 4 hours incubation,
cells were washed in cytoskeleton buffer (CB), incubated 15” in 0.1-0.25%
Triton-X, 0.4% paraformaldehyde and 1pg/mL phalloidin in CB, washed
again with CB, and fixed for 10’ with 4% paraformaldehyde in CB. In the
end they were permeabilized for 10’ with 0.5% Triton-X and blocked for
60’ with 1% BSA in PBS. Immunostaining was done depending on the ex-
periment, with Alexa532 phalloidin (Thermo Fisher Scientific, a22282),
primary antibodies against paxillin (Thermo Fisher Scientific, aho0492),
talin (Sigma, t3287), vinculin (Sigma, v9131), alpha-v integrin (Merck
Millipore, mab1978), beta-1 integrin (Santa Cruz, sc-18887) and laminin-
111 (Sigma, 19393), followed with Alexa532/647 conjugated secondary
antibody against mouse IgG (Thermo Fisher Scientific, a11002/Jackson,
115-605-006 respectively) and Alexa647 conjugated secondary antibody
against rabbit IgG (Thermo Fisher Scientific, a21244).

3.2.3 PDMS surface patterning with FN and LM

PDMS surface with a pattern, where LM would surround FN spots
or inverse, was produced by combining “stamp-off” and “microcontact
printing” methods [34]. Two flat PDMS (Sylgard 184,Dow Corning)
1:30 (crosslinker:prepolymer ratio, cured 16 hours at 65°C) stamps were
separately incubated for 60’ with a 40 pul drop of 50 pg/ml LM-111
(Sigma, 12020) in milliQ water and a 40 ul mixture of 50 pg/ml FN
(Sigma, f1141) plus 10 pg/ml Alexa405-FN in milliQ, washed with milliQ
and dried under laminar flow. With a help of UV-ozone activated PDMS
1:10 micropillar arrays, where 2 pm diameter pillars with 2 pm spacing
and hexagonal order, were obtained holes in one of the layers. Further,
two stamps were inverted one by one on top of the UV-ozone activated
PDMS 1:10 surface and incubated for 10’ each, to get previously modified
protein sheet on top of the uninterrupted layer of the second (Fig. 2.2a,

b).
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PDMS surfaces with a grid of crossing FN and LM lines were obtained
in a similar manner. First, two PDMS 1:10 molds with 5 wm high lines
of different width were produced by using replica-molding from a silicon
wafer. After UV-ozone activation 107, they were pushed onto PDMS 1:30
stamps with a protein layer dried on them. Followed by 10’ incubation
and removal, this molds left a negative of the pattern in the protein layer
on top of the PDMS stamps. Further, PDMS stamps were inverted on
top of the UV-ozone activated PDMS 1:10 surface, creating a pattern of
crossing LM and FN lines on it (Fig. 2.3a).

PDMS surfaces with FN lines under a layer of LM with holes were
printed by using PDMS stamps with LM and FN layers modified as
aforementioned. PDMS micropillar array was used to make holes in
the dry LM monolayer and PDMS mold with lines — to create a line
pattern in FN. Further, this stamps were loaded on top of the UV-ozone
activated PDMS surface, with FN stamp going first (Fig. 2.3b). Finally,
all patterned PDMS surfaces were blocked by using 1% BSA 60’

3.2.4 PDMS micropillar array preparation

PDMS micropillar arrays were prepared as was described before [35,
36]. Briefly, SI mold was made by two-step Deep Reactive Ion Etching
(DRIE) process. This yielded a 10 x 10 mm hexagonal array of 2 um
diameter holes with 2 pm spacing and varying depth, flanked by two
50 wm deep 10 x 2 mm tranches. After mold passivation with trichloro
silane (Sigma), PDMS 1:10 was poured over it and cured for 20 hours
at 110°C. The peeled off PDMS had a negative of the mold shape with
micropillar array and 50 pm high spacers on the sides of it. This array
was functionalized with the help of PDMS 1:30 stamps and dried protein
of interest on top of them. A 40 ul drop of FN or LM-111 mixture in
water was incubated for 60’ on the PDMS 1:30 stamp, then washed and
dried under laminar flow. This stamp was then genly loaded onto UV-
ozone activated PDMS micropillar array for 10°. Finally, stamped array
was blocked with 0.2% Pluronic (F-127, Sigma) in PBS for 60’ at room
temperature and washed with PBS.

3.2.5 Hydroxy-PAAm gel preparation

Hydroxy-PAAm hydrogels were made following a previously described
method [37]. Gels stiffer then 40 kPa were obtained following the same
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procedure as suggested in [38] and [39] by increasing polyacrylamide
monomer concentration with a fixed monomer/crosslinker ratio of 29:1.
Further gels were stamped with LM&FN pattern where FN spots were
surrounded by LM. This was achieved by using an adapted “stamp-off”
and “micro-contact printing” approaches described in [34]. A 40 pl drop
of 50 pg/ml LM-111 in milliQQ water was incubated for 60’ on top of the
10 x 10 mm PDMS 1:30 stamp, followed by washing and drying under
laminar flow. Then OV-ozone activated PDMS micropillar array was
pushed onto the dry LM-111 monolayer to obtain holes in the places of
micropillar-LM-111 contacts. After 10’ incubation the array was removed
and a second 40 pl drop of 50 pug/ml FN plus 10 pg/ml Alexad05-FN in
milliQ was gently spread onto the first layer for 60°. Finally, the stamp
was washed and dried under laminar flow. Hydroxy-PAAm hydrogels
were dried using nitrogen flow and incubated with the stamp for 60’
(Fig. 2.6a), following blocking with 1% BSA in PBS o/n and washing
with PBS.

3.2.6 Microscopy

Confocal imaging was performed on a home-built setup based on
an Axiovert200 microscope body (Zeiss), spinning disk unit (CSU-X1,
Yokogawa) and an emCCD camera (iXon 897, Andor). IQ-software
enabled setup-control and data acquisition. Lasers of 405 nm (Crys-
talaser), 488 nm (Coherent), 514 nm, 561 nm (Cobolt) and 642 nm
(Spectra Physics) wavelength were coupled into the CSU via polariza-
tion maintaining single-mode fiber. Spacers on the sides of micropillar
arrays allowed placing them upside down onto #0 coverslips (Menzel
Glaser) with adhered cells facing down. This approach ensured reprodu-
cible cell observation within the limited working distance of a high-NA
objective on an inverted microscope. For PDMS and hPAA 2D assays
parafilm spacers were made directly on top of the glass coverslips.

3.2.7 Image analysis

Cell spreading area was quantified by using FIJI software. First the
background was subtracted by adjusting threshold level, followed by the
cell edge selection with a tracing tool. In the end the mean values for at
least 30 cells per condition were calculated.
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Cell traction forces were measured by using micropillar array techno-
logy [36, 40, 41] and quantified as previously described [35]. Micropillar
tops were functionalized with fluorescently labeled FN or LM with fur-
ther immunostaining. This allowed us to detect deflections with ~30 nm
accuracy that corresponded to 500 pN for soft and 2 nN for stiff pillars
force precision by using a specifically designed Matlab script.

Cell-matrix adhesion area was determined as mentioned in [42]. Fluor-
escent images of cell-matrix adhesion proteins were passed through a
Gaussian low pass filter, then — hole-filling algorithm and watershed seg-
mentation. In the end all results were manually controlled to remove
images with incorrect adhesion detection due to a low signal-to-noise
ratio.

3.2.8 Statistical analysis

To assess significance of the difference between two conditions, the
Wilcoxon rank sum test in the Matlab program was used. This test
is an equivalent to a Mann-Whitney U test. Significance for the force
application by PCs represented in the graph 3.3e was quantified by using
ANOVA test comparing means of the mean values determined for at least
three independent experiments per each stiffness.

3.3 Results

3.3.1 Preferred binding of PCs to FN patches on multilayered
substrates.

We investigated whether PCs may preferentially use FN deposits for
attachment onto capillaries. As a source for PCs, we used hiPSC line
LUMCO06iCTRL-derived PCs [32, 43]. As hallmarks for PCs, these cells
lacked the endothelial marker CD31, they expressed the PC/mesenchymal
stem cell markers PDGFRS, NG2, CD146, CD44, CD73, CD105, they
expressed very little to no smooth muscle actin (SMA), very little SMC
markers such as (SM)22 and Calponin (CNN1), all distinguishing them
from SMCs. Moreover, as we described earlier, these PCs promote vas-
cular development in PC-EC co-cultures [31, 32].

We modeled LM and FN arrangements in the endothelium-PC in-
terstitia, which has been described by electron microscopy previously
[28]. In EM-studies it was shown that FN was arranged in the form
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Figure 3.1: PCs placed on PDMS flat surfaces stamped with FN&LM-111.
(a) Confocal immunofluorescence images of PCs (dif31) seeded on the type
of pattern depicted in (2.2a) with vinculin labeled (green). Confocal immun-
ofluorescence images of PCs (dif31) seeded on the type of pattern depicted
in (2.2b) with vinculin labeled (green). (c) Percentage of PC (dif31) focal
adhesions (FAs) located on FN and LM for (a). (d) Percentage of PC (dif31)
focal adhesions (FAs) located on FN and LM for (b). (c) and (d) results
are derived from three independent experiments performed in minimum two
replicates. At least 10 images were analyzed from each sample. NS, P>0.05;
*P<0.05; ¥**P<0.005; ***P<0.0005 according to Mann - Whitney test. See
also Figure 3.8.

of micrometer-sized patches surrounded by LM-411/511 within the BM
of capillaries (Figure 1.1). To mimic the in vivo observations in our n
vitro experiments we used a multilayer stamp-off method [34] (Figure
2.2). First, a PDMS micropillar array consisting of 2 pum wide pillars
in a hexagonal arrangement of 2 um spacing, activated in an UV-ozone
cleaner was pressed onto and released from a LM monolayer deposited on
a flat PDMS substrate. The procedure left a homogeneous LM layer with
patterned holes on the flat PDMS stamp. Subsequently, this layer was
transferred onto a second flat FN-coated PDMS surface. In the resulting
multilayered surface, FN was accessible through the holes in the LM layer
(Figure 2.2a). For visualization FN was mixed with a low amount (<1%)
of Alexa-405 conjugated FN. LM-111 was visualized using an anti-L.M-
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Figure 3.2: PCs placed on PDMS flat surfaces stamped with FN&LM-111.
(a) Confocal immunofluorescence images of PCs (dif31) seeded on the type
of pattern depicted in (2.3a) with vinculin labeled (green). (b) Confocal
immunofluorescence images of PCs (dif31) seeded on the type of pattern
depicted in (2.3b) with vinculin labeled (green). (c) Percentage of PC (dif31)
focal adhesions (FAs) located on FN and LM for (a). In (c), the results
are derived from three independent experiments performed in minimum two
replicates. At least 10 images were analyzed from each sample. NS, P>0.05;
*P<0.05; **P<0.005; ***P<0.0005 according to Mann - Whitney test

111 antibody followed by staining with an Alexa-647-coupled secondary
antibody.

PCs were incubated for 4 hours on the patterned substrates, fixed,
and stained for F-actin and cell-matrix adhesion proteins. PCs could
readily attach and spread on substrates coated with either LM or FN
monolayers. However, in the patterned combined protein model, cells
strongly preferred to attach to FN patches and avoided areas covered
by LM. Vinculin and «,-integrin staining showed cell-matrix adhesions
formed preferentially on FN patches, avoiding areas containing LM (Fig-
ure 3.1a, c, 3.8a).

To rule-out effects caused by the order in which FN and LM were
stamped on the surface, an inverse approach was taken. First the stamp-
off method was used to create holes in the FN monolayer, which was sub-
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sequently transferred onto a flat PDMS surface coated with LM (Figure
2.2b). Again, vinculin staining revealed that PCs formed cell-matrix ad-
hesions almost exclusively on the FN-coated area whereas LM-111-coated
areas were avoided (Figure 3.1b,d).

We further generated substrates consisting of crossing stripes of LM
and FN by stamping a PDMS surface with a grid of 20 — 60 pm LM-111
and 20 pm FN lines (Figure 2.3a). Cells aligned on top of the FN-
lines and avoided areas, which were stamped by LM. Vinculin staining
showed that PCs developed cell-matrix contacts mainly on the vertical
FN stripes, but not with the horizontal LM lines (Figure 3.2a, c). Fi-
nally, we combined the two micro-structuring techniques and generated
surfaces in which 20 ym FN lines were placed under a layer of LM into
which 2 pum diameter holes were incorporated (Figure 2.3b). Strikingly,
PCs were able to sense the small regions where FN was exposed through
the holes in the LM layer, localized adhesions at these spots, and fully
aligned to the FN stripes (Figure 3.2b).

Together, our data showed that PCs adhered preferentially to FN,
while avoiding LM areas when FN was present. This suggests that FN
deposits in the PC-EC interstitia in capillaries, as previously identified
by electron microscopy [28—-30], may indeed serve as preferred points for
PC attachment to capillaries in the capillary BM.

3.3.2 Highest PC spreading is accompanied by lowest force
application on FN substrates of intermediate stiffness.

Next, we investigated whether FN deposits serve as mechanical an-
choring points where PCs can sense and respond to variations in mechan-
ical properties of capillaries and, vice versa, apply forces to mechanically
modulate the extracellular matrix. As a model, PDMS micropillar ar-
rays were generated using the same geometry as described above (Figure
3.3a). By varying the height of the pillars between 3 —7 pm the effective
stiffness of the arrays was 11.6, 29.5, 47.2, and 137 kPa, respectively (Fig-
ure 3.3b). This range of stiffness resembles that reported for a variety of
tissues |44, 45]. The pillar tops were functionalized with FN to which a
low amount (< 1%) of Alexa 405/647-labeled FN was added. Such fluor-
escence labeling allowed monitoring pillar deflections and calculation of
cellular traction forces to an accuracy of 0.5 nN using a fluorescence

microscope (Figure 3.3c) [35].
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Figure 3.3: PCs placed on PDMS micropillar arrays of different stiffness
stamped with FN. (a) An example SEM image of the micropillar array. (b)
A table with pillar dimensions per stiffness used for experiments (c) Confocal
immunofluorescence images showing PCs (dif31) (actin staining in green)
seeded on PDMS micropillar arrays of four different stiffness (from left to
right: 11.6, 29.5, 47.2, 137 kPa), functionalized with FN (red). Forces exerted
on pillars are depicted with white arrows. (d, f) Average cell spreading area
for two different PC lines (d PC dif31, f PC dif43) on PDMS micropillar arrays
after 4 hours incubation. (e, g) Average force application for two different PC
lines (e PC dif31, g PC dif43) measured after 4 hours incubation on PDMS
micropillar arrays. Note that on 11.6 kPa micropillar arrays ~ 25% pillars
collapsed due to the apparent high forces, precluding deflection analysis. The
gray bar represents the minimal force necessary for the pillar deflection equal
to the interpillar distance. Actual average force may be higher. All error
bars are s.e.m. derived from five for PC dif31 line and three for PC dif43 line
independent experiments performed in minimum two replicates. At least 30
cells were analyzed from each sample. NS, P>0.05; *P<0.05; **P<0.005;
*#*P<0.0005 according to Mann - Whitney test (d, f, g) or ANOVA for (e).
See also Figure 3.9.

PCs derived from two independent differentiations (dif31 and dif43)
were seeded onto the pillar arrays, fixed after 4 hours and stained for
F-actin. Previously we showed that fixation had negligible effect on the
analysis of cell spreading and force measurements [42]. PC spreading
and force exertion varied with variations in substrate stiffness between
12-137 kPa. Spreading was highest at an intermediate substrate stiffness
between 30-47 kPa, resulting in a mean cell area of up to 1500 um?, for
one PC (dif31) line and ~ 500 um? for another PC (dif43) line. Spread-
ing significantly decreased at both lower and higher substrate stiffness
to below 800 um? for PC (dif31) line and ~ 200 um? for PC (dif43) line
(Figure 3.3d f). The optimal spreading on intermediate substrate stiff-
ness was paralleled by a low cellular force generation of 10 — 15 nN /pillar
for both PC lines (Figure 3.3e,g). On pillars of either lower or higher stiff-
ness, the decrease in spreading was accompanied by significantly higher
force generation, reaching 35 — 40 nN/pillar for both PC lines (note: the
high mean force value at the lowest substrate stiffness of 11.6 kPa refers
to a lower limit since ~ 25% of the pillars collapsed onto each other due
to excessive forces under these conditions and could not be analyzed).

This behavior was different from the behavior of fibroblasts. For both
SV80 (Figure 3.9a,3.9b) and NIH-3T3 (Figure 3.9¢,3.9d) cellular forces
gradually increased with substrate stiffness, in line with previous reports

Gy
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[46, 47]. Across this stiffness range, spreading was largely constant for
both fibroblast lines.

We further analyzed how variations in substrate stiffness affected
formation and properties of cell-matrix adhesions. Immunofluorescence
staining was applied to detect the focal-adhesion proteins vinculin, pax-
illin and talin on top of the micropillars. As reported earlier, focal-
adhesions developed solely on pillars at which cells applied a force [35].
The average cell-matrix adhesion area was determined (Figure 3.4). Re-
markably, for all components analyzed the cell matrix adhesion area de-
creased from ~ 2 um? at intermediate stiffness substrates to < 1.5 pm?
at high stiffness substrates (Figure 3.4g). Surprisingly, the correlations
between size of the cell-matrix adhesion, the applied cellular force, and
the substrate stiffness, as reported for various fibroblast cell lines [35, 48,
49], did not hold for the hiPSC-derived PCs studied here.

Together our findings suggest that PCs bind specifically to FN-patches
and sense and respond to changes in stiffness between 12 — 137 kPa. In
contrast to fibroblasts for which we observed a continued increase in
traction force with increasing substrate stiffness, PCs suppress traction
forces and increase cell spreading within 30 — 50 kPa matrix stiffness
range, while applying strong traction forces accompanied by limited cell
spreading on both soft and stiff substrates.

3.3.3 A switch in PC cytoskeletal organization on stiff sub-
strates.

To further examine what may underlie the increased force application
at reduced focal-adhesion area on stiff micropillars, we analyzed the or-
ganization of the F-actin cytoskeleton (Figure 3.5a). F-actin was labeled
by phalloidin and the 3D-structure of the actin skeleton was imaged for
the various substrate stiffness. While straight, elongated F-actin stress
fibers were visible on pillars of intermediate stiffness, on stiff micropillars
PCs appeared to engulf the pillars and form ring-like F-actin structures
that embraced multiple pillars. Notably, all array surfaces, excluding the
upper pillar surface, were thoroughly passivated by Pluronic effectively
preventing cell attachment. Indeed, the F-actin rings observed below
the upper surface of stiff pillars were not supported by cell-matrix adhe-
sions. A 3D-analysis of the location of the different components showed

52)
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Figure 3.4: Cell matrix adhesion area of PCs (dif31) placed on PDMS mi-
cropillar arrays of high (137 kPa) and intermediate (47.2kPa) stiffness. (a
— f) Confocal immunofluorescence images of PC (dif31) seeded on PDMS
micropillar arrays of two different stiffness (137 kPa and 47.2 kPa), function-
alized with FN (blue). Cells were stained for vinculin (a,b), paxillin (c,d)
and talin (e, f) (green). (g) Average cell matrix adhesion area of PCs cells
on PDMS micropillar arrays with 137 kPa stiffness (right) and — 47.2 kPa
(left), after 4 hours incubation. All error bars are s.e.m. derived from two
independent experiments performed in minimum two replicates. At least 30
cells were analyzed from each sample. NS, P>0.05; *P<0.05; **P<0.005;
***¥P<0.0005 according to Mann - Whitney test. See also Figure 3.10.

that on stiff pillar arrays actin fibers (green) were ~ 1.5 pum below the
FN-coated (blue) pillar tops whereas cell matrix adhesion components
(vinculin, red) were exclusively localized at the upper surface (Figure
3.5a). By contrast, on pillar arrays of intermediate stiffness, FN, vin-
culin and F-actin all coincided within 0.8 pum at the upper pillar surface.
To analyze the role of cytoskeletal tension and cellular traction force
application in relation to the switch in cytoskeletal organization on stiff
substrates, PCs were treated with a low concentration (0.5 pM) of the
ROCK inhibitor Y-27632. ROCK inhibition led to an increased spread-
ing area of PCs on soft as well as stiff substrates, while the cell area on
pillars of intermediate stiffness was hardly affected (Figure 3.6a). This
indicated that the spreading area was limited by strong cellular con-
tractile forces on soft and stiff substrates. Indeed, traction forces on
stiff micropillars, but not on pillars of intermediate stiffness were sup-
pressed by a factor of ~ 1.2 in the presence of Y-27632 (Figure 3.6b).
Moreover, the reduction of traction forces caused by ROCK inhibition
was accompanied by loss of the ring-like structures surrounding pillars
(Figure 3.6c) and reversal of PC cytoskeletal morphology to parallel F-
actin stress fibers located on top of the pillar arrays (Figure 3.6d).

3.3.4 Suppression of PC spreading on 2D patterned FN sub-
strates of high and low stiffness

We next investigated whether the switch in cytoskeletal organization
and the suppression of cell spreading on stiff micropillars was determined
by the 3D topography of the micropillar arrays. For this purpose, 2D
micropatterned substrates were designed, which consisted of FN spots
within a LM monolayer on a flat surface whose stiffness could be var-
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Figure 3.5: Differential actin cytoskeleton organization of PCs. (a) Confocal
images of the PCs (dif31) actin cytoskeleton organization on 1) 137 kPa
and 2) 47.2 kPa pillars. (a) 3) and 4) on the left — z-projections of the
boxed area showing actin (green) and vinculin (red) localization relatively
to FN (blue) coated micropillars; on the right — intensity profiles of the z
— projections, normalized to 100. (b) Schematic representation of the PCs
actin cytoskeleton organization on stiff micropillars. See also Figure 3.11.
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Figure 3.6: Inhibition of ROCK alters PCs spreading on stiff (137 kPa) and
soft (11.6 kPa) PDMS micropillar arrays. (a) Average PCs (dif31) spreading
area without (left) and with (right) Y-27632 (0.5 uM) after 4 hours incub-
ation. (b) Average PCs (dif31) forces respectively. (¢ — d) Representative
immunofluorescence images of PCs (dif31) spreading and actin cytoskeleton
organization (green) on PDMS micropillars (red) without Y-27632 (c) and
with 0.5 uM Y-27632 (d) after 4 hours incubation. All error bars are s.e.m.
derived from two independent experiments performed in minimum two rep-
licates. At least 30 cells were analyzed from each sample. NS, P>0.05;
*P<0.05; **P<0.005; ***P<0.0005 according to Mann - Whitney test.

ied, ranging from 3.6 kPa to 250 kPa. As surface we utilized hPAAm
hydrogels that provide the same flexibility in substrate micropatterning
as PDMS gels, but allow more precise stiffness modulation [37]. Flat
PDMS stamps were generated and coated with a layer of LM-111 con-
taining a hexagonal pattern of 2 um-wide holes of 2 um spacing, which
was covered by a FN monolayer, creating a double layer of LM and FN.
This stamp was subsequently inverted onto the hPAAm hydrogels of
varying stiffness to print a pattern of FN spots embedded in LM similar
to the geometry described in Figure 2.2a (Figure 3.7a). The stiffness of
the hPAAm substrate was varied between 3.6 — 250 kPa, a stiffness range
within what has been described for blood vessels [50-53].

PCs were seeded onto these flat micropatterned substrates and fixed
after 4 hours of incubation. As observed for the pillar arrays the spread-
ing area followed a bell-shaped curve with low spreading at low and high
stiffness, and increased spreading at intermediate stiffness. The spread-
ing area doubled to its maximum value at 25 kPa (1200 & 60 um? on
3.6 kPa vs 2500 4 120 um? on 25 kPa), and decreased at high stiffness
(1600 & 80 um? on 40 kPa) (Figure 3.7c). The cell spreading area on
micropatterned hPAAm gels up to 250 kPa was still significantly lower
than that observed on a continuous substrate of non-physiological stiff-
ness such as PDMS (1 MPa) and glass (1 GPa) (Figure 3.7d). The
preference of PCs to attach to FN over LM was again seen on micropat-
terned hPAAm substrates. Areas covered with LM were less distorted
than areas covered with FN indicating a preferential force application
on FN-covered areas (Figure 3.7b). Furthermore, on gels with a stiffness
>40kPa, the extracellular matrix coating was disrupted from the sur-
face, further indicating the high forces applied by PCs at high substrate

stiffness (Figure 3.7b).
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Figure 3.7: PCs (dif31) spreading on hydroxy-PAAm hydrogels of different
stiffness. (a) “micro contact printing” scheme of hPAAm hydrogels with
FN spots surrounded by LM-111. (b) Representative immunofluorescence
images of PCs (dif31) seeded on hydroxy-PAAm hydrogels of 3.6, 25 and 40
kPa stiffness (from top to bottom) (c) Average PCs (dif31) spreading area on
a palette of hydroxy-PAAm hydrogels with different stiffness and FN&LM
stamping. (d) PCs (dif31) spreading on PDMS flat surfaces stamped with:
1) FN dots, 2) FN dots surrounded by LM-111, 3) FN monolayer, 4) LM-111
monolayer; and glass coated with FN monolayer. All surfaces were blocked
with BSA 1%. All error bars are s.e.m. derived from three independent
experiments performed in minimum two replicates. At least 30 cells were
analyzed from each sample. NS, P>0.05; *P<0.05; **P<0.005; ***P<0.0005
according to Mann - Whitney test.

3.4 Discussion

PCs have been implicated in regulation of microvessel blood flow
and capillary diameter in health and disease. Thus, the mechanical PC-
endothelium interaction represents a potential target for therapy. How-
ever, it is not understood whether PCs actively and directly participate
in control of the vascular diameter, nor is it understood how a putative
mechanical connection between PCs and ECs is regulated. N-cadherin
mediated binding of PCs to ECs is important during angiogenesis [6], yet
N-cadherin expression by ECs is down-regulated with vessel maturation
and BM formation [24, 25]. Therefore, adhesion to the BM represents
the most likely connection between PCs and ECs in mature, resting ca-
pillaries. The BM has a complex composition. Earlier studies pointed
to a particular role for small FN-deposits embedded in the LM-rich BM
for PC adhesion [28].

Our results support the role of FN deposits in PC interaction with
the BM. By modeling FN deposits and their mechanical properties in
different ways, we show that PCs have a strong preference towards FN
over LM. PCs organize their cell-matrix adhesions mainly on FN while
avoiding LM. PCs are guided by thin stripes of FN dots embedded in a
LM layer. Interestingly, in the BM of tumor capillaries, FN is frequently
over-expressed and is not organized as small distributed patches, but as
a thick homogeneous layer [54]|. This has been shown to be accompanied
by a loose association between PCs and ECs, the opening of spaces
separating the two cell types, and the formation of long PC protrusions
into the tumor parenchyma, all resulting in wide, leaky microvessels
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[55]. Similar effects were reported in the complete absence of FN [21].
Nevertheless, PCs can also leave ECs in injury or normal development
conditions and act as progenitor/stem cells [30, 56-58]. Notably, in PC-
EC co-cultures, FN expression was found up-regulated in ECs, yet down-
regulated in PCs [21], implying that FN in the capillary BM originates
mainly from ECs. Hence, it is conceivable that a tight cross talk between
ECs and PCs exists, which orchestrates the formation of a LM-rich BM
containing small FN deposits. Altogether, our work and the previous
findings point to a critical role for the organization of FN deposits in the
LM-rich BM for PC adhesion and microvascular function.

Our data provide evidence that capillary FN deposits can serve as
points for PC mechanosensing and mechanotransduction. PCs respond
to the variation in FN-patterned substrate stiffness with changes in force
application, spreading, and cell-matrix adhesions size. PCs show optimal
spreading on intermediate (20 — 40 kPa) substrate stiffness, whereas the
spreading area was suppressed on both soft and stiff, which is paralleled
by an increased size of cell-matrix adhesions on intermediate stiffness
substrates. Such mechanoresponsive behavior aligns with the “molecular-
clutch hypothesis” [59|, which assumes that a response to mechanical
cues decreases below or above an optimal rigidity by an increase in the
molecular unbinding rate. The increased unbinding would result in lower
cell forces, smaller cell substrate adhesions and an ineffective cell spread-
ing on very soft and very rigid matrices. The molecular-clutch model
faithfully describes the mechanoresponse of neuronal growth-cones and
glioma cells [59-61|. Remarkably, we find that forces applied by PCs
on intermediate stiffness substrates are lower than on soft or stiff sub-
strates, which differs from earlier observations with other, in particular
fibroblastic, cell types [62][63]. Our own direct comparison with human
and mouse fibroblasts where cellular traction forces gradually increase
with increasing substrate stiffness corroborate those findings. Another
prediction of the molecular-clutch model is the cellular response to sup-
pression of myosin activity [59]. Indeed, we observe that mild ROCK
inhibition, which would attenuate force generation, improves PC spread-
ing on stiff and soft substrates.

The high forces and small spreading area observed for PCs on stiff mi-
cropillar arrays were accompanied by a dramatic change in cytoskeletal
F-actin organization. In comparison to the linear organization of stress
fibers on intermediate stiffness pillars, PCs formed circular F-actin rings
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surrounding very stiff micropillar arrays. Cell-matrix adhesions assembled
on the FN-coated surface of such pillar arrays, but the actin-ring struc-
tures encircled multiple pillars below the pillar tops. We hypothesize
that such engulfing through ring-like F-actin cytoskeleton organization
could represent a cell adaptation process towards the “frictional slip-
page” regime earlier described [64], allowing PCs to increase forces on
substrates outside their optimal rigidity. In line with this hypothesis, we
found that mild ROCK inhibition reversed the change in F-actin cyto-
skeletal organization back to an organization as observed on intermediate
stiffness.

The use of flat hPAAm hydrogels instead of PDMS micropillars, al-
lowed us to eliminate the effect of substrate topography while keeping
the opportunity to tune the substrate stiffness. On flat 2D micropat-
terned surfaces the PC behavior was similar to that found on micropillar
arrays: PCs showed optimal spreading on intermediate stiffness sub-
strates. Yet, we noticed that the optimal stiffness for PC spreading
differed on hPAAm hydrogels (25 kPa) to that on PDMS micropillar ar-
rays (47 kPa). This small, yet significant, difference is likely due to the
2D versus 3D geometry of the substrates, the tightly restricted area for
cell-matrix adhesions on the micropillar arrays, and/or the absence of
LM in the micropillar model system. Interestingly, for micropatterned
hydrogel substrates, the stiffness range of 15 — 25 kPa supporting optimal
PC spreading was close to that determined by atomic-force microscopy
for ECs and smooth muscle cells [44, 45|, indicating that this stiffness
range represents a response in a physiologically relevant stiffness regime.
Behavior of PCs observed in this study may provide an insight on the
way PCs distinguish deviations of the microvessel stiffness from the nor-
mal and react by increasing contractile forces. A limitation of this study
is the unavailability of ex vivo isolated mid-capillary PCs. We derived
CD31- PCs from a hiPSC line and used different differentiations. Ro-
bustness of PC behavior described here could be further increased using
PCs derived from multiple independent hiPSC lines in future studies.

Taken together, our study shows that PCs strongly prefer FN over
LM, that PCs recognize and align to FN dots within a LM substrate,
that PCs apply forces to FN deposits, and that PCs are able to sense
variations in mechanical properties of the FN deposits and respond to
this by changing traction force, cell spreading area, and the size of cell
matrix adhesions. Our findings also point to a mechanoresponsive beha-



3.4 Discussion

vior of PCs that significantly differs from that observed for fibroblasts
and other cell types. Our findings support a role for FN deposits in the
BM as adhesion points for mechanoregulation of the microvasculature by
PCs. Our in vitro model system of micropillar arrays/micropatterened
hydrogels in combination with hiPSC derived-PCs described earlier [32,
65] can be a valuable test-bed to study the mechanisms of PC force regu-
lation in physiology and pathology under well controlled conditions and
may serve as a model for drug discovery efforts.
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3.5 Apendix

Figure 3.8: PCs (dif31) placed on a pattern of FN and LM-111 depicted in
(Fig. 2.2a) with alpha-v integrin labeled (green). Related to Figure 3.1.



3.5 Apendix

(a) (b)
2000 50
e . 40
21500 R
g z
5 o 30
o) 2
£ 1000 = o
o L *kk
§ § 20
o
9 500 =
© 10
o .
0 L m W
11.6 47.2 137 11.6 472 137
Substrate Elasticity (kPa) Substrate Elasticity (kPa)
(c) (d)
2000 50
% 40
31500 > -
] c T T T 1
& 230
o o
< 1000 (S}
= it
g . qc“; 20
o
9 500 =
© ' ' I 10
6]
0 0
11.6 295 472 137 116 295 472 137
Substrate Elasticity (kPa) Substrate Elasticity (kPa)

Figure 3.9: SV80 and 3T3 cells average spreading area and force application.
(a) SV80 average cell spreading area on PDMS micropillar arrays after 4
hours incubation. (b) SV80 average force application measured after 4 hours
incubation. (c) 3T3 average cell spreading area on PDMS micropillar arrays
functionalized with FN after 4 hours incubation. (d) 3T3 average force ap-
plication measured after 4 hours incubation. All error bars are s.e.m. derived
from three independent experiments performed in minimum two replicates.
At least 30 cells were analyzed from each sample. NS, P>0.05; *P<0.05;
**P<0.005; ***P<0.0005 according to Mann - Whitney test. Related to
Figure 3.3.
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Figure 3.10: (a) Number of FAs per cell for PCs seeded on 137 kPA micropil-

lar arrays stamped with FN. (b) Number of FAs per cell for PCs seeded on

47,2 kPA micropillar array stamped with FN. Results were obtained after

4 hours incubation from three independent experiments performed in min-

imum two replicates. At least 30 cells were analyzed from each sample. NS,

P>0.05; *P<0.05; **P<0.005; ***P<0.0005 according to Mann - Whitney
test. Related to Figure 3.4.
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Figure 3.11: Representative images of the actin cytoskeleton organization of

SV80 cells (green) seeded on PDMS micropillar arrays of various stiffness

stamped with FN (blue): (a) 11,6 kPa, (b) 47,2 kPa, (c) 137 kPa. Related
to Figure 3.5.
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CHAPTER 4

INSIGHTS INTO THE REGULATION OF
a-SMOOTH MUSCLE ACTIN
EXPRESSION IN PERICYTES !

abstract

Depending on the location along the microvascular tree pericytes
(PCs) have been divided into three subgroups: pre-capillary, mid-capillary
and post-capillary PCs. Mid-capillary PCs completely lack a-SMA,
while pre- and post-capillary PCs show a gradient in the a-SMA expres-
sion levels from low, next to mid-capillaries, to high closer to arterioles
and venules where smooth muscle cells (SMCs) come in place. How this
gradient is conditioned in the resting vasculature remains unclear.

In this chapter we assessed aspects of the a-SMA expression control
in PCs by means of mechanical signals. We investigated whether such
parameters like vessel diameter, basement membrane (BM) composition
and stiffness can have an effect on the a-SMA recruitment to stress
fibers in mural cells, as well as in SMCs. Automatic image data analysis
approach was utilized to obtain uncompromised data on the a-SMA fiber
formation with a single cell resolution.

Our results showed that a-SMA expression in PCs can be mainly
affected by the presence of fibronectin (FN) deposits in the BM of mi-
crovessels and less by the stiffness or vessel diameter. In the mean time,
SMCs are more dependent on the rigidity and allowed area for spreading

1. This chapter is based on: O. Iendaltseva, V.V. Orlova, C.L. Mummery, E. H.
J. Danen and T. Schmidt, Insights into the Regulation of a-Smooth Muscle Actin
Expression in Pericytes, In preparation



then on the FN arrangement. Notably, PCs could adapt their a-SMA
cytoskeletal recruitment in response to the ECM properties. These find-
ings may further help to unveil processes behind maintaining a-SMA
expression gradient in PCs and can be used to keep PCs from obtaining
contractile phenotype in cell culture.
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4.1 Introduction

The important process of the exchange of gases, solvents and solutes
between tissues and blood happens in the capillary beds of the circu-
latory system. These beds consist of the smallest vessels — arterioles,
capillaries, and venules, which penetrate all organs and tissues of the
human body. From them, capillaries can be further divided into three
types: pre-capillaries, mid-capillaries, and post-capillaries [1] (Fig. 4.1).
In some tissues arterioles give rise to metarterioles that are either dir-
ectly connected to venules, or precede capillaries. The mean diameter
of microvessels in this region changes from the ~ 30 pm arterioles and
~ 15 pm metarterioles down to ~ 8 um in diameter mid-capillaries
and back up to the ~ 20 um venules [2]. Vessel tubes are formed by
endothelial cells (ECs), while pericytes (PCs) and smooth muscle cells
(SMCs) — the mural cells of blood microvessels, localize to the abluminal
surface of these tubes. Depending on the location and morphology, PCs
have been divided into three subgroups: pre-capillary, mid-capillary, and
post-capillary PCs [3]. Mid-capillary PCs have the most prominent dif-
ference from the SMCs. They completely lack a-smooth muscle actin
(SMA) expression, while SMCs are a-SMA positive. They have long
cytoplasmic processes along the vessel with thin, perpendicular to the
primary branches, secondary processes, which partially encircle the ves-
sel in contrast to the band-like circumferential phenotype of SMCs (Fig.
4.1). Because of this clear polarity, PCs located on mid-capillaries have
been defined as “true” or “approved” PCs [1, 4], while, pre- and post-
capillary mural cells — as transitional PCs [3].

Transitional PCs are morphologically heterogeneous and, depending
on their location, display a smooth shift from the mid-capillary PC phen-
otype to SMC. Besides variations in morphology, transitional PCs show
a gradient in the a-SMA expression levels from low (close to the mid-
capillaries) to high (next to the arterioles or venules) [4, 5| (Fig. 4.1).
Due to this gradient, transitional PCs are sometimes mistakenly determ-
ined as pre- and post- capillary SMCs [6]. Indeed, distinguishing between
PCs, their types and SMCs is challenging, especially in case of in wvitro
cell cultures. There is no clear “border” and no single marker that would
be specific for all PCs or any subtype. Yet, the main feature that marks
all types of PCs out of SMCs is their ability to support angiogenesis [7].
Recently it has been shown that human pluripotent stem cell (hPSC)-
derived immature PC can be specified to either mid-capillary or pre-
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Figure 4.1: Schematic representation of the heterogeneous expression of a-
SMA in pericytes of pre-, mid- and post-capillaries (adapted from [4])

capillary PC types by treatment with different combinations of growth
factors (GF) [7]. Cell culture media containing platelet-derived growth
factor (PDGF)-BB in combination with transforming growth factor-beta
(TGF-B) induces a-SMA and Calponin 1 (CNN1)-negative PCs to up-
regulate expression of smooth muscle markers like smooth muscle-specific
protein 22 (SM22), a-SMA and CNN1[8, 9]. However, in vivo PCs ex-
pressing a-SMA and PCs lacking a-SMA can be located next to each
other and sometimes even on the vessel of the same branch order [4-6].
This raises the question, how the a-SMA expression gradient is condi-
tioned and maintained in the resting vasculature.

Here we investigated a potential influence of the mechanical aspects,
such as vessel stiffness, width and spatial organization of the capillary
basement membrane (BM) proteins on the regulation of the a-SMA ex-
pression and recruitment to stress fibers in PCs. We used the previously
described human induced pluripotent stem cell (hiPSC)-derived PCs as
a cell model resembling mid-capillary PCs, lacking a-SMA expression |8,
9]. Quantification of the a-SMA immunostaining intensity and distribu-
tion allowed us to asses not only the level of the a-SMA expression, but
also the degree of its recruitment to cellular stress fibers. Our findings
suggest that: i) besides chemical cues the a-SMA expression gradient
in PCs is influenced by capillary mechanical properties; ii) FN depos-
its found in the PC-ECs interstitial layer of the capillary BM [10] may
have a major contribution to the conditioning and maintaining of this
gradient compared to other mechanical signals.
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4.2 Methods

4.2.1 Cell culture

CD31- cells derived from the hiPSC line LUMC06iCTRL-derived
(dif31), SV80 human fibroblasts, and HASM human arterial smooth
muscle cells (Applied Cell Biology Research Institute, Kirkland, WA)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco
| Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine
serum (HyClone, Etten-Leur, The Netherlands), 25 U/ml penicillin and
25 pg/ml streptomycin (Invitrogen/Fisher Scientific). The CD31- cell
line was used at passage 7 or 8 and cultured for 3 to 4 days before ex-
periments. For 4 and 24 hours long cell incubation time experiments,
cells were seeded at 20,000 cells per sample and for 7 day incubation —
at 10,000 cells/sample. Cells were injected directly on top of the sub-
strate area of interest to ensure persistent cell density across experiments.
After incubation they were fixed 10’ in 4% paraformaldehyde in PBS for
further immunostaining. Gelatin and fibronectin (FN) used as cell sub-
strates were obtained from Sigma (g2500 and 1141 respectively).

4.2.2 Immunostaining

Fixed cells were permeabilized for 10’ with 0.1% Triton-X in PBS
and blocked for 60’ with either 1% bovine serum albumin (BSA) (Sigma,
a2153), or 1% or 5% goat serum (GS) (Sigma, G6767) in PBS. a-
SMA was immunostained, first, with a mouse monoclonal (clone 1A4)
primary antibody against a-SMA (Sigma, A2547) in a blocking buffer
o/n, followed by 3 washing steps in PBS 10’ each under a gentle rocking.
Secondly, the Alexa 532 conjugated secondary antibody against mouse
IgG (Thermo Fisher Scientific, a11002) was applied in a blocking buffer
for 2 hours. The antibody was subsequently removed with 3X 10’ in
PBS washing steps under rocking. Additionally, F-actin cytoskeleton of
cells in a number of experiments was stained with Alexa 647 phalloidin
(Thermo Fisher Scientific, a22287) of a 1:1000 concentration in PBS.

4.2.3 Microscopy

Confocal imaging was performed on a home-built setup based on
an Axiovert200 microscope body (Zeiss), spinning disk unit (CSU-X1,
Yokogawa) and an emCCD camera (iXon 897, Andor). IQ-software



4.2 Methods

enabled setup-control and data acquisition. Lasers of 405 nm (Crys-
taLaser), 488 nm (Coherent), 514 nm, 561 nm (Cobolt) and 642 nm
(Spectra Physics) wavelength were coupled into the CSU via polariza-
tion maintaining single-mode fiber. Spacers on the sides of micropillar
arrays allowed placing them upside down onto #0 coverslips (Menzel
Glaser) with adhered cells facing down. This approach ensured reprodu-
cible cell observation within the limited working distance of a high-NA
objective on an inverted microscope. For PDMS or glass 2D assays par-
afilm spacers were made directly on top of the glass coverslips.

4.2.4 Image analysis

The level of the a-SMA expression and the degree of it’s recruitment
to cellular stress fibers was assessed with the help of quantification of the
a-SMA staining intensity and distribution. The quantification was done
automatically with the help of a particularly designed Matlab script,
comprising a call to FIJI/ImageJ (NIH, Maryland, USA) image analysis
software plug-in — Orientation] (EPFL, Switzerland)[11]. The acquired
images were split into the original channels and the plug-in was used
to find the orientation within the local features of the a-SMA staining
distribution in the corresponding channel (Example fig. 4.2a, 4.2b). This
was done by computing the so-called structure tensor for each pixel with
the help of a cubic spline interpolation in the sliding over the entire
image Gaussian analysis window. This window we have chosen to be
2 pixels in size for images taken with the 40x magnification objective
having NA= 1.3 or 1.5 pixels for — 100x magnification and NA= 1.4
objective. The change in the window size is reasoned by the difference in
the minimal diameter of the fluorophore airy pattern that can be acquired
with NA= 1.3 and NA= 1.4 objectives. From the structure tensor the
“coherency” value (from 0 to 1) as a ratio between the difference and the
sum of the maximum and minimum tensor eigenvalues was obtained to
distinguish between the isotropic and uniform regions of the image.

The picture coherency map built by the FIJI plug-in (Example fig.4.2c,
4.2d) was further processed in Matlab to find a common coherency back-
ground level outside the cell across all images that would characterize
uniform regions of the image (Example 3D histograms of the coherency
values distribution vs corresponding intensity per pixel for the first cell
4.2e and the second 4.2f). To mask out the cell we used an image chan-
nel of the cell F-actin. The global threshold for the channel was found
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Figure 4.2: Representative images for coherency evaluation. (a, b) HASM
cells with a-SMA (shown in green) recruited and not recruited to stress
fibers. (c, d) Coherency maps built by the FIJI plug-in for the (a) and
(b) respectively. (e, f) 3D histograms of the coherency values distribution
vs corresponding intensity per pixel for the (a) and (b) respectively. (g, i)
“coherent” (higher then 0,25 a.u. — dashed line on (e) and (f)) and (h, j)
“non-coherent” (lower then 0,25 a.u.) areas of the a-SMA staining within the

cell.
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with an algorithm based on the earlier described triangle method [12].
This algorithm comprised an opportunity to manually tune the image
intensity histogram offset to ensure a correct mask correlation with the
cell. After the subsequent background subtraction and edges detection
an image dilation and hole filling algorithms were implemented. The
obtained cell mask was used to delete the cell coherency values and leave
the background.

Quantified average level of maximal background values (0.25 a.u.)
was further used to separate “coherent” (with fibers) (Fig. 4.2g, 4.2i)
and “non-coherent” (without fibers) (Fig. 4.2h, 4.2j) regions of the a-
SMA staining within the cell. Finally, the box plot graphs displaying the
distribution of medians of the coherency values per cell were built. These
coherency values were taken from the “coherent” regions (higher then 0.25
a.u.) of the cell. Additionally, the distributions of the percentage of these
regions from the total cell area were shown. This graphs allowed us to
compare the degree of a-SMA recruitment to the cell stress fibers, while
the box plots showing the variation in the median values of the total
a-SMA immunostaining intensity per cell could be used to estimate the
level of a-SMA general expression.

4.2.5 Statistical analysis

To assess significance of the difference between two conditions, the
Wilco-xon rank sum test in the Matlab program was used. This test is
an equivalent to a Mann-Whitney U test.

4.3 Results

4.3.1 «o-SMA expression and recruitment to stress fibers quan-
tified by orientation analysis.

First, we investigated whether the level of a-SMA expression and the
cell extracellular matrix (ECM) may influence the degree of the a-SMA
recruitment to cell stress fibers during the spreading. We used SV80
human fibroblasts as an a-SMA negative control and HASM human aorta
smooth muscle cells as an a-SMA positive control. As a source for PCs
we used hiPSC line LUMCO06iCTRL-derived PCs (CD31-) [9, 13] of an
early passage that expressed very little to no a-SMA and very little SMC
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markers such as (SM)22 and Calponin (CNNT1), distinguishing them from
SMCs.

Cells were placed on gelatin or fibronectin (FN) covered coverslips
for 4 hours, fixed and stained with anti-a-SMA antibody followed by
staining with an Alexa-532-coupled secondary antibody. Collected con-
focal images of the a-SMA fluorescent staining were used to identify
the presence and the level of orientation within local features of the a-
SMA staining distribution that we quantified as coherency (see Methods
section). Only those areas were taken into account and considered “co-
herent” that had values higher then the average coherency background
(~0.25 a.u.). Additionally we quantified a percentage of the “coherent”
cell area from the total cell area that was analyzed (Acoh/Atot (%)) to
get a better overview of the degree of a-SMA recruitment to stress fibers.

CD31- cells on coverslips coated with gelatin had a comparable level
and percentage of coherency to fibroblasts (Fig. 4.3d) (Fig. 4.3f). This
level was close to the overall image background pointing on the absence of
oriented features and isotropic distribution of the anti-a-SMA antibody
staining inside cells (Example figures. 4.3a, b). HASM cells, in turn,
had more a-SMA staining organized in fibers (Fig. 4.3c) that was also
reflected in a higher level of coherency as well as the percentage of the
coherent area compared to SV80 or CD31- cells (Fig. 4.3d, 4.3f). On
FN coated glass coverslips overall levels of coherency both of CD31-
(median value =0.33 a.u.) and SV80 (median value =0.3 a.u.) were
higher then on gelatin (median value CD31- =0.31 a.u., SV80 =0.295
a.u.)(significance of the difference for SV80 cells p<0.0005, for CD31-
p=0.0029)(Fig. 4.3g). Similar effect was found for the percentage of the
cell coherent area (Fig. 4.3g). Notably, the level of coherency quantified
for CD31- cells seeded on FN was comparable with the coherency of
HASM cells seeded on gelatin (median value =0.33 a.u.) (significance
of the difference p=0.44). However, the percentage of the coherent area
within the cell quantified for SV80 and CD31- cells was similar (Fig.
4.3g).

Together, we showed that our image analysis tool for quantification
of the a-SMA expression and recruitment conforms with the known data
about the a-SMA expression in the tested cell lines. Interestingly, on the
FN covered substrate CD31- cells showed an increased a-SMA recruit-
ment to the F-actin cytoskeleton. This suggests a heterogeneous a-SMA
expression within the PCs that can be modulated by ECM attachment.
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Figure 4.3: Representative images of the a-SMA immunostaining of the (a)
SV80, (b) CD31- and (c) HASM cell lines seeded on gelatin coating. (d)
Coherency comparison of three different human cell lines seeded on gelatin
coating. (e) Coherency comparison of two different human cell lines seeded on
FN coating (f, g) Respective medians of the percentage of the cell “coherent”
area. Results are derived from three independent experiments performed in
minimum two replicates. NS, P>0.05; *P<0.05; **P<0.005; ***P<0.0005
according to Mann - Whitney test.
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4.3.2 Changes in a-SMA recruitment to stress fibers of PCs
driven by growth factors.

We further investigated whether growth factors (GFs) that either in-
duce or inhibit a-SMA expression in PCs may also influence the rate and
the degree of it’s recruitment to stress fibers. Additionally, we studied a
potential effect from the cell ECM properties on the a-SMA recruitment
in PCs treated with GFs. We used TGF-3 and FGF2 in relation to two
different ECM protein substrates on which the cells were placed. TGF-£3
is known to induce a-SMA expression [14], while FGF2 was shown to
inhibit a-SMA expression in PCs [15, 16]. As substrates for CD31- cell
adhesion we used FN and gelatin coatings. According to our previous
findings (see Chapter 3) PC have a strong affinity towards FN, while
gelatin is a recommended substrate for culturing PCs or SMCs.

The effect of GF treatment on a-SMA recruitment to stress fibers in
CD31- cells was studied in two set-ups. In the first set-up CD31- cells
were seeded on top of the coverslips covered with either gelatin or FN
for 24 hours in either normal media, or a media containing two different
amounts of TGF-4 (Ing/ml and 10ng/ml), or a media with 5ng/ml con-
centration of FGF2 (Fig. 4.4a). After incubation cells were fixed and
immunostained with the anti-a-SMA antibody, followed by imaging and
coherency analysis of the image data (Fig. 4.4). In the second set-up
CD31- cells were, first, incubated in a petridish with gelatin or FN coat-
ing for four days in a media containing either 1ng/ml concentration of
TGF-4, or 10ng/ml — TGF-3, or 5ng/ml FGF2, as well as, in a normal
media. After these four days cells from the gelatin coated petridishes
were trypsinized and seeded for 4 hours in normal media on coverslips
coated with gelatin, and cells from the FN coated petridishes — on cov-
erslips coated with FN (Fig. 4.5a). Subsequently CD31- cells were fixed
and the coherency of anti-a-SMA immunostaing distribution was quan-
tified (Fig. 4.5). This approach allowed us to study: (i) the influence of
the ECM on the PC response to treatment with GFs for a short term;
(i) the change in the speed of a-SMA recruitment to the stress fibers
after prolonged exposure to GFs.

Local coherency quantification results obtained from the CD31- cells
incubated with GFs for 24 hours didn’t show a significant difference from
the control sample on gelatin (Fig. 4.4b)(control=0.314 a.u., lng/ml
TGF-£=0.316 a.u., 10ng/ml TGF-4=0.36 a.u., FGF2=0.33 a.u. with
the significance of the difference p>0.05 for all samples) as well as on



4.3 Results

(a)

PCs ———— pﬂ PCs Gelatin Fibronectin I

1 ng/ml
gelatin coated 8 o
polystyrene dish 0©°

g +TGEp
S 10 ng/ml

+FGF2
5 ng/ml
‘ ‘ control
0 hours 3 days + 24 hours
Gelatin Fibronectin
(b) ()
08 NS 0.8 NS
=07 T =07
S | + 3
s i . & +
506 | 306 X
5. ° ] Sosl * T
505 + T 505 s ' +
s T blos b
Oo4t | ‘ Ooat T E *
0.3 l:;l gl 0.3 E Q L ?
> ™
éf{@ ,\é‘& 4;(& {(é("b Lp@o ’\éﬁ '\c;(Qz Qéﬁ,
& & &
<& \Q@é RENE)
(d) (e)
100 100
NS NS
80 80

o
S

o
HI b
Tt -
T F---
F{F4

S -+

1A, (%)

coh’
S
S

Acnh/Alnl (ﬂ/o)

Figure 4.4: (a) Schematic representation of the experiment setup. (b, c)
Coherency quantification results of CD31— cells incubated with GFs for 24
hours on gelatin (b) and FN (c). (d, e) Respective medians of the “coher-
ent” area percentage within the total cell area of CD31- cells incubated on
gelatin (d) or FN (e). Results are derived from two independent experiments
performed in minimum three replicates. NS, P>0.05; *P<0.05; **P<0.005;
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Figure 4.5: (a) Schematic representation of the experiment setup.

(b, ©)

Coherency quantification results of CD31- cells treated with GFs for 4 days
and fixed after 4 hours incubation in full media on gelatin (b) and FN (c).
(d, e) Respective medians of the “coherent” area percentage within the total

cell area of CD31- cells incubated on gelatin (d) or FN (e).

Results are

derived from two independent experiments performed in minimum three rep-
licates. NS, P>0.05; *P<0.05; **P<0.005; ***P<0.0005 according to Mann
- Whitney test.
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FN substrates (Fig. 4.4c) (control=0.33 a.u., Ing/ml TGF-5=0.312 a.u.,
10ng/ml TGF-5=0.35 a.u., FGF2=0.33 a.u. with the significance of
the difference p>0.05 for all samples). Also, coherency quantification
results on gelatin were not significantly different from the results on FN
in any GF condition. This data suggests a low or no influence from the
short treatment with GFs on the recruitment of a-SMA to the F-actin
cytoskeleton of CD31- cells both on gelatin or on FN.

Nevertheless, prolonged treatment with GFs affected the recruitment
of a-SMA in CD31- cells (Fig. 4.5). Four days of incubation with TGF-/3
resulted in increased coherency levels of CD31— cells seeded on FN com-
pared to the control sample and decreased — for CD31- cells treated with
FGF2 (Fig. 4.5¢) (control=0.33 a.u., Ing/ml TGF-5=0.35 a.u., 10ng/ml
TGF-5=0.35 a.u., FGF2=0.3 a.u.). This was also reflected in the quan-
tification of the respective coherent area of CD31- cells seeded on FN
(Fig. 4.5e). However, on gelatin only the treatment with FGF2 resulted
in coherency levels different from the control sample (Fig. 4.5b) (con-
trol=0.337 a.u., Ing/ml TGF-4=0.34 a.u., 10ng/ml TGF-5=0.34 a.u.,
FGF2=0.29 a.u. with the significance of the difference p>0.05 for TGF-
B treated samples compared to the control). Treatment with TGF-/
failed to increase the recruitment rate of a-SMA in CD31- cells incub-
ated on gelatin (Fig. 4.5b). The same situation was observed from the
percentage quantification of the coherent area from the total cell area
of CD31- cells seeded on gelatin (Fig. 4.5c). Nevertheless, coherency
quantification results obtained on gelatin were not significantly different
from the results on FN in any GF condition. The coherency quantifica-
tion results obtained for the samples treated for 24 hours or 4 days with
1 ng/ml TGF-3 were not different form those treated with 10 ng/ml
TGF-S both on FN or gelatin (Fig. 4.4, 4.5).

Taken together, we showed that prolonged treatment with GFs affects
not only the expression of a-SMA in CD31- cells, but also the rate of it’s
recruitment to stress fibers of cells. Notably, CD31- cells treated with
FGF2 for four days either on FN or gelatin both showed a decrease in the
coherency values (Fig. 4.5¢, b) to the level obtained earlier for human
fibroblasts (Fig. 4.3), confirming an inhibitory action of the FGF2 on
the a-SMA.
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4.3.3 Inhibition of the time dependent increase in the a-
SMA expression and recruitment to stress fibers in
PCs on patterned FN substrates.

Here we investigated further the effect from the ECM properties on
PCs expression and recruitment of the a-SMA. PCs bind and can apply
forces on capillaries through BM proteins (Chapter 3). The interstitial
layer of the BM in between PCs and ECs comprises LM and FN. FN
is organized in small patches embedded into the LM layer and these
patches may play a role of adhesion points for PCs (see Chapter 3) |10,
17, 18| (Fig. 1.1). We have seen that PCs are able to sense the variation
in the stiffness of FN patches and respond by changing, sometimes dra-
matically, their traction forces, spreading area and the size of cell matrix
adhesions. Thus, we studied whether the gradient of the a-SMA expres-
sion in PCs observed on the different parts of the microvasculature can
be mediated by the diameter of the microvessel, the stiffness of it’s BM
and the presence of FN patches in the interstitial layer of the BM.

First, we examined whether FN organized in patches in the BM can
influence the a-SMA expression and recruitment to stress fibers in CD31-
cells. We compared CD31- cells seeded on the monolayer of FN vs
CD31- cells seeded on our model of the PC-EC interstitial layer of the
BM where FN was exposed to cells in a form of 2 pm diameter spots
surrounded by LM (see Chapter 2, Fig. 2.2c). We tracked changes in
the morphology of the early passage (passage 7) CD31- cells plated on a
gelatin coated polystyrene dish over four days after thawing. As can be
seen from the representative images obtained after 24 hours and 4 days
of incubation (Fig. 4.6a), CD31- cells became larger and changed their
rhomboid shape to a more typical for SMCs morphology with longer
aligned cell bodies. These CD31- cells were further splitted and seeded
either on a PDMS flat surface prepared in the ratio 1:10 crosslinker:base
and stamped with FN monolayer or with an earlier described pattern
of FN dots surrounded by LM (Fig. 2.2c). Subsequently, one sample of
CD31- cells seeded on the FN monolayer was fixed after 24 hours and the
second one — after 7 days. Cd31- cells seeded on the patterned PDMS
substrate were fixed after 7 days of incubation (Fig. 4.6a — the scheme of
the experiment). All samples were further simultaneously permeabilized
and immunostained with anti-a-SMA antibody.

Local coherency quantification results (Fig. 4.6b) revealed CD31-
cells that undertook the SMCs like morphology have got a higher level
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Figure 4.6: (a) Schematic representation of the experiment setup and the
CD31- cell morphology after 24 hours of incubation on gelatin coated poly-
styrene dishes and 4 days. (b) Coherency quantification results for CD31-
used after 4 days of incubation in a polystyrene dish and placed on either
FN glass coverslips covered with FN monolayer for 24 hours and 7 days or
on a PDMS flat surface for 7 days prepared in the ratio 1:10 crosslinker:base
and stamped with an earlier described pattern of FN dots surrounded by LM
(Fig. 2.2c). (c) Respective medians of the percentage of the cell “coherent”
area. (d) Supportive median values of the a-SMA immunostaining intensit-
ies obtained from the total cell area that was analyzed per image for each
condition. Results are derived from one experiment performed in two replic-
ates. NS, P>0.05; *P<0.05; **P<0.005; ***P<0.0005 according to Mann -
Whitney test.
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(a) A FN line microcontact printing scheme. (b — d) representative images of
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of coherency (median value =0.35 a.u.) after 24 hours of incubation on
FN, compared to the aforementioned result obtained from CD31- cells
that were used before the change in their morphology (median value
=0.33 a.u.) (significance of the difference p=0.003) (Fig. 4.4c). The
coherency level appeared even higher in CD31- cells fixed after 7 days
of incubation on a FN monolayer (Fig. 4.6b). Notably, CD31- cells
plated on the PDMS surface patterned with FN dots embedded into LM
after 7 days of incubation showed much lower level of coherency (median
value =0.294) then the same cells plated on a FN monolayer (Fig. 4.6b).
This value was comparable to the earlier obtained result for the a-SMA
negative fibroblast cell line — SV80 (Fig. 4.3d, e). A similar effect was
observed in the percentage evaluation of the coherent area within the
cells (Fig. 4.6¢c). CD31- cells seeded on a pattern of FN dots surrounded
by LM showed a lower percentage of the coherent area then CD31- cells
on FN monolayer after 7 days of incubation, telling that lower amount
of a-SMA fibers was formed. This data suggests an inhibitory effect
from the FN organized in patches in the capillary BM on the a-SMA
recruitment to the F-actin cytoskeleton of PCs.
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Further, we studied a possible influence of the capillary stiffness or
diameter on the a-SMA expression levels in PCs on different parts of
the microvascular tree. PDMS micropillar arrays of three different stiff-
ness (11.6 kPa, 47.2 kPa and 137 kPa) were developed and stamped
with tree different patterns of FN: homogeneous layer, 30 um wide FN
lines and 10 pm wide FN lines (Fig. 4.7). This allowed us to introduce
such parameters like varying substrate stiffness and restricted area for
the cell adhesion into our system, representing the capillary rigidity and
diameter variation. The pillars had the same diameter and arrangement
as FN spots surrounded by LM on the PDMS flat surface in the previous
experiment. CD31- cells were seeded onto PDMS micropillar arrays and
fixed after either 4 hours of incubation or 7 days. As a control cell line
for the immunostaining results we used HASM cells that were allowed
to spread on PDMS micropillar arrays for 7 days. All samples were
permeabilized and immunostained with anti-a-SMA antibody simultan-
eously. The coherency analysis revealed a low level of orientation within
the CD31- cells local anti-a-SMA staining distribution on all stiffness.
This effect was observed in all samples fixed after 4 hours as well as after
7 days of incubation (Fig. 4.8, 4.9, 4.10). A slight drop in the coher-
ency level of CD31- cells was observed after 7 days of incubation on 137
kPa micropillar arrays with homogeneous stamping (from median value
0.31 to 0.306 with the significance of the difference p=0.0042) (Fig. 4.8a
vs 4.8b), on 11.6 kPa arrays with 30 pm wide line stamping (from me-
dian value 0.306 to 0.303 with the significance of the difference p=0.012)
(Fig. 4.9a vs 4.9b) and on 11.6 kPa and 47.2 kPa stiff arrays with 10 um
wide FN line stamping (from median value 0.31 to 0.308 with the sig-
nificance of the difference p=0.010 and from — 0.304 to 0.29 with the
significance of the difference p=0.022 respectively) (Fig. 4.10a vs 4.10b),
compared to the results obtained after 4 hours of incubation. Notably,
coherency levels were always the highest for CD31- cells incubated for
4 hours on 137 kPa micropillar arrays (Fig. 4.8a, 4.9a, 4.10a), but the
difference became less prominent after 7 days of incubation (Fig. 4.8b,
4.9b, 4.10b). Nevertheless, HASM cells in total showed higher levels of
coherency, obtained after 7 days of incubation, than CD31- cells after 4
hours or 7 days. The same was observed from the quantification of the
coherent area persentage within cells. On avarage after 7 days of incub-
ation CD31- cells had a lower amount of a-SMA fibers than HASM cells
(Fig. 4.8e vs 4.8f, 4.9¢ vs 4.9f, 4.10e vs 4.10f). Interestingly, on 47.2 kPa
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Figure 4.8: (a — b) Coherency quantification results of CD31- seeded for 4

hours (a) and for 7 days (b) on PDMS micropillar arrays of three different
rigidities with homogeneous FN stamping, compared to the results of the
a-SMA positive control cell line - HASM (c) after 7 days of incubation. (d —
f) Respective medians of the “coherent” area percentage within the total cell
area of CD31- (d, e) and HASM cells (f). (g —h) Supportive median values
of the a-SMA immunostaining intensities obtained from the total cell area
that was analyzed per image for each condition. Results are derived from one
experiment, performed in two replicates. NS, P>0.05; *P<0.05; **P<0.005;
***¥P<0.0005 according to Mann - Whitney test.

stiff pillars the local orientation values of the anti-a-SMA staining dis-
tribution in HASM cells were lower than on 11.6 kPa or 137 kPa arrays,
indicating an overall lower a-SMA recruitment degree to the stress fibers
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Figure 4.9: (a — b) Coherency quantification results of CD31- seeded for 4
hours (a) and for 7 days (b) on PDMS micropillar arrays of three different
rigidities with 30 pum line FN stamping, compared to the results of the a-
SMA positive control cell line — HASM (c) after 7 days of incubation. (d
— f) Respective medians of the “coherent” area percentage within the total
cell area of CD31- (d, e) and HASM cells (f).
values of the a-SMA immunostaining intensities obtained from the total cell
areas that were analyzed per image for each condition. Results are derived

from one experiment performed in two replicates.

(g — h) Supportive median

NS, P>0.05; *P<0.05;

**P<0.005; ***P<0.0005 according to Mann - Whitney test.

on this intermediate stiffness (47.5 kPa) than on soft (11.6 kPa) or stiff

(137 kPa) substrates (Fig.

4.8¢c, 4.9¢, 4.10c).

This data shows that the presence of FN deposits in the BM of ca-
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Figure 4.10: (a — b) Coherency quantification results of CD31- seeded for 4
hours (a) and for 7 days (b) on PDMS micropillar arrays of three different
rigidities with 10 pum line FN stamping, compared to the results of the a-
SMA positive control cell line — HASM (c) after 7 days of incubation. (d
— f) Respective medians of the “coherent” area percentage within the total

cell area of CD31- (d, e) and HASM cells (f).

(g — h) Supportive median

values of the a-SMA immunostaining intensities obtained from the total cell

areas that were analyzed per image for each condition. Results are derived

from one experiment performed in two replicates. NS, P>0.05; *P<0.05;
**P<0.005; ***P<0.0005 according to Mann - Whitney test.

pillaries has an a-SMA inhibitory effect on PCs and less on SMCs cells.
Taken together our results suggest an adaptable expression/cytoskeletal
recruitment of a-SMA in PCs, which can be modulated by the ECM
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properties. In the presence of FN deposits restricted to the 2 um spot
size, CD31- cells maintain a low level of localized a-SMA expression
in stress fibers of and the influence from the capillary stiffness or dia-
meter appears to be minor. By contrast, HASM cells induced a-SMA
localization in stress fibers on stiff substrates irrespective of patterning.

4.4 Discussion

PCs show different levels of a-SMA expression depending on their
location along the vascular tree [4-6]. In vivo and in vitro studies on
PCs and other cell types show that a-SMA expression is largely affected
by soluble factors, but also can be attenuated by mechanical stimuli like
substrate stiffness and ECM. Taking into the account that the change of
the capillary order is accompanied by the change in it’s diameter, inside
blood pressure, BM thickness and protein composition, PCs experience
different mechanical signals on different parts of the microvascular tree
and this may have an influence on the a-SMA expression. Earlier find-
ings already pointed on a special role of ECM mechanical properties in
the a-SMA regulation in myofibroblasts [19] as well as in mesenchymal
stem cells [20]. Whether and how do these factors combine to condition
a-SMA expression gradient in PCs in the resting vasculature remains
unclear.

The main soluble factor inducing a-SMA expression in PCs is TGF-
6. It has been shown to be essential for mural cell maturation into
vascular SMCs [17]. PCs and ECs both express TGF-3 and have TGF-/
receptors on them. However, its activation from a latent proform hap-
pens when the two cell types come into contact with each other [1, 21].
How the effect from TGF-f activation is further balanced out in PCs to
result in gradual increase of the a-SMA on different parts of the vascular
tree is not well defined. Here we tested whether deviating levels of the a-
SMA in PCs could be a consequence of TGF-3 gradient in vasculature.
Obtained data showed that treatment with various concentrations of
TGF-3 did not result in a deviating expression or recruitment rate of
the a-SMA to stress fibers in PCs. Same result was obtained when two
different treatment times were compared suggesting that growth factor
control may not be sufficient for fine-tuning the a-SMA expression levels.
Nevertheless, we noticed that the effect from the TGF-S treatment was
dependent on the ECM protein coating of the substrate on which PCs
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were placed. Treatment was more effective on FN, resulting in a higher
levels of a-SMA recruitment rate to stress fibers. Similar observation was
made by Chen and Hinz for mesenchymal stem cells [22]. They admit-
ted that FN substrate coating in general favored a-SMA fibrogenesis in
comparison to gelatin or pronectin. Kim and Gumbiner in turn reported
that cell adhesion to FN promotes YAP nuclear accumulation through
negative regulation of Hippo signaling pathway [23|. This can partially
explain our results, taking into the account a direct relation between
YAP /TAZ nuclear translocation and a-SMA expression reported earlier
for mesenchymal stem cells and fibroblasts [20, 24].

FN is present in small amounts in the capillary BM, distributed in
micron-sized deposits around the LM rich PC-EC interstitia. When PCs
and ECs come into contact, PCs noticeably downregulate their FN ex-
pression levels, while ECs upregulate [25]. In 3D cell culture it has been
shown that activated TGF-£ from the PC-EC contact induces ECM pro-
duction by ECs, yet, not the FN expression [26]. Limiting the amount
of FN in the BM can be a key to the control over the a-SMA expression
in PCs. Here we showed that a-SMA was upregulated over time in PCs
originally a-SMA negative, placed on a stiff substrate of the culture dish
with a FN monolayer. However, a-SMA levels were maintained or even
downregulated by placing PCs on a pattern of 2 um FN dots embed-
ded into the LM monolayer. In the previous chapter we also showed
a strong preference of PCs towards FN over LM. PCs mainly formed
their cell-matrix contacts on FN dots and not on LM, when cultured on
a patterned substrate. This behavior resulted in a limited size of their
focal adhesions in comparison to a protein monolayer. Similar depend-
ence between limited focal adhesion size and a low a-SMA recruitment
to stress fibers was reported earlier for myofibroblasts. Authors could
inhibit @-SMA recruitment by restricting cell focal adhesions to a size
of printed ECM dots [19]. Taken together, there is an evidence that a-
SMA recruitment to stress fibers in PCs can be affected by the amount
of available FN and by its spatial arrangement.

Notably, in the presence of FN dot pattern, created by the functional-
ization of PDMS micropillars, CD31- failed to develop a-SMA fibers and
didn’t show a prominent dependence on the variation in substrate stiff-
ness or available area for spreading. In contrast, HASMs maintained the
ability to form a-SMA fibers on micropillar arrays and responded to the
deviating stiffness and available area for spreading with different a-SMA
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recruitment rates, yet higher then in PCs. This data demonstrates that
after full maturation of PCs into SMCs they loose the ability to adjust
a-SMA expression levels in response to the FN arrangement in the BM
and become more dependent instead on vessel stiffness and diameter.

In this study we showed that our data analysis approach gives a
benefit of gaining an uncompromised quantification information not only
on the general a-SMA expression levels in cells, but also on the a-SMA
recruitment degree to stress fibers, rate and total ratio with a single cell
resolution. Such approach also can come into help when limited amount
of cells is available, or when two conditions are being compared on the
same sample, or when a dynamic live cell data needs to be assessed.
Our findings may help to unveil processes behind maintaining a-SMA
expression gradient in PCs and can be used to keep PCs from obtaining
contractile phenotype in cell culture.
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CHAPTER O

PERICYTE FORCE GENERATION IN 1n
vitro HYPOXIA AND ISCHEMIA
CONDITIONS !

abstract

Pericytes (PCs) are contractile cells that align blood microvessels.
Their contractility plays an important role in physiology and patho-
logy. For example in Ischemia, PCs have been shown to die shortly
after they constrict capillaries in response to compromised oxygen and
glucose supply. Consequently, capillaries are blocked by dead, constric-
ted PCs further reinforcing the diseased condition leading to large-area
brain damage after a stroke.

The essential cells involved in Ischemia are mid-capillary PCs that are
difficult to study specifically as of the absence of unique markers, hence
studies are limited to in wvivo, post-event investigations. In particular
the constriction model is difficult to asses since it is not possible to
measure directly the forces PCs apply at a high level of control over the
experimental conditions in vivo.

Here we developed and described a novel approach that allows to
accurately monitor cellular forces and morphology, while rapidly chan-
ging microenvironmental conditions. By integrating PDMS micropillar
arrays inside of fluid-flow channels and using human induced pluripotent
stem cell (hiPSC)-derived PCs, we brought in vitro experiments closer

1. This chapter is based on: O. Iendaltseva, V.V. Orlova, C.L. Mummery, E. H. J.
Danen and T. Schmidt, Pericyte Force Generation in In Vitro Hypoxia and Ischemia
Conditions, In preparation



to in vivo studies on Ischemia. The developed methodology does create
an opportunity to track PC mechanoresponse to changes in oxygen and
glucose supply in a real-time setting for future applications.
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5.1 Introduction

Pericytes (PC) are mural cells of blood microvessels. They are isol-
ated contractile cells involved in regulation of vascular morphogenesis
and function in health and disease [1]. Among others, PCs are involved
in Hypoxia induced angiogenesis in physiology (e.g. embryo develop-
ment), and in pathology (e.g. tumour or tissue injury) [2|. Additionally,
despite some contradictory results, they have been reported to particip-
ate in regulation of cerebral blood flow and promote brain damage in
Ischemia in mice in vivo [3-5]. PCs have been shown to die shortly after
they constrict capillaries in response to Ischemia, thus preventing renewal
of the blood flow through capillary bed and damage of the neurons after
stroke. Nevertheless, there is no direct evidence in terms of direct mech-
anical measurements of whether PCs are able to block capillary blood
flow in Ischemia or not.

Therefore we first assessed the contractility of PCs in in vitro Hypoxia
and Ischemia conditions, and compared those to the normal conditions.

Metazoan organisms use oxygen (O2) for adenosine triphosphate (ATP)
production. It is necessary to maintain O2 homeostasis for proper or-
ganism development, physiology and function. A decrease in O2 supply
results in a condition called Hypoxia [6]. A subsequent response to Hyp-
oxia in cells and tissues is regulated by the family of Hypoxia-inducible
factor (HIF) transcription factors. HIFs are heterodimeric proteins com-
posed of two subunits: one o (HIF-1cv, HIF-2cr, HIF-3cr) and one 5 (HIF-
B/ARNT). HIF-1a and HIF-2« play a central role in cellular response to
Hypoxia [7]. O2 deprivation stabilizes transcription factor HIF-1a and
HIF-2c, which in turn regulate the expression of hundreds of genes to
maintain O2 homeostasis. This includes: glucose metabolism, cell pro-
liferation, migration, cytoskeletal structure, metastasis, apoptosis, an-
giogenesis, extracellular matrix formation and remodeling, etc. Under
normoxia conditions HIF-« is continuously produced and degraded by
binding of the von Hippel-Lindau tumor suppressor protein (VHL) that
interacts with the protein Elongin C, recruiting an E3 ubiquitin-protein
ligase complex leading to HIF-a ubiquitination and degradation by the
265 proteasome. While in Hypoxia conditions, HIF-a degradation is in-
hibited due to the lack of oxygen. The protein accumulates, binds to
HIF-3, translocates to the nucleus and activates Hypoxia-response gene
transcription |2, §].

Compromised blood supply in tissue leads to a decreased oxygen
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and nutrients delivery, and results in a condition called Ischemia. In
Ischemia, cells switch from aerobic to anaerobic metabolism that leads
to a reduction of cell pH, high inflow of sodium ions into cells, depletion of
cellular ATP and inactivation of ATPases, inhibition of Ca?* outflow and
intracellular calcium overload, opening of the mitochondrial permeability
transition (MPT) pore and further impairment of ATP production. The
degree of tissue injury depends on the organ, the level and duration of
blood supply reduction [9].

To avoid heterogenity in PC cell culture, present in in vivo studies,
we used human induced pluripotent stem cell (hiPSC)-derived PCs, that
have been previously described and characterized in detail |10, 11]. The
cells lack a-SMA expression and resemble "true" PCs, which have been
found on mid-capillaries.

For simulation of Hypoxia and Ischemia conditions we used a chem-
ical mimetic. Cells were treated with an indirect HIF-inhibitor DMOG
that switches cells into a Hypoxia state, and we used glucose deprivation
to switch cells to their starvation and Ischemia state. Indeed we were
able to define a mechanical response that was specific to the different
treatments.

However, our results showed that this static approach does not allow
to accurately measure the fast response of PCs that occurs during the
acute medical condition. To better simulate rapid changes in oxygen
and glucose levels during Hypoxia and Ischemia, and to get our experi-
ments closer to the aforementioned in vivo studies, we further developed
and characterized a new experimental design. In this new design PDMS
micropillar arrays are mounted inside commercially available fluid-flow
channels. Cells are seeded on top of the micropillar arrays. Our novel ap-
proach allows to constantly track cellular forces and morphology while
dynamically changing the environmental conditions such as: the tem-
perature, the composition of the cell culture medium, and the oxygen
concentration.

The novel approach presented in this chapter, is a ubiquitous design
that permits the study of PCs behaviour during hypoxia and ischemia.
It also can be applied to any other cells for which the environmental con-
ditions needs to be changed, and where response in cell force application
and morphology are questioned.
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5.2 Methods

5.2.1 Cell culture

hiPSC line LUMCO06iCTRL-derived CD31- (dif31), cell line was cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco|Thermo
Fisher Scientific, USA) supplemented with 10% fetal bovine serum (HyC-
lone, Etten-Leur, The Netherlands), 25 U/ml penicillin and 25 pg/ml
streptomycin (Invitrogen/Fisher Scientific). CD31- cell line was used
on the passage 7 or 8 and was kept in culture for 3 to 4 days before the
experiment to avoid changes in the cell morphology. Cells were seeded at
20 000 cells per dish. Cells were injected directly on top of the PDMS mi-
croropillar area of interest to ensure persistent cell density across experi-
ments. After incubation they were fixed for 10’ in 4% paraformaldehyde
in PBS for further immunostaining.

Simulated Hypoxia

Hypoxia was simulated by chemical stabilization of HIF-a. CD31-
cells were, first, incubated for 40 hours with dimethyloxalylglycine (DMOG,
Sigma-Aldrich, d3695) added to the full culture media at 1 mM concen-
tration. Then, they were detached from the culture dish using PBS and
Trypsin with 1 mM DMOG. Finally, CD31- cells were seeded on top of
the PDMS micropillar arrays in culture media containing 1 mM DMOG
and 4.5 g/1 D-glucose concentrations and fixed after 8.5 hours of spread-
ing.

Simulated Ischemia

Ischemia was simulated by simultaneous chemical stabilization of
HIF-« together with glucose deprivation from the culture media. CD31-
cells were, first, incubated for 40 hours with dimethyloxalylglycine (DMOG,
Sigma-Aldrich, d3695) added to the full culture media (DMEM, Gibco|
Thermo Fisher Scientific, USA) at 1 mM concentration. Then, they
were detached from the culture dish using PBS and Trypsin with 1 mM
DMOG. Finally, CD31- cells were seeded on top of the PDMS micropil-
lar arrays in the full cell culture media containing 1 mM DMOG for
7 hours. After 7 hours the media was exchanged with a low 1 g/l D-
glucose cell culture medium (DMEM, Gibco | Thermo Fisher Scientific,
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USA) containing 1 mM DMOG concentration and fixed after 1.5 hours
of spreading in Ischemia conditions.

Starvation

Cell starvation was simulated by using low glucose culture media.
CD31- cells were, first, incubated for 40 hours in full high glucose (4,5
g/1) media. Then, they were detached from the culture dish and placed
on top of the PDMS micropillars arrays in a culture media containing
low 1 g/l D-glucose. After 8.5 hours of incubation cells were fixed.

5.2.2 PDMS micropillar array preparation

PDMS micropillar arrays were prepared as was described before [12,
13]. Briefly, SI mold was made by two-step Deep Reactive Ion Etching
(DRIE) process. This yielded a 10 x 10 mm hexagonal array of 2 um
diameter holes with 2 um spacing and varying depth, flanked by two
50 um deep 10 x 2 mm tranches. After mold passivation with trichloro
silane (Sigma), PDMS 1:10 was poured over it and cured for 20 hours
at 110°C. The peeled off PDMS had a negative of the mold shape with
micropillar array and 50 pm high spacers on the sides of it. This array
was functionalized with the help of PDMS 1:30 stamp and dried protein
of interest on top of it. A 40 ul drop of FN or LM-111 mixture in
water was incubated for 60’ on the PDMS 1:30 stamp, then washed and
dried under laminar flow. This stamp was then genly loaded onto UV-
ozone activated PDMS micropillar array for 10’. Finally, stamped array
was blocked with 0.2% Pluronic (F-127, Sigma) in PBS for 60’ at room
temperature and washed with PBS.

5.2.3 Immunostaining

Fixed cells were permeabilized for 10’ with 0.1% Triton-X in PBS and
blocked for 60’ with 1% bovine serum albumin (BSA) (Sigma, a2153) in
PBS. F-actin cytoskeleton of cells was stained for 1 hour with Alexa 532
phalloidin (Thermo Fisher Scientific, a22282) of a 1:1000 concentration
in PBS. Cell nuclei were stained for 1 hour using 300 nM solution of 4’,6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich, d8417) in PBS. Each
immunostaining step was followed by 3 washing steps in PBS 10’ each
under a gentle rocking.
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5.2.4 Microscopy

Confocal imaging was performed on a home-built setup based on
an Axiovert200 microscope body (Zeiss), spinning disk unit (CSU-X1,
Yokogawa) and an emCCD camera (iXon 897, Andor). IQ-software
enabled setup-control and data acquisition. Lasers of 405 nm (Crys-
taLaser), 488 nm (Coherent), 514 nm, 561 nm (Cobolt) and 642 nm
(Spectra Physics) wavelength were coupled into the CSU via polariza-
tion maintaining single-mode fiber. Spacers on the sides of micropillar
arrays allowed placing them upside down onto #0 coverslips (Menzel
Glaser) with adhered cells facing down. This approach ensured reprodu-
cible cell observation within the limited working distance of a high-NA
objective on an inverted microscope. For PDMS or glass 2D assays par-
afilm spacers were made directly on top of the glass coverslips.

5.2.5 Image analysis

Cell spreading area and nucleus size were quantified by using FIJI
software. First the background was subtracted by adjusting the threshold
level, followed by the cell/nucleus edge selection with a tracing tool.
Finally mean values for at least 30 cells per condition were calculated.

Cell traction forces were measured by using micropillar array tech-
nology [13-15] and quantified as previously described [12]. Micropillar
tops were functionalized with fluorescently labeled FN or with LM that
was labeled subsequently bu immunostaining. This allowed us to detect
deflections with ~30 nm accuracy corresponding to 500 pN for soft and 2
nN for stiff pillars force precision by using a specifically designed Matlab
script.

5.2.6 Preparation of flow channels with encapsulated PDMS
micropillar arrays

First, the Si mold with one 10 x 10 mm hexagonal array of 2 pum
diameter holes with 2 um spacing and varying depth, flanked by two 50
pum deep 10 x 2 mm tranches was passivated with trichloro silane (Sigma).
Then a titanium mold with ~350 um deep 20 x 20 mm square recess
was also passivated with trichloro silane (Sigma). The two molds were
brought into contact and fixed against each other (Fig. 5.4a). PDMS
1:10 was poured over SI mold via the one of the two holes in the titanium
mold with the help of a pipette (Fig. 5.4b), degassed for 1 hour and



5.2 Methods

cured for 20 hours at 110°C (Fig. 5.4c). After curing the titanium mold
was gently removed (Fig. 5.4d) and PDMS was peeled off the ST mold
(Fig. 5.4e). All excess of PDMS was cut off to leave only a 10 x 10
micropillar array and 50 wm high spacers (Fig. 5.4f). Further, the
PDMS micropillar array was divided into two halves along the long side
(Fig. 5.4g). From each half of the micropillar array a middle third of
spaces was deleted to make sure fluid can pass through (Fig. 5.4h, i).
To make sure no flow was present on the side of the PDMS micropillar
arrays a small amount of PDMS 1:30 was spread with the help of a
pipette inside fluid flow channels of the Ibidi slide (Ibidi, 80608) (Fig.
5.5a). The so prepared micropillar arrays were immediately placed inside
the channels and cured for 30’ at 60°C (Fig. 5.5b). The two halves of a
micropillar array were further functionalized with the help of PDMS 1:30
stamps and FN on top of them. A 40 ul drop of FN mixture in water
was incubated for 60’ on PDMS 1:30 stamps, then washed and dried in
a laminar flow (Fig. 5.5¢). The stamps were then gently loaded onto
UV-ozone activated PDMS micropillar array halves for 10" (Fig. 5.5d-e).
Finally, the flow channels were closed with the help of a #0 coverslip
applied to the sticky bottom of the Ibidi slide (Fig. 5.5g). The stamped
arrays were subsequently blocked with 0.2% Pluronic (F-127, Sigma) in
PBS for 60’ at room temperature and washed with PBS.

5.2.7 Seeding cells on top of PDMS micropillar arrays inside
flow channels

Before seeding hiPSC line LUMCO06iCTRL-derived CD31- (dif31)
cells, a Ibidi slide with PDMS micropillar arrays inside was washed
with PBS (Fig. 5.6a). Then, Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco|Thermo Fisher Scientific, USA) supplemented with 10%
fetal bovine serum (HyClone, Etten-Leur, The Netherlands), 25 U/ml
penicillin and 25 pg/ml streptomycin (Invitrogen/Fisher Scientific) con-
taining 20 000 CD31- cells per sample was injected into each flow channel
with the help of a pipette (Fig. 5.6b). Channels were finally closed with
a lid provided together with the Ibidi slide (Fig. 5.6¢). The slide was fur-
ther controlled under the microscope for homogeneous cell distribution
inside each flow channel, flipped over for the coverslip to face upwards
and placed in an incubator for 1 hour for cells to adhere to PDMS mi-
cropillars (Fig. 5.6d). After cell attachment the slide was imaged in the
INUBGE2E-ZILCS (TokiaHit, Japan) that allows to change CO2 level
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(Fig. 5.6¢).

5.3 Results

5.3.1 Pericyte force generation and spreading in starvation,
Hypoxia and Ischemia conditions

First we assessed PC force generation and spreading in static, chem-
ically simulated Hypoxia, starvation and Ischemia conditions. Star-
vation was simulated by incubating PCs in a cell culture media con-
taining low 1 g/l D-glucose. Hypoxia was simulated by treating PCs
with 1 mM dimethyloxalylglycine (DMOG), which inhibits prolyl hy-
droxylases (PHDs) and stabilises HIF-1. Ischemia was simulated by
combing DMOG treatment with incubation in a low glucose media.

To investigate an effect of the cell culture media with a low glucose
concentration on PC force application we run a starvation experiment.
First, PCs were seeded on top of the 47.2 kPa stiff PDMS micropillar
arrays and allowed to attach and spread for 7 hours in a full media.
Then, cell culture media was replaced with a low glucose media. After
1.5 hours in a low glucose media PCs were fixed and stained for F-actin.

For the simulation of Hypoxia, we first identified the DMOG concen-
trations that were not cytotoxic for PCs. We evaluated PCs viability
for DMOG concentrations of 0.125, 0.5, 1.0, 1.5, 2.0, and 3.0 mM. Our
results showed that DMOG concentrations above 1 mM were cytotoxic
for PCs. For our further experiments we chose DMOG concentration of 1
mM. Our viability results corroborate findings of earlier studies [16-18].

PCs were incubated for 40 hours in a cell culture medium with 1 mM
DMOG to stabilize HIF-1. Then, PCs were detached from the culture
dish using PBS and trypsin with 1 mM DMOG concentration to make
sure HIF-1 accumulation in the nucleus is not disturbed. Finally, PCs
were seeded on top of the 47.2 kPa stiff PDMS micropillar arrays in a
cell culture media containing 1 mM DMOG and incubated for 8.5 hours
before fixation. After fixation, PCs were immunostained for F-actin.

To test PCs force response in Ischemia conditions PCs were prepared
in a similar way as for Hypoxia experiment. They were treated, first,
with 1 mM DMOG for 40 hours. Then, seeded on top of the 47.2 kPa
stiff PDMS micropillar arrays using PBS and Trypsin with 1 mM DMOG
concentration. After 7 hours of incubation in a full cell culture media
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Figure 5.1: Average cell spreading area and force application of PCs. (a) —
Average cell spreading area of PCs in normoxia (4.5 g/1 glucose), Hypoxia (4.5
g/l glucose + 1 mM DMOG), Ischemia (1 g/1 glucose + 1 mM DMOG) and
starvation (1 g/1 glucose) conditions. (b) — Average fore application of PCs
in normoxia, Hypoxia, Ischemia and starvation (1 g/l glucose) conditions.
Results are derived from three experiments performed in two replicates. NS,
P>0.05; *P<0.05; ¥**P<0.005; ***P<0.0005 according to T-test.

containing 1 mM DMOG PC were placed in Ischemia conditions by chan-
ging cell culture media to a low 1 g/1 D-glucose media containing 1 mM
DMOG. Finally, PCs were fixed after 1.5 hours in Ischemia conditions
and stained for F-actin.

For control samples PCs were incubated on top of the 47.2 kPa stiff
PDMS micropillar arrays in a full cell culture media for 8.5 hours, then
fixed and immunostained for F-actin cytoskeleton.

Our results showed an about 20% larger cell spreading area, and
an about 30% lower force application of PCs placed in simulated Hyp-
oxia conditions (4.5 g/l glucose + 1 mM DMOG) as compared to the
control sample (4.5 g/l glucose) (Fig. 5.1a, 5.1b). After 1.5 hours in
Ischemia conditions (1 g/l glucose + 1 mM DMOG) PCs showed the
lowest spreading area compared to control, Hypoxia and starvation (1
g/l glucose) samples (Fig. 5.1a). Force application of PCs in Ischemia
conditions rapidly increased by ~ 15% compared to PCs in Hypoxia (Fig.
5.1b. Many dead cells were found after 1.5 hours in Ischemia conditions.
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In starvation cell spreading area of PCs was comparable to the control
sample (Fig. 5.1a), while force application slightly decreased (Fig. 5.1b).

As can be seen from our data, the behavior of PCs changes rapidly
(within 1.5 hours) when cells are placed in Ischemia conditions. Unfor-
tunately, Ischemia can’t be simulated as an immediate event using the
described chemical inhibition method that requires a long pre-treatment
with DMOG. Thus, for short-term experiments, that reflects the situ-
ation in medical condition, we neededed to develop another approach
that would allow us to constantly monitor the cellular forces, while cells
are challenged by deprivation of oxygen and glucose.

5.3.2 Micropillar array technology does not allow fast liquid
exchange in the area with cells

The PDMS micropillar array technology developed by us, which per-
mits to study cellular mechanotransduction on a high-resolution micro-
scope, required that micropillar arrays to be flipped upside down to face
the objective of a microscope. In this way a precise measurement of cel-
lular forces is achieved [12]. Here we tested whether it was feasible to
rapidly change cell culture media located in the 50 um space between
the micropillar arrays and the coverslip in a rapid and reliable manner.

We first analyzed whether the liquid on top of the micropillar arrays
could be homogenized by diffusion. Given the size of the arrays, A =
(10 x 10)mm?2, and given a typical diffusion constant of D = 100 um?/s
for a small molecule like a fluorescence dye, it will take, t = A/(4D) ~
70 h. Hence, a fast medium exchange cannot rely on diffusion.

This prediction was corroborated in experiments. A micropillar array
was flipped and fixed against a coverslip of the commercially available
dish with a glass bottom. The dish was filled with a PBS solution con-
taining a fluorophore. Under constant monitoring, the PBS solution
was replaced with a new — fluorophore-free PBS. The sample was then
monitored for a change in the fluorophore signal between pillars and the
coverslip. We found that days were required for the new PBS solution
to diffuse under the array. This was due to the tiny opening < 50 um
between the micropillars and the coverslip provided by spacers flanking
the array and the absence of any fluid flow. Interchange of liquid is solely
driven by diffusion.

Thus, it is not possible to rapidly exchange cell culture media sur-
rounding PCs on micropillars and constantly monitor cellular forces in a
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Figure 5.2: Combining micropillar array technology with fluid flow channels
would allow to monitor cellular forces and morphology under dynamically
changing conditions.

given setup in the envisioned timescale of several minutes. In particular
such approach does not fit the requirements of Hypoxia and Ischemia
experiments and a new method needed to be developed to permit fast
exchange of the cell culture media between micropillars and the coverslip.

5.3.3 Design of a microfluidic channel to track cellular re-
sponse in rapidly changing conditions

Commercially available slides with fluid flow channels allow cell mon-
itoring under changing conditions, but not cell force measurements. Com-
bining micropillar array technology with fluid flow channels would allow
to monitor cellular forces and morphology and simultaneously change cell
culture media content. Additionally, micropillar arrays of different stiff-
ness could be used for such experiments (Fig. 5.2). Here we combined
two technologies to get a tool that can be used to track fast response of
PCs to ischemia conditions in vitro.

Requirements

We started by defining requirements for the new design. It had to re-
semble benefits and functionalities of both techniques. The requirements
identified were: (i) the micropillar arrays had to be fitted in a given fluid
flow channel, (ii) the design had to allow the fluid to flow in between
pillars and a coverslip only, as to make sure that media is effectively
replaced in the volume around cells, (iii) the distance from the coverslip
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to the pillars had to stay ~ 50 um to allow high-resolution force meas-
urements, (iv) the fluid flow channel had to allow using #0 coverslips to
facilitate imaging with high numerical aperture (NA) objectives.

Design decisions

We chose to use commercially available slides with six fluid flow chan-
nels 0.4 mm deep, 17 mm long and 3.8 mm wide, and a self-adhesive
side to mount own coverslips. Due to an open design these slides allowed
us to put pillars inside and close channels with #0 coverslips to satisfy
requirements (i) and (iv).

We decided to cut micropillar arrays in half along the long edge to
fill in two channels at a time and keep 50 pum spacers to provide a fixed
distance between a coverslip and pillars. This decision was taken to
satisfy requirement (iii).

To have a fluid flow between pillars and a coverslip we chose to make
an ~ 1.7 mm opening in the spacers on both sides of a micropillar array.
To satisfy requirement (ii) we decided to create an additional mold to
prepare micropillar arrays of a fixed thickness corresponding the depth
of the prefabricated channels — 0.4 mm.

A schematic drawing of a final design is given in figure 5.3.

5.3.4 Channel preparation
The mold

First, we started to prepare a mold to produce micropillar arrays of
a fixed thickness to fit inside fluid flow channels. A new mold had to be
applied on top of a silicon wafer containing 10 x 10 mm hexagonal array
of 2 um diameter holes with 2 ym spacing and varying depth, flanked by
two 50 um deep 10 x 2 mm tranches — a negative of a PDMS micropillar
array. Taking into account the 0.4 mm deep fluid flow channels and the
50 pm high micropillar array spacers the new mold needed to have a
0.35 mm deep recess such that arrays may fit in the channel (Fig. 5.4a).
Additionally, the mold had to contain openings to insert PDMS after
fixing the mold and a silicon wafer against each other (Fig. 5.4Db).

We tested a number of different designs and materials for the mold
(Fig. 5.11). Finally, we produced a mold made of a titanium. Titanium
is resistant to chloride ions and other chemicals used during PDMS mi-
cropillar array production. A square 40 x 40 mm mold was produced
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Figure 5.3: A schematic representation of a fluid flow channel design with a
micropillar array inside

with a 20 x 20 mm, 0.35 mm deep recess. The mold was passivated and
fixed against a silicon wafer with the clamp. The titanium mold was not
prone to deformations or leaks, and yielded PDMS micropillar arrays of
a consistent geometry over all experiments (Fig. 5.11d).

PDMS micropillar arrays for fluid flow channels

Subsequently we established the production of PDMS micropillar ar-
rays that met earlier described requirements. Briefly, the titanium mold
and the silicon wafer were passivated and brought into contact. The two
parts were fixed with a clamp (Fig. 5.4a). PDMS, that was previously
degassed, was pressed into one of the two openings of the mold using a
pipette (Fig 5.4b). The whole assembly was degassed in a vacuum cham-
ber to avoid air bubbles on top of the wafer. Subsequently the PDMS
was cured for 20 hours at 110°C (Fig. 5.4c). The mold was detached
from the wafer (Fig. 5.4d), and the PDMS micropillar array was pealed
off the silicon wafer (Fig. 5.4e). Excess PDMS was cut off with a sharp
blade to leave a 10 x 10 micropillar array flanked by two 10 x 2 mm,
50 pwm high spacers (Fig. 5.4f). The micropillar array was subsequently
divided into two halves along the long side (Fig. 5.4g). The middle
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Figure 5.4: A schematic representation of how PDMS micropillar arrays have
to be prepared to fit in fluid flow channels. (a) First step is to passivate and
fix the mold and a silicon wafer against each other. (b) Second step is to
degas PDMS and insert it into the mold. (c¢) Third step is to degas PDMS in
the mold and cure for 20 hours under 110°C. (d, e) Fourth step is to detach
the mold from the wafer and pill off the PDMS micropillar array. (f) Fifth
step is to cut excess of PDMS and leave only micropillar array with flanking
spacers. (g) Sixth step is to divide PDMS micropillar array in two halves.
(h, i) Seventh step is to cut off the middle parts from spacers

parts of the spacers ~ 1.7 mm wide were cut out to allow fluid flow to
pass through (Fig. 5.4h, i). In this way two micropillar arrays for two
channels were prepared in one step.

Subsequently all parts were assembled and tested. Additional PDMS
was added to the bottom of the micropillar arrays to “glue” them in-
side the channels. For assembly a small amount of PDMS with a 1:30
crosslinker-base ratio was spread inside each channel of the slide (Fig.
5.5a). The PDMS micropillar arrays were placed on top of the spread
PDMS. Pressure was applied to the spacers to make sure arrays were
properly deepened in the channels (Fig. 5.5b). The slide was further
cured at 60°C for 30 minutes. Then, micropillar arrays were functional-
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Figure 5.5: A schematic representation of fluid flow channels assembling with

micropillar arrays. (a) First step is to spread a small amount of 1:30 PDMS in

channels. (b) Second step is to put prepared PDMS micropillar array inside

the channels and cure for 30 min at 60°C. (c-f) Third step is to functionalize

micropillar arrays with a fluorescently labeled protein of interest. (g) Fourth

step is to close channels with a coverslip, passivate micropillar arrays and
wash channels with PBS.

ized with the help of PDMS stamps with fluorescently labeled fibronectin
on top of them (Fig. 5.5¢-f). Finally, channels were closed off with a
coverslip (Fig. 5.5g). The whole assembly was passivated and washed
with PBS. Tests using colored water showed that the assembly was tight,
and that a continous fluid flow could be supported (Fig. 5.12).

Seeding cells on micropillar arrays inside fluid flow channels

Further the work flow for seeding cells on PDMS micropillar arrays
inside the closed fluid flow channels was designed but not tested. Chan-
nels will be washed with PBS (Fig. 5.6a). Then, approximately 20000
cells will be flushed via the channel entrances into the chamber (Fig.
5.6b). Channels are closed with the lids provided. The distribution of
cells on the PDMS micropillar arrays would be analysed using a micro-
scope (Fig. 5.6¢). If the cell density is satisfying, the slide with the
channels can be flipped over to allow cells to sink to the top of the mi-



Pericyte forces in in vitro Hypoxia and Ischemia conditions

(@) (b)

Figure 5.6: A schematic representation of seeding and imaging cells inside
fluid flow channels. (a) An earlier prepared slide with PDMS micropillar
arrays shall be washed with PBS. (b) A cell culture media containing 20000
cells per sample shall be inserted via channel openings. (c) Fluid flow chan-
nels have to be closed with provided lids and cell distribution shall be checked
under the microscope (d) The slide has to be inverted to allow cells sink on
top of the micropillar arrays. (e) After 1 hour incubation cells can be imaged
with a connected fluid flow system

cropillar arrays (Fig. 5.6d). After 1 hour of incubation the slide can be
flipped back and imaged under the microscope with a connected fluid
flow system (Fig. 5.6e).

5.3.5 Fluid flow in a microchannel with pillars

Finally, we determined the properties of the fluid flow in the channel
with micropillar arrays mounted. We required that fluid flow to be lam-
inar, as described by it’s Reynolds number. The Reynolds number for the
channel was calculated for water at 37 °C in a range of fluid volumetric
flow rates (Q) from 0 ml/min to 100 ml/min (Fig. 5.7). The Reynolds
number is the ratio between the inertial forces in a fluid and the viscous
forces, characterizing the boundary between laminar flow (here desired)
and turbulent flow (to be avoided). The Reynolds number, Re is given
by [19]:
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Figure 5.7: Reynolds number in different parts of the channel plotted for
water at 37°C over volumetric flow rate.

where () is the fluid volumetric flow rate, Dy the hydraulic diameter,
p the density of the fluid, p the dynamic viscosity, and A the cross
sectional area of the channel. For noncircular pipes or channels the
hydraulic diameter Dy is given by [19]:
44 dab 2ab

D
m=p 2(a+0b) a+b

where A is the cross sectional area of the channel, P the wetted
perimeter, a the hight, and b the width of the channel.

Our calculations showed that fluid flow is laminar in all parts of the
channel, given the envisioned flow rates and the design parameter: in
the part without micropillar array, in between the spacers, and in the
area with the pillars 0 pm high (Fig. 5.7). We performed this analysis
for arrays of 3.8 pm (Fig. 5.8a) and 12 pm high pillars (Fig. 5.8b). As
can be seen from the graphs, the Reynolds number stays low, hence the
flow stays laminar using micropillars of different heights at volumetric
flow rates of 0 — 100 ml/min. At those flow rates the volume below the
pillars can be exchanged as fast as 30 ms for the highest flow-rates.

Further, we determined the hydrodynamic entry length of liquid at
37°C inside the channel, i.e. between 0 pum, 3.8 pm and 12 pm high (Fig.
5.9). The entry length describes the distance from the entrance of the
channel where the wall shear stress and friction factor reach about 2%
of the fully developed value. It therefore describes the spreading of the
laminar flow over the full channel diameter after entering a volume. It
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Figure 5.8: Reynolds number for a channel with micropillars (a) 3.8 pum high
and (b) 12 pum high plotted over volumetric flow rate

is important for our experiments that the hydrodynamic entry length is
small in comparison to the length of the micropillar arrays, being 10 mm.
For a laminar flow the hydrodynamic entry length is given by [19]:

Lh,laminar = 0.05 Re Dy

The calculations for our channel design shows that entry length will
reach half of the channel with micropillars at about 80 ml/min volumetric
flow rate and higher (Fig. 5.9).

Finally, we estimated the volumetric flow rate of liquid at 37°C at
which the shear stress exerted on the channel wall with pillars will be
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in a physiological for cells range — between 0 and 1 Pa [20, 21]. For
Newtonian fluids shear stress is expressed as

dU
T:M%

where p — dynamic viscosity, fl—g — velocity gradient [19]. Taking into
the account that fluid velocity between two plates is

U 2h

=1 (=5)2
Umam (H)

where Upq, — maximum velocity, which occurs at the centreline, H —
channel hight, h — distance from the centreline [19]. Dependency of the
shear stress and the volumetric flow rate can be expressed as

AUpaz abr H?
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Our results suggest that shear stress will reach 1 Pa in a channel
without pillars at a volumetric flow rate of ~ 100 pm/min (Fig. 5.10).
At this flow rate the Reynolds number and the hydrodynamic entry
length are negligible for water at 37 °C inside the 50 pum high channel
—1.243 and 6,134 um respectively. Thus, cellular forces can be reliably
measured over ~ 99,87 % of the micropillar array area.

5.4 Discussion

Currently, the mechanical properties of pericytes (PCs), although of
significant importance to their biological function, can only be inferred
from (post mortem) in vivo imaging. The main reason for this lack
of acessibility is the difficulty of generating homogeneous cell culture of
primary mid-capillary PCs, as they show differences in phenotype and ex-
pression of proteins depending on their location on the capillary tree and
don’t have unique markers [22-24|. Additionally, “true” or “approved”
PCs are located on mid-capillaries that show the most clear differences
from smooth muscle cells (SMCs) [1, 22]. PCs located on pre- or post-
capillaries have been defined as “transitional” PCs [24]. Thus, generating
a cell culture of “true”, mid-capillary, primary PCs that don’t show ex-
pression of a-SMA and support angiogenesis is nearly impossible. As
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Figure 5.9: Hydrodynamic entry length of water at 37°C inside the channel
part with micropillars 0 ym, 3.8 um and 12 um high
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Figure 5.10: Shear stress of water on the wall at 37°C inside the channel part
with micropillars 0 pm, 3.8 pm and 12 pm high
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a confirmation, there are no such commercially available primary PCs
present.

In vivo experiments lack the level of control of experimental condi-
tions and don’t support direct cell force measurements in contrast to in
vitro studies. In the case of PCs it is particularly unfortunate, as their
contractility was spotted to be involved, among others, in regulation
of capillary diameter, cerebral blood flow or promote brain damage in
ischemia [3-5].

Here, we made an attempt to close this gap by using hiPSC-derived
PCs that resemble “true” PCs located on mid-capillaries, characterized
by lack a-SMA and that support angiogenesis [10, 11]. In combina-~
tion with PDMS micropillar array technology we performed in vitro cell
force measurements of PCs in reproducible hypoxia and ischemia condi-
tions. Hypoxic oxygen deprivation was initially simulated with the help
of DMOG. By additional subtraction of glucose from the cell culture
media we reproduced ischemia conditions.

Our results showed that PCs in starvation condition, retained their
morphology and spreading behavior in comparison to the control condi-
tion, yet displayed a somewhat lower force application. Thus starvation
had only a minor effect on the cell’s mechanical properties. Hypoxia
was paralleled by an increase of cell spreading and simultaneous signific-
ant decrease in cellular force generation. In ischemia cell spreading area
decreased significantly, while cellar force application partially recovered.

Those results only in part follow the predicted behavior. As described
in literature [3|, PCs will constrict and die in ischemic conditions after
one hour. Hence, we hypothesized that PCs had a higher force applica-
tion and a smaller cell spreading area in ischemic condition. While the
first expectation was confirmed by our data, the latter does not. We do
suspect that this result is due to the way we simulated ischemia which
first needed a long incubation step with DMOG leading to hypoxia, fol-
lowed by the final low-glucose situation. The increase of force exertion
compared with hypoxia might be in agreement with this hypothesis.

Our results showed that this method doesn’t allow to register fast
changes in the behaviour of PCs and mimic ischemia as an immediate
event in time. To perform live cell force measurements the in house
designed micropillar arrays had to be flipped over [12]. However, our
investigation revealed that liquid exchange under the array is not suf-
ficiently fast. Due to the small opening between the coverslip and mi-
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cropillars (50 pm) that is required for high resolution measurements of
cellular forces the liquid exchange depends only on diffusion.

Therefore, we designed and characterized a new approach that al-
lows us to constantly monitor cellular forces during rapidly exchange of
cell culture media to expose cells to different conditions. Our approach
combines commercially available fluid flow channels with the in house
designed micropillar arrays. The fluid flow properties inside this chan-
nel with integrated micropillar array, showed that cellular forces can be
reliably measured over ~ 99,87 % of the micropillar array area at a
physiological for cells shear stress during the liquid exchange.

Taken together, our approach can complement in vivo studies on
PC behaviour in hypoxia and ischemia conditions and be used for other
applications where cell mechanobiology under changing fluid flow or cell
media composition is of interest.
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Figure 5.11: Additional molds for PDMS micropillar arrays after testing.(a)

Mold made of a combination of glass slide and stainless still frame was prone

to PDMS leaks. (b) Mold made of a poly(methyl methacrylate) (PMMA) got

deformations after curing at 110°C in places were clamp was attached. (c)

Stainless still frame got signs of corrosion after passivation with trichlorosil-
ane. (d) Titanium mold showed overall good results
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(a) (b)

Figure 5.12: Test of the fluid flow channels with PDMS micropillar arrays

inside. (a) p@ water coloured with a dye inside fluid flow channels with

PDMS micropillar arrays - slide bottom view. (b) Slide top view shows

water passing not only between micropillars and a coverslip, but also under
the bottom of the micropillar arrays
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GENERAL SUMMARY AND
DISCUSSION

Pericytes, the mural cells of blood microvessels, have been described
for the first time in 1873 by the French scientist Charles-Marie Ben-
jamin Rouget as a subset of contractile cells surrounding microvessels
[1]. In 1923 Zimmerman introduced a new term "pericytes" to connect
to their close location to the endothelial cells that form vessel tubes [2].
Pericytes cover the majority of all capillaries and over the years have
emerged as important regulators of vascular morphogenesis and func-
tion. Despite extensive studies, there are remaining important unsolved
questions related to the mechanobiology of pericytes [3] with one of the
most intriguing parts of them — the control of the vascular blood flow
[4-8].

Currently, the mechanical behaviour of pericytes, although of signi-
ficant importance to their biological function, can only be inferred from
(post mortem) in vivo imaging. The main reason for this lack of access-
ibility is the difficulty of generating homogeneous cell culture of primary
mid-capillary pericytes, as they show differences in phenotype and ex-
pression of proteins depending on their location on the capillary tree and
don’t have unique markers |2, 9, 10]. Additionally, “true” or “approved”
pericytes are located on mid-capillaries that show the most clear dif-
ferences from smooth muscle cells [9, 11]. Pericytes located on pre- or
post-capillaries have been defined as “transitional” pericytes [2|. Thus,
generating a cell culture of “true”, mid-capillary, primary pericytes that
don’t show expression of a-smooth muscle actin (a-SMA) and support
angiogenesis is nearly impossible. As a confirmation, there are no such
commercially available primary pericytes present. In vivo experiments
lack the level of control of experimental conditions and don’t support
direct cell force measurements in contrast to in vitro studies.

In this thesis an attempt was made to push boundaries and develop
approaches to study pericyte mechanobiology in wvitro. First, by us-
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ing human induced pluripotent stem cell-derived pericytes that resemble
“true” pericytes located on mid-capillaries, characterized by the lack of
a-smooth muscle actin and supporting angiogenesis [12, 13|. Pericytes
have a complicated biochemical and spatial organization of extracellular
matrix proteins around them on the capillaries, combined with changing
stiffness, accompanying changes in the blood pressure. These factors
generally have implications for cell behavior and pericytes are not an
exception [14-16]. It is important to combine all these factors in order
to accurately reproduce the cell microenvironment in vitro. In chapter
2 the existing knowledge about the structure and properties of the peri-
cyte extracellular matrix have been utilized to identify most appropriate
methods to re-create the mechanical microenvironment of pericytes in
vitro that open new opportunities to study their mechanobiology.

Pericytes are embedded within the capillary basement membrane
made of the three main components — collagen IV, laminin-411/511 and
fibronectin that are used for attachment of cells in the capillary wall [17—
20]. Recent findings revealed that laminin and type IV collagen are not
organized into one homogeneous network, but form two layers, allowing
fibroblasts to interact with collagen on one side and endothelial cells to
interact with laminin on the other side of the basement membrane [21].
Pericytes turned out to be located “under” the collagen layer close to en-
dothelial cells with a thin laminin rich layer in the pericyte-endothelial
cell interstitia. Moreover, by electron microscopy it was found that this
laminin layer contains small deposits of fibronectin [17, 20, 22]. While
endothelial cells attach mainly to laminin, for pericytes this is less well
understood. The in vitro model of the basement membrane structure in
the pericyte-endothelial cell interstitia of the mid-capillary region that I
developed allowed to show in chapter 3 that pericytes prefer fibronectin
over the laminin, pointing to a potential role of these fibronectin depos-
its as main anchoring points for mechanical attachment of pericytes to
capillaries. This role was originally proposed by Courtoy in 1983 and
now I was able to confirm in an in vitro experiment, using the recent
advances in the extracellular matrix modeling approaches.

I showed that pericytes respond to the variation in fibronectin-patterned
substrate stiffness with changes in force application, spreading, and cell-
matrix adhesions size in a not linear manner as, for example, human or
mouse fibroblasts, where cellular traction forces together with spread-
ing and cell matrix adhesions size gradually increase with increasing
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substrate stiffness [23-25]. Pericytes show optimal spreading and cell-
matrix adhesions size on intermediate substrate stiffness and suppressed
on both soft and stiff substrates. The forces applied by pericytes do not
follow the same trend and are vice versa lower on intermediate substrate
stiffness and higher on soft and stiff. The stiffness range supporting
optimal pericyte spreading appeared to be close to that for endothelial
cells and smooth muscle cells determined by atomic-force microscopy
[26, 27|, indicating that this stiffness range represents a response in a
physiologically relevant stiffness regime. Behavior of pericytes observed
in this study gives an insight on the way pericytes distinguish deviations
of the microvessel stiffness from the normal tissue and react by increasing
contractile forces to provide a mechanical support for microvessel walls,
preventing excessive dilation.

As aforementioned, depending on the location along the microvascu-
lar tree pericytes have been divided into three subgroups: pre-capillary,
mid-capillary and post-capillary pericytes. Mid-capillary pericytes com-
pletely lack a-smooth muscle actin, while pre- and post-capillary peri-
cytes show a gradient in the a-smooth muscle actin expression levels
from low, next to mid-capillaries, to high closer to arterioles and venules
where smooth muscle cells come in place [5, 9, 10]. In vivo and in vitro
studies on pericytes and other cell types show that a-SMA expression is
largely affected by soluble factors, but also can be attenuated by mech-
anical stimuli like substrate stiffness and extracellular matrix. Taking
into account that the change of the capillary order is accompanied by
the change in it’s diameter, inside blood pressure, basement membrane
thickness and protein composition, pericytes experience different mech-
anical signals on different parts of the microvascular tree and this may
have an influence on a-SMA protein expression that leads to contractil-
ity. Earlier findings already pointed on a special role of extracellular
matrix mechanical properties in the a-SMA regulation in myofibroblasts
[28] as well as in mesenchymal stem cells [29]. Whether and how do these
factors combine to condition a-SMA expression gradient in pericytes in
the resting vasculature remains unclear.

In chapter 4 our in vitro approach to study pericyte mechanobio-
logy allowed to investigate whether such parameters like vessel diameter,
basement membrane composition and stiffness can have an effect on the
a-SMA recruitment to stress fibers in pericytes. An image analysis ap-
proach was utilized to obtain uncompromised data on the a-SMA fiber
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formation with a single cell resolution. It was observed that pericytes
seeded on fibronectin dots surrounded by laminin, showed a lower per-
centage of a-SMA recruitment to stress fibers than pericytes seeded on
a monolayer of fibronectin. The first pattern resembles protein organ-
ization in the mid-capillary pericyte-endothelial cell interstitia and the
second is more common for arteriole and venule regions of a microvascu-
lature tree. This data suggests an inhibitory effect from the fibronectin
organized in patches in the capillary basement membrane on the a-SMA
recruitment to the F-actin cytoskeleton of pericytes. Likewise, pericytes
showed low to no additional correlation of the a-SMA recruitment with
the stiffness or vessel diameter in the presence of fibronectin organized
in a dotted pattern. In contrast, human smooth muscle cells maintained
the ability to form a-SMA fibers on such a patten and responded to the
deviating stiffness and available area for spreading with different a-SMA
recruitment rates, yet higher then in pericytes. This data demonstrates
that after full maturation of pericytes into smooth muscle cells they
loose the ability to adjust a-SMA expression levels in response to the
fibronectin arrangement in the basement membrane and become more
dependent instead on vessel stiffness and diameter. These findings may
further help to unveil processes behind maintaining a-SMA expression
gradient in pericytes, and can be used to keep them from obtaining con-
tractile phenotype in cell culture.

The contractility of pericytes, despite some contradictory results, was
reported to be involved in regulation of the cerebral blood flow and pro-
mote brain damage in ischemia in mice in vivo [4, 5, 8]. Nevertheless,
there is no direct evidence in terms of direct mechanical measurements.
In chapter 5 a new approach was designed and characterized that al-
lows to constantly monitor cellular forces during a rapid exchange of cell
culture media to expose cells to different environmental conditions such
as: the temperature, the composition of the cell culture medium, and
the oxygen concentration. This approach permits the study of the beha-
viour of pericytes during hypoxia and ischemia. It also can be applied
to any other cells for which the environmental conditions need to be
changed, and where responses in cell force application and morphology
are questioned.

Taken together, the approaches developed in this thesis to study peri-
cyte behaviour in vitro and the obtained results show novel opportun-
ities to investigate pericyte mechanobiology and provide insight, better
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understanding and proof to processes that were impossible in in vivo
experiments.
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SAMENVATTING

Pericyten, de wandcellen van bloedmicrovaten, werden voor het eerst
beschreven in 1873 door de Franse wetenschapper Charles-Marie Benja-
min Rouget als een subset van contractiele cellen rondom microvaten [1].
In 1923 introduceerde Zimmerman een nieuwe term “pericyten” om aan
te sluiten bij hun ligging dicht bij de endotheelcellen die vaatbuizen vor-
men |[2|. Pericyten bedekken de meerderheid van alle haarvaten en zijn
in de loop der jaren naar voren gekomen als belangrijke regulatoren van
vasculaire morfogenese en functie. Ondanks uitgebreide studies zijn er
nog belangrijke onopgeloste vragen in verband met de mechanobiologie
van pericyten [3], waarvan één van de meest intrigerende de controle van
de vasculaire bloedstroom is [4-8|.

Momenteel kan het mechanische gedrag van pericyten, hoewel van
groot belang voor hun biologische functie, alleen worden afgeleid uit
(post mortem) beeldvorming. De belangrijkste reden voor dit gebrek
aan toegankelijkheid is de moeilijkheid om homogene cellen van pri-
maire mid-capillaire pericyten te genereren, aangezien ze verschillen in
fenotype en expressie van eiwitten vertonen die afthankelijk zijn van hun
locatie op de capillaire boom, en zij geen unieke markers hebben [2,
9, 10]. Daarnaast bevinden zich “echte” of “goedgekeurde” pericyten op
middencapillairen welke de meest duidelijke verschillen met gladde spier-
cellen vertonen [9, 11]. Pericyten op pre- of post-capillairen zijn gedefi-
nieerd als “transitionele” pericyten [2]. Het genereren van een celcultuur
van “echte”, midden-capillaire, primaire pericyten die geen expressie van
a-gladde spier actine (a-SMA) vertonen en angiogenese ondersteunen is
dus vrij-wel onmogelijk. Ter bevestiging, er zijn geen dergelijke, in de
handel verkrijgbare, primaire pericyten te koop. In vivo experimenten
missen de mate van controle over de experimentele omstandigheden en
ondersteunen geen directe celkrachtmetingen, in tegenstelling tot in vitro
studies.
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In dit proefschrift is een poging gedaan om grenzen te verleggen en
benaderingen te ontwikkelen om de mechanobiologie van pericyten in
vitro te bestuderen. Ten eerste, door gebruik te maken van mense-
lijke geinduceerd pluripotente stamcellen-afgeleide pericyten die lijken
op “echte” pericyten in middencapillairen. Deze zijn gekenmerkt door
het ontbreken van a-SMA en het ondersteunen van angiogenese [12, 13].
Pericyten hebben een ingewikkelde biochemische en ruimtelijke organi-
satie van extracellulaire matrix eiwitten op de haarvaten, gecombineerd
met veranderende stijtheid, bij veranderingen in de bloeddruk. Deze fac-
toren hebben over het algemeen gevolgen voor het gedrag van de cellen
en pericyten vormen daarop geen uitzondering [14-16|. Het is belangrijk
om al deze factoren te combineren om de celmicro-omgeving nauwkeurig
in vitro na te bootsen. In hoofdstuk 2 is de bestaande kennis over de
structuur en eigenschappen van de extracellulaire matrix van pericyten
gebruikt om de meest geschikte methoden te identificeren de mechanische
micro-omgeving van pericyten in vitro na te bootsen. Die ontwikkeling
biedt nieuwe mogelijkheden om hun mechanobiologie te bestuderen.

Pericyten zijn ingebed in het capillaire basaalmembraan dat bestaat
uit de drie hoofdbestanddelen — collageen IV, laminine-411/511 en fi-
bronectine — die door cellen kunnen worden gebruikt voor hechting in de
capillaire wand [17-20]. Recente bevindingen toonden aan dat laminine
en type IV collageen niet georganiseerd zijn in één homogeen netwerk,
maar twee lagen vormen, waardoor fibroblasten aan de ene kant kunnen
interacteren met collageen en endotheelcellen aan de andere kant van
het basaalmembraan met laminine [21]. Pericyten bleken zich “onder”
de collageenlaag dicht bij endotheelcellen te bevinden met een dunne la-
mininerijke laag in de pericyte-endotheelcel interstitia. Bovendien bleek
met elektronenmicroscopie dat deze lamininelaag kleine eilanden van fi-
bronectine bevat [17, 20, 22]. Terwijl endotheelcellen zich voornamelijk
hechten aan laminine, is dit voor pericyten onbekend. Het in vitro model
van de basaalmembraan in de pericyte-endotheliale celinterstitia van het
midden-capillaire gebied dat ik heb ontwikkeld, maakte het mogelijk in
hoofdstuk 3 aan te tonen dat pericyten fibronectine prefereren boven
laminine. Dit wijst op een mogelijke rol van deze fibronectine-afzettingen
als voornaamste verankeringspunten voor de mechanische hechting van
pericyten aan haarvaten. Deze rol werd oorspronkelijk voorgesteld door
Courtoy in 1983. Ik heb deze hypothese nu met een in wvitro experi-
ment kunnen bevestigen, met behulp van de recente vooruitgang in de
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modellering van de extracellulaire matrix.

Ik heb verder aangetoond dat pericyten reageren op een variatie in
fibronectine patroonstijfheid met veranderingen in kracht, spreiding en
cel-matrix adhesie. Dit gebeurt op een niet lineaire wijze zoals bijvoor-
beeld in menselijke of muizenfibroblasten waar de cellulaire trekkrachten
samen met de cel spreiding en de grootte van cel-matrix adhesie struc-
turen geleidelijk toenemen met toenemende substraatstijtheid [23-25].
Pericyten vertonen optimale spreiding en cel-matrix adhesie grootte op
intermediaire substraatstijfheid. De door pericyten uitgeoefende krach-
ten zijn juist omgekeerd lager op intermediaire substraatstijftheid en ho-
ger op heel zachte en heel stijve substraten. Het stijfheidsbereik dat
optimale pericytenspreiding ondersteunt, bleek dicht bij dat voor endo-
theelcellen en gladde spiercellen te liggen [26, 27|. Dit wijst erop dat het
gevonden stijftheidsbereik een respons in een fysiologisch relevant stijf-
heidsregime vertegenwoordigt. Het in deze studie waargenomen gedrag
van pericyten geeft inzicht in de manier waarop pericyten afwijkingen
van de stijfheid van de microvaten onderscheiden van het normale weef-
sel, hoe zij reageren door de contractiele krachten te verhogen om een
mechanische ondersteuning te bieden aan de wanden van de microvaten,
waardoor overmatige dilatatie wordt voorkomen.

Zoals hierboven vermeld zijn pericyten, afhankelijk van de locatie
langs de microvasculaire boom, onderverdeeld in drie subgroepen: pre-
capillaire, midden-capillaire en post-capillaire pericyten. Mid-capillaire
pericyten missen volledig a-SMA, terwijl pre- en post-capillaire pericy-
ten een gradiént vertonen in de a-SMA expressie van laag, naast mid-
capillairen, naar hoog bij arteriolen en venulen waar gladde spiercellen
aanwezig zijn [5, 9, 10]. Uit het in vivo en in vitro onderzoek aan peri-
cyten en andere celtypes blijkt dat de expressie van a-SMA grotendeels
wordt beinvloed door oplosbare factoren, maar ook door mechanische
prikkels zoals de stijfheid van het substraat en de extracellulaire matrix.
Aangezien de verandering van de volgorde van de capillairen gepaard
gaat met veranderingen in diameter, inwendige bloeddruk, dikte van
het basaalmembraan en eiwitsamenstelling, ervaren pericyten verschil-
lende mechanische signalen op verschillende delen van de microvasculaire
boom. Dit kan invloed hebben op de expressie van a-SMA dat leidt tot
contractiliteit. Eerdere bevindingen wezen al op een bijzondere rol van de
mechanische eigenschappen van de extracellulaire matrix bij de regule-
ring van a-SMA in myofibroblasten [28] en in mesenchymale stamcellen



Samenvatting

[29]. Of en hoe deze factoren bij elkaar genomen de expressiegradiént
van a-SMA in pericyten in de rustende vasculatuur conditioneren blijft
onduidelijk.

In hoofdstuk 4 werd onze in vitro benadering van de mechanobio-
logie van pericyten gebruikt om te onderzoeken of parameters als vaat-
diameter, basaal membraansamenstelling en stijfheid een effect kunnen
hebben op de rekrutering van a-SMA in spanningsvezels in pericyten.
Met behulp van beeldanalyse werden gegevens verkregen over de vor-
ming van a-SMA-vezels met een resolutie van één cel. Er werd gecon-
stateerd dat pericyten die op fibronectinestippen omgeven door laminine
groeiden, een lager percentage rekrutering van a-SMA aan spannings-
vezels vertoonden dan pericyten die op een monolaag van fibronectine
groeiden. Het eerste patroon lijkt op de eiwitorganisatie in de interstitia
tussen pericyten en endotheelcellen in het midden van de haarvaten, ter-
wijl het tweede patroon meer voorkomt in arteriole- en venulegebieden
van een microvasculatuur boom. Deze gegevens suggereren een remmend
effect van het fibronectine dat in patches in het capillaire basaalmem-
braan is georganiseerd op de rekrutering van a-SMA aan het F-actine
cytoskelet van pericyten. Ook vertoonden pericyten weinig tot geen cor-
relatie tussen de rekrutering van a-SMA en de stijtheid of vaatdiameter
in aanwezigheid van fibronectine, georganiseerd in een stippelpatroon.
Daarentegen behielden menselijke gladde spiercellen het vermogen om
a-SMA-vezels te vormen op een dergelijk patroon en reageerden zij op
de afwijkende stijfheid en het beschikbare gebied voor verspreiding met
verschillende a-SMA-recrutering snelheden, die echter hoger waren dan
bij pericyten. Deze gegevens tonen aan dat na volledige rijping van peri-
cyten tot gladde spiercellen zij het vermogen verliezen om het expressie-
niveau van a-SMA aan te passen in reactie op de fibronectine organisatie
in het basaalmembraan en in plaats daarvan meer afhankelijk worden van
de stijfheid en de diameter van het bloedvat. Deze bevindingen kunnen
verder helpen bij het onderzoeken van de processen achter het handhaven
van de a-SMA expressiegradiént in pericyten en kunnen worden gebruikt
om te voorkomen dat zij in celkweek een contractiel fenotype krijgen.

De contractiliteit van pericyten is, ondanks enkele tegenstrijdige re-
sultaten, gerapporteerd als betrokken bij de regulering van de cerebrale
bloedstroom en bij hersenschade na ischemie bij muizen in vivo [4, 5,
8]. Toch is er geen direct bewijs in termen van directe mechanistische
metingen. In hoofdstuk 5 werd een nieuwe benadering ontworpen en
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gekarakteriseerd die het mogelijk maakt om voortdurend de krachten
van cellen te monitoren tijdens een snelle uitwisseling van celkweekme-
dia om cellen bloot te stellen aan verschillende omgevingscondities zoals:
de temperatuur, de samenstelling van het celkweekmedium en de zuur-
stofconcentratie. Met deze aanpak kan het gedrag van pericyten tijdens
hypoxie en ischemie worden bestudeerd. De techniek kan ook worden
toegepast op alle andere cellen waarvoor de omgevingsomstandigheden
moeten worden gewijzigd en waarbij reacties in celkrachttoepassing en
morfologie worden gevolgd.

Samengevat, de in dit proefschrift ontwikkelde methodes en benade-
ringen om het gedrag van pericyten in vitro te bestuderen, en de verkre-
gen resultaten, scheppen nieuwe mogelijkheden om de mechanobiologie
van pericyten te onderzoeken en inzicht, begrip en bewijs te leveren voor
processen die in in vivo experimenten onmogelijk waren.
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