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Abstract
Cancer is one of the leading causes of death in the Netherlands. Pancreatic Ductal Adenocarcinoma
is one of the most devastating cancers, with a 10-year survival rate of only 3%. PDAC is known to be
a fibrotic tumor which results in a dense, stiff TME. The TME influences the efficacy of therapeutic
agents extensively as the TME can function as physical barrier around the tumor. A large portion
of the TME consists of cancer-associated fibroblasts (CAFs). CAFs can be characterised by their
increased ECM protein production and up-regulated secretion of pro-tumorigenic factors. In PDAC,
Pancreatic Stellate Cells (PSCs) largely fill the CAF population. Targeting and potentially inactivating
CAFs could prove to positively influence cancer therapeutic efficacy. The key growth factor responsible
for PSC recruitment and activation to CAF is Transforming Growth Factor-β. Mechanical stiffness
has also been suggested to play a role in fibroblast activation. For fibroblasts, α5β1 integrin is the key
integrin that enables mechanosensing. Upon activation, integrins induce cytoskeleton assembly which
activates the mechanotransductor effectors of the Hippo pathway: YAP/TAZ. YAP/TAZ activation is
recognized by nuclear translocalization where it influences cell proliferation and differentiation. The
novel therapeutic peptide, called CyAV3.3, targets the integrin alpha 5 (ITGA5) subunit. This study
aims to gain knowledge about the effect of mechanical stiffness in fibroblast activation, and demonstrate
the inhibiting capabilities of the novel CyAV3.3 peptide on fibroblast activation in different matrix
stiffness conditions. This was examined by comparing mechanical stiffness mediated PSC activation
in low (0.2 kPa) and high (32 kPa) matrix stiffness conditions. Furthermore, in the same matrix
stiffness conditions, PSCs were treated with CyAV3.3 to investigate activation inhibition. αSMA-,
ITGA5- and nuclear YAP/TAZ expression levels were assessed by immunofluorescence staining. The
study found significant increase in αSMA expression for high matrix stiffness. The research also
demonstrated CyAV3.3 mediated downregulation of αSMA in high matrix stiffness conditions for
non-TGF-β treated PSCs. In addition, the inhibiting effect of CyAV3.3 was seen for ITGA5 in TGF-
β mediated PSC activation as well. Despite limiting factors, the study offers insight in the effect of
mechanical stiffness in PSC activation. Furthermore, the study contributes to previous findings that
implicate the inhibiting effect of CyAV3.3 on PSC activation. These findings can prove useful for
improving cancer therapeutic efficacy.
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1 INTRODUCTION

1 Introduction

1.1 Cancer and the tumor microenvironment

Cancer is one of the leading causes of death in the Netherlands. The Netherlands Comprehensive
Cancer Organisation (IKNL) reported that cancer accounted for 124 Thousand new cases and about
46 Thousand deaths annually [1]. Traditional treatment methods are chemotherapy, radiotherapy and
surgery. Modern technologies include e.g. hormone therapy, stem cell therapies and immunotherapy
[2].

One theoretical issue that is starting to become more dominant in the field concerns the focus of
many current therapeutic approaches. Current treatment options primarily target the fast-growing
tumor, but mostly ignore the tumor microenvironment (TME) [3].

The TME differs from the ECM of normal tissues, mainly in the abnormal structure and function
of blood vessels, heterogeneity, high stroma pressure, and varied tissue stiffness. An increase of fibro-
sis causes the TME to be denser and stiffer, which can function as a physical barrier around tumor
cells [4]. Furthermore, it was previously found that the TME drastically influences the succes of ther-
apeutic agents in penetration, distribution and metabolism. Next to that the TME produces signals
that can positively or negatively impact the way tumor cells grow and migrate [3]. This makes the
TME an interesting and field of study in cancer research.

1.2 Cancer-associated fibroblasts and Pancreatic Ductal Adenocarcinoma

Cancer-associated fibroblasts (CAFs) are a major TME component in many fibrotic tumors [5]. CAFs
are the fibroblasts found in the stroma of human cancers and are critical for shaping the TME [6].
Fibroblasts have a spindle-shaped morphology and are part of the connective tissue components. Fi-
broblasts are generally quiescent but transition into myofibroblasts when activated [7][8]. Activation
can occur through simulation by growth factors (e.g. Transforming Growth Factor-β). Additionally,
fibronectin and mechanical stimuli such as tissue stiffness and topography also have a role in fibroblast
activation [9][10]. Once activated, fibroblasts proliferate, show higher activity in the synthesis of the
ECM (e.g. collagen and fibronectin), release cytokines and exert physical forces on its surrounding
tissue (e.g. by contraction) [7]. Previous research has established that activated fibroblasts, myofi-
broblasts, can be identified by (increased) α-Smooth Muscle Actin (α-SMA) expression [8][9][11]. High
α-SMA expression is connected to actin polymerization and stimulates contraction, and contractile
force applied by fibroblasts. α-SMA is also highly expressed in smooth muscle cells [12][13].

CAFs differ from normal fibroblasts in their increased collagen and ECM protein production and
up-regulated secretion of growth factors and cytokines [14]. These factors can have a pro-tumorigenic
role, promote angiogenesis, assist immune evasion by the recruitment of immunosuspressive cells into
the TME, support metastasis and induce inflammation in cancer regions [14][15]. CAFs induce tumor
invasiveness by their ECM stiffening properties [16]. Cancer cells can recruit activated fibroblasts by
the release of growth factors. Transforming Growth Factor-β (TGF-β) is the key growth factor most
cancer cells depend on for fibroblast activation [7]. An overview of CAF origin, cytokine production
and their role has been shown in figure 1.
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Figure 1: Origin and role of Cancer Associated Fibroblasts (CAFs) [17].

Pancreatic cancer is one of the most lethal cancers, with a 10-year survival rate of only 3%. Further-
more, pancreatic cancer accounted for 2.4% of new cases, and 6.5% of deaths caused by cancers in the
Netherlands in 2019 [1]. Pancreatic Ductal Adenocarcinoma (PDAC) accounts for 90% of pancreatic
cancers. Poor treatment outcomes are the result of late stage diagnosis, low probability of surgical
operability and modest chemotherapy efficacy [18]. Though surgical resection clearly does increase
survival rate, most diagnosed patients already have advanced stages of PDAC which makes resection
impossible [18].

PDAC is characterized by increased fibrosis which results in a dense, stiff TME [19][20]. In fact,
the PDAC TME has a tissue stiffness of around 10 kPa, while the Young’s modulus of healthy pan-
creatic tissue lies around 0.5 kPa [20]. As previously mentioned, CAFs have a prominent function in
the increased secretion of ECM components like Collagen I and Fibronectin. In PDAC, Pancreatic
Stellate Cells (PSCs) are recruited and activated by cancer cells through TGF-β signalling to form
much of the CAF population [7][21].

1.3 Mechanotransduction in cells

As briefly mentioned previously, cells receive many stimuli from their surrounding microenvironment,
and neighboring cells. Next to for example growth factors and cytokines, cells also receive mechan-
ical stimuli from the ECM. Mechanical cues like stiffness, shear stress and stretch are crucial for
cells to adequately adapt to changes in their microenvironment and are involved with cell function
regulation [22][23][24]. The process where cells sense, translate and react to mechanical signals is
generally reverred to as mechanotransduction. Cells sense the ECM through Focal Adhesions (FAs).
Focal Adhesions are complexes where the ECM, mainly fibronectin fibrils, and the cytoskeleton are
connected through the trans-membrane heterodimeric integrin protein [10][25]. Focal Adhesions, and
thus integrins, enable crosstalk of cells with their surrounding microenvironments [25]. Eighteen α-
and eight β subunits combine to form one of 24 different integrin receptors [26]. Integrin protein
can be bi-directionally activated. Extracellular integrin components generally have an intermediate
affinity to bind ligands. When cells get activated by for example cytokines, intracellular processes
stimulate integrin activation as talin binds to the intracellular β-tail of integrins [27]. This integrin
activation increases integrin affinity to bind extracellular ligands, and is called ’inside-out’ signalling.
’Outside-in’ signalling, on the other hand, is induced by the extracellular integrin component inter-
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acting with extracellular ligands, which enables cells to to sense their surrounding microenvironment
and respond adequately. These bi-directional pathways often act simultaneously [27][28][29].

First identified in Drosophila, the Hippo signalling pathway is now known to have a key role in
regulation cell proliferation and differentiation. Both biochemical and mechanical stimuli regulate the
activation of Hippo signalling, which allows the Hippo pathway to have a pivotal role in cellular sens-
ing [22][30]. Yes-Associated Protein (YAP) and Transcriptional Co-Activator with PDZ-Binding motif
(TAZ) are the Hippo pathway effectors. These proteins are indispensable mechanotransducers in the
Hippo pathway as they shuttle between the nucleus and cytoplasm to relay upstream mechanical (and
biochemical) signals. By relaying signals to the nucleus, YAP/TAZ directly controls transcription of
corresponding factors involved with cell proliferation and differentiation [24]. The Hippo signalling
pathway can be active and inactive, depending on the received signals in cells. Growth inhibiting
signals activates Hippo and causes YAP/TAZ to get phosphorylated. Phosphorylated YAP/TAZ is
retained in the cytoplasma thus inactivated. Growth stimulating signals inactivate Hippo causing
dephosphorylation and activation of YAP/TAZ, which allows nuclear accumulation of YAP/TAZ.

YAP/TAZ activation gets regulated by mechanical cues through the pathway shown in figure 2. As
shown, RhoA stimulates actin cytoskeleton formation when sensing high ECM stiffness. The actin
cytoskeleton and the tensile forces that it endures directly inactivate the Hippo pathway by inhibit-
ing LATS1/2 activation, therefore allowing YAP/TAZ to move to the nucleus. Indirect inhibition of
LATS1/2 is initiated by inhibiting RAP2 and MAP4K respectively. High ECM stiffness, no cell-cell
contact and cell stretching generally cause YAP/TAZ activation and thus accumulation in the nucleus
[22][24].

Figure 2: Schematic representation of mechanotransduction in the Hippo pathway. YAP/TAZ are the key effectors for mechan-
otransduction. High ECM stiffness, no cell-cell contact and cell stretching cause YAP/TAZ activation [22]

Integrins are an important contributor to mechanosensing. The α5β1 integrin connects fibronectin to
the cytoskeleton, after which mechanical stimuli can be transduced [10]. The α5β1 integrins are an
important group of integrins expressed by fibroblasts [28]. Furthermore, a previous study has found
that CAFs mostly express α5β1 integrins as well. Since CAFs have pro-tumorigenic roles in the TME,
better knowledge about the potential of targeting α5β1 integrins and inhibiting mechanosensing by
these types of cells, could prove useful for future cancer therapeutics.
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2 MATERIALS AND METHODS

A recent study developed a novel therapeutic peptidomimetic, AV3, specifically against Integrin
Subunit Alpha 5 (ITGA5). AV3 is the minimal sequence, consisting of seven amino acids, that is
responsible for binding fibronectin to α5β1. The study showed that AV3 is in fact binding specifically
to the α5 integrin subunit. Finally it was demonstrated that AV3 binding to the ITGA5A receptor
has an inhibiting effect on TGF-β mediated pancreatic stellate cell (PSC) activation in vitro, and
was able to decrease tumor volume in mice [31]. Since AV3 is being increasingly studied, the focus
currently lies on the promising cyclic AV3.3 (CyAV3.3), the cyclic version of AV3.

The biochemical aspects of the TME and α5β1 integrins, and their influence on cell behaviour, prolif-
eration and potential metastasis have been widely investigated. However, much uncertainty still exists
about the role of mechanical stiffness in these processes. Therefore, this research specifically questions
the effect of mechanical stiffness in fibroblast activation. Additionally, this study aims to show the in-
hibiting capabilities of the novel CyAV3.3 peptide on fibroblast activation in different matrix stiffness
conditions. Given that mechanical stiffness has a role in cell proliferation and differentiation [9][22],
it is expected that fibroblasts activate more in higher matrix stiffness conditions compared to lower
matrix stiffnesses. Secondly, since AV3 has been shown to inhibit PSC activation [31], it is expected
that CyAV3.3 shows this inhibitory effect as well. Furthermore, as matrix stiffness is sensed through
α5β1 integrins, the inhibitory effect of CyAV3.3 is expected to be more prominent in high stiffness
environments. The findings should generate new insight in ECM-PSC interactions. Improved under-
standing of these interactions can reflect on recruitment and activation of CAFs, which is relevant for
improving cancer treatment efficacy.

2 Materials and methods

2.1 Materials

Collagen I was obtained from Matrix BioScience (GmbH, Mörlenbach, Germany). Human fibronectin
was purchased from RD systems Inc. (Minneapolis, MN, USA). Bovine Serum Albumin (BSA) was
acquired from VWR Life Science (Radnor, PA, USA). TGF-β was purchased from RD Systems Inc.
(Minneapolis, MN, USA). Both AV3 and Cyclic AV3.3 (CyAV3.3) were obtained from China Peptide
Co. Ltd. (Shanghai, China). The Cytosoft® 0.2 kPA (CC313)- and Cytosoft® 32 kPA (CC318)
imaging 96-wells plate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Mouse anti-YAP
monoclonal IgG was purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Mouse anti-
αSMA monoclonal IgG (A2547) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Goat anti-
hITGA5 monoclonal IgG was obtained from RD Systems Inc. (Minneapolis, MN, USA). Mouse anti-
YAP monoclonal IgG was obtained from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Donkey
anti-mouse Alexa Fluor 488 was purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA).
Goat anti-mouse Alexa Fluor 594 was purchased from Thermo Fisher Scientific Inc. (Waltham, MA,
USA). Donkey anti-goat Alexa Fluor 488 was purchased from Thermo Fisher Scientific Inc. (Waltham,
MA, USA). Fluoroshieldtm with DAPI was obtained from Merck KGaA (Darmstadt, Germany).

2.2 Study design

This study was designed to investigate mechanical stiffness as PSC activation mediator and to assess
the inhibiting properties of the novel peptidomimetics (AV3 and CyAV3.3) on PSC activation. Since
ITGA5 is a fibronectin receptor, we coated the wells with this ECM protein. Collagen I was taken
as control. Immunofluorescence assays were used to investigate PSC activation. Immunofluorescent
stainings were quantified and influence of mechanical stiffness and CyAV3.3 treatment were analysed.
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The experiment was run twice with anti-YAP antibodies, twice with anti-ITGA5 antibodies and once
with anti-αSMA antibodies.

2.3 Cells

Human pancreatic stellate cells (hPSCs) were purchased from ScienCellTM (Carlsbad, CA, USA) and
cultured with Stellate Cell Medium (SteCM) supplemented with 2% v/v Fetal Bovine Serum (FBS),
1% v/v Stellate cell growth supplement (SteCGS), and 1% v/v Penicillin-Streptomycin (Pen/Strep).
Pancreatic Stellate Cells between passage 2 and 8 were used for the experiments.

2.4 PSC activation study

This experiment was conducted using three different well plates with a clear, rather extreme, low-high
stiffness difference: Cytosoft® 0.2 kPA (CC313) imaging 96-wells plate, Cytosoft® 32 kPa (CC318)
imaging 96-wells plate (Cytosoft®) and a normal non-tissue culture treated ELISA plastic 96-wells
plate. The 0.2- and 32 kPa plates have been specifically

Prior to cell seeding, the plate was coated with 5 µg/cm2 Fibronectin (RD Systems, Inc., Minneapolis,
MN, USA) or 5 µg/cm2 Collagen I (Matrix BioScience GmbH, Mörlenbach, Germany). Collagen I
was taken as control. The coating concentrations are common for this application. 100µL of coating
solution was added to the wells and incubated for 1 hour at room temperature, using a shaker at 150
RPM. Next, the shaker was turned off and the plate was incubated for an additional 2 hours at room
temperature inside a Laminar Flow (LAF) cabinet. After incubation, unbound coating solution was
removed from the wells. The experiment was also run once without coating the wells and once with
a 5 µg/cm2 Bovine Serum Albumin coating using the method mentioned above.

Human Pancreatic Stellate Cells (hPSCs) were seeded in a 96-well plate at a cell density of 5,000
cells/cm2 and maintained in 2% FBS Stellate Cell Medium (SteCM). 24 hours after seeding, the cells
were washed with DPBS once and starved in serum-free SteCM for another 24 hours. On the next
day, the starvation medium was removed and the wells were treated. Cells were treated with 2% FBS
SteCM which was supplemented with 5 ng/ml TGF-β (RD Systems, Inc., Minneapolis, MN, USA),
50 µM AV3 (China Peptide Co. Ltd. Shanghai, China) or 50 µM CyAV3.3 (China Peptide Co. Ltd.
Shanghai, China; 99.06% purity) for the different conditions. These concentrations are common for
this application.

The cells were incubated with the treatment solution for 24 hours instead of the more commonly
practised 48 hours. This was done to decrease total incubation time, which is necessary since incu-
bation time, if too long, can influence PSC activation. After these 24 hours of incubation, the wells
were washed three times with DPBS and fixed with 4% formaldehyde for 15 minutes. Next, cells
were permeabilized by treatment with 0.01% Triton X-100 in PBS solution for 5 minutes. Unspecific
sites were blocked by adding a 0.05% Tween-20 in 2% BSA solution for 1 hour at room temperature,
using a shaker at 150 RPM. Thereafter, the cells were incubated for 1 hour at room temperature with
primary antibodies diluted in 0.05% Tween-20 in 2% BSA, using a shaker at 150 RPM. Used primary
antibodies and recommended dilutions are summarized in table 1 in the appendices. Following the
incubation with primary antibodies, the cells were washed five times with PBS and incubated for 1
hour at room temperature with the corresponding secondary antibodies diluted in 0.05% Tween-20
in 2% BSA, using a shaker at 150 RPM. Used secondary antibodies and recommended dilutions are
summarized in table 1 in the appendices. The wells were washed five times with PBS and mounted
in FluoroshieldTM with DAPI (Merck KGaA, Darmstadt, Germany). Immunofluorescence staining
was captured with the EVOS imaging system (Thermo Fisher Scientific Inc., Waltham, MA, USA).
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Illumination settings were kept constant for all images. To account for variability within one well,
three representative pictures were taken per well. Images were further processed- and quantified in
Fiji ImageJ [32].

2.5 Fiji ImageJ quantification

Immunofluorescence stainings were quantified with the Fiji ImageJ software [32].

Acquired EVOS pictures were loaded into Fiji ImageJ, after which αSMA and ITGA5 intensities
were quantified using the Threshold function. First, the Threshold was calibrated in such a way that
the picture with the lowest intensity showed virtually negligible signal (αSMA = 50-255 ; ITGA5 =
30-255). Then, the area percentage of remaining signal within the calibrated Threshold was noted
and normalized to the amount of cells visible in the picture. The resulting value was averaged over
all pictures from the same condition. This process was repeated for all conditions.

YAP intensities were quantified using a different method. Since activated YAP shows nuclear lo-
calization instead of cytoplasmic, quantification focused on calculating the percentage of the total
YAP/TAZ intensity that was localized in the nucleus. To achieve this, analyses were conducted using
the Intensity Ratio Nuclei Cytoplasm Tool in Fiji ImageJ (Intensity Ratio Nuclei Cytoplasm Tool,
RRID:SCR-018573). Pictures with saturated intensities were excluded (>0.500 area%)

2.6 Statistical analysis

Statistical analysis has been conducted to asses significant different between conditions. ANOVA one-
way analyses of variance was used. Data was considered to be statistically significant at p<0.05 (*),
p<0.01 (**).

3 Results
This study was designed to investigate mechanical stiffness as PSC activation mediator and to assess
the inhibiting properties of the novel peptidomimetics (AV3 and cyclic AV3.3) on PSC activation.

The plastic well plate did not have a silicon coating to provide a specific matrix stiffness. As the
two Cytosoft® plates do, the results of these different types of plates cannot be compared. Therefore,
results retrieved from the plastic well plate are excluded from this section, and included in the appen-
dices. Furthermore, cells seeded on uncoated and 2% BSA coated wells did not attach. These results
have been excluded as well.

3.1 Mechanical stiffness in PSC activation

Immunofluorescence staining was used on PSCs to visualize αSMA-, ITGA5- and YAP expression in
different matrix stiffness conditions. First, wells were coated with 5 µg/cm2 fibronectin or 5 µg/cm2

collagen I. Then, PSCs were seeded and starved with serum-free SteCM after 24 hours. Cells were
treated with 5 ng/mL TGF-β in complete SteCM, or maintained with complete SteCM for an ad-
ditional 24 hours. After the total 72 hours of incubation, cells were fixed and stained for αSMA-,
ITGA5- and YAP. FluoroshieldTM with DAPI was administered as final step of the process. αSMA-
ITGA5 and YAP intensity levels for varying stiffness conditions were compared for PSCs seeded in
fibronectin coated wells and treated with- and without TGF-β. Collagen I was taken as control.

First looking at cell morphology, we observe a combination of round- and elongated stretched cells for
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3.2 Novel peptidomimetic (AV3;CyAV3.3) in PSC activation 3 RESULTS

both 32 kPa and 0.2 kPa conditions. Elongated cells seem to be less frequent for TGF-β treated PSCs.

As shown in figure 3A, a lower αSMA intensity was visible for non-treated PSCs in 0.2 kPa ma-
trix stiffness conditions compared to non-treated PSCs in 32 kPa matrix stiffness conditions. The
difference was statistically significant (p<0.01). Surprisingly, αSMA intensity was lower for TGF-β
treated PSCs compared to non-treated PSCs in both matrix stiffness conditions. These observations
were confirmed by quantifying αSMA expression intensities (figure 3B). For each condition 50 to 100
cells were analyzed (n=1).

Figure 3C presents ITGA5 intensity levels. No statistically significant differences were found com-
paring the 32 kPa- and 0.2 kPa matrix stiffness conditions. TGF-β treated PSCs showed an increase
of ITGA5 intensity for both matrix stiffness conditions. The increase was statistically significant
(p<0.01). Though, again no statistical significant difference was found comparing both matrix stiff-
ness conditions. Quantification results, presented in figure 3D, confirmed these observations. In total,
80 to 180 cells were analyzed per condition (n=2).

As depicted in figure 3E-F, non-treated PSCs do not show a statistical significant difference in nuclear
YAP percentage. Though, TGF-β treatment did reveal statistically significant difference of nuclear
YAP/TAZ expression percentage for 32 kPa matrix stiffness compared to 0.2 kPa stiffness.

3.2 Novel peptidomimetic (AV3;CyAV3.3) in PSC activation

Immunofluorescence staining was used on PSCs to visualize αSMA-, ITGA5- and YAP intensity after
treatment with the ITGA5 targeting peptide in different matrix stiffness conditions. First, wells were
coated with 5 µg/cm2 fibronectin or 5 µg/cm2 collagen I. Then, PSCs were seeded and starved with
serum-free SteCM after 24 hours. Cells were treated with complete SteCM which was supplemented
with 5 ng/ml TGF-β, 50 µM AV3 or 50 µM CyAV3.3, or maintained with complete SteCM for an
additional 24 hours. After the total 72 hours of incubation, cells were fixed and stained for αSMA-,
ITGA5- and YAP. FluoroshieldTM with DAPI was administered as final step of the process. αSMA-
ITGA5 and YAP intensity levels for varying stiffness conditions were compared for PSCs seeded in
fibronectin coated wells and treated with- and without TGF-β, CyAV3.3 and AV3. Collagen I was
taken as control.

As depicted in figure 4A-B, αSMA intensity was decreased for PSCs in 32 kPa matrix stiffness condi-
tions treated with CyAV3.3 and AV3. As shown in figure 5A, the difference was statistically significant
for CyAV3.3 and AV3 (p<0.05 and p<0.01 respectively). In 0.2 kPa matrix stiffness conditions, no
significant decrease of αSMA intensity was visible. In fact, compared to non-treated PSCs, αSMA ex-
pression seems to increase for AV3 treated PSCs. TGF-β treated PSCs also did not reveal significant
decrease in αSMA expression intensity. Figure 4C-D display resulting ITGA5 expression intensity
after treatment with the ITGA5 targeting peptides CyAV3.3 or AV3. Interestingly, ITGA5 expression
of non-TGF-β treated cells seemed to increase as they were treated with CyAV3.3 or AV3. However,
this trend was not visible for TGF-β treated PSCs. Here, expression intensity was lower when PSCs
were treated with CyAV3.3 and lowest for AV3 treatment. The difference was confirmed to be sta-
tistically significant for TGF-β treated PSCs (p<0.01)(figure 5). As shown in figure 4E-F, nuclear
YAP/TAZ accumulation did not visually show to be affected by peptide treatment. Though figure 5C
showed significant decrease for CyAV3.3 treatment, and no decreased intensity for AV3 treated cells.
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3.2 Novel peptidomimetic (AV3;CyAV3.3) in PSC activation 3 RESULTS

Figure 3: (A,C,E): Immunofluorescence staining of PSCs in 32 kPa and 0.2 kPa matrix stiffness conditions after 72h of culture.
Magnification = 20x ; Scale bar = 200 µm. (A): Staining for mouse anti-αSMA monoclonal IgG (Green) and DAPI (Blue) showing
αSMA intensity levels. αSMA intensity is lower for the 0.2 kPa matrix stiffness conditions. No increase in αSMA intensity was
detected after TGF-β treatment (n=1). (B): Immunofluorescence αSMA expression intensity quantification with collagen I control.
αSMA expression intensity normalized to number of cells. Statistical significant difference between non-TGF-β treated matrix
stiffness conditions. Data represents means ± SD, p<0.05 (*), p<0.01 (**). (C): Staining for goat anti-ITGA5 monoclonal IgG
(Green) and DAPI (Blue) showing ITGA5 intensity levels. No difference was found between both matrix stiffness conditions. TGF-β
treated PSCs revealed an increase of ITGA5 expression intensity compared to non-treated PSCs (n=2). (D): Immunofluorescence
ITGA5 expression intensity quantification with collagen I control. ITGA5 expression intensity normalized to number of cells. No
statistical significant difference between matrix stiffness conditions. Statistical significant increase of ITGA5 intensity in TGF-β
treated PSCs. Data represents means ± SD, p<0.05 (*), p<0.01 (**). (E): Immunofluorescence staining for mouse anti-YAP
monoclonal IgG (Red) showing YAP expression intensity. No considerable difference found between matrix stiffness conditions.
PSCs (n=2). (F): Immunofluorescence YAP expression intensity quantification. Nuclear YAP percentage differs significantly
between matrix stiffness conditions for TGF-β treated PSCs. Data represents the mean nuclear YAP percentage ± SD, p<0.05
(*), p<0.01 (**).
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3.2 Novel peptidomimetic (AV3;CyAV3.3) in PSC activation 3 RESULTS

Figure 4: Immunofluorescence staining of PSCs with CyAV3.3/AV3 treatment in 32 kPa and 0.2 kPa matrix stiffness conditions
after 72h of culture. Magnification = 20x ; Scale bar = 200 µm. (A-B): Staining for mouse anti-αSMA monoclonal IgG (Green)
and DAPI (Blue) showing αSMA intensity levels. αSMA expression intensity of 32 kPa matrix stiffness conditions decreased after
peptide treatment. No difference in αSMA intensity visible for TGF-β treated PSCs after treatment (n=1). (C-D): Staining
for goat anti-ITGA5 monoclonal IgG (Green) and DAPI (Blue) showing ITGA5 intensity levels. Non TGF-β treated PSCs show
higher ITGA5 intensities after peptide treatment. TGF-β treated PSCs reveal decreased ITGA5 expression intensity after peptide
treatment (n=2). (E-F): Staining for mouse anti-YAP monoclonal IgG (RED) showing YAP/TAZ intensity levels. Nuclear
YAP/TAZ expression seems similar in all conditions. 0.2 kPa seems to contain cells with smaller cell nucleï (n=2).
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4 DISCUSSION

Figure 5: (A): Immunofluorescence αSMA intensity quantification with collagen I control. αSMA expression intensity normalized
to number of cells. Statistical significant difference between non-TGF-β treated matrix stiffness conditions. Data represents
means ± SD, p<0.05 (*), p<0.01 (**).(B): Immunofluorescence ITGA5 intensity quantification with collagen I control. ITGA5
expression intensity normalized to number of cells. Statistical significant difference between matrix stiffness conditions. Statistical
significant increase of ITGA5 intensity in TGF-β treated PSCs. Data represents means ± SD, p<0.05 (*), p<0.01 (**). (C): (F):
Immunofluorescence YAP intensity quantification. Intensity values are rather similar. CyAV3.3 did reveal significant decrease of
YAP/TAZ expression intensity. Data represents the mean nuclear YAP percentage ± SD, p<0.05 (*), p<0.01 (**).

4 Discussion
Targeting the tumor microenvironment has been increasingly studied during the past years. It has
become clear that the TME drastically influences the efficacy of therapeutic agents and can positively
influence tumor growth. Cancer Associated Fibroblasts have been identified as major TME component
and can have a pro-tumorigenic role. They play a vital role in tumor fibrosis and secrete growth factors
and cytokines that support tumor growth. Inhibiting CAF activation and recruitment, and therefore
reducing its pro-tumorigenic role, could prove valueable in cancer therapeutics. It has been well
established that TGF-β can recruit and activate fibroblasts. Though, debate still continues about the
exact role of mechanical stiffness in this process. Previous research has revealed that CAFs express
high levels of α5β1 integrins, which are essential for mechanosensing and -transduction. To inhibit this
integrin, researchers have developed novel ITGA5 targeting peptides called AV3 and CyAV3.3, which
are based on the same amino acid composition. In this study, we show indications that increasing
matrix stiffness has a role in fibroblast activation. We corroborate ITGA5 up-regulation as a result
of TGF-β treatment. Furthermore, we show decreasing fibroblast activation trends after treatment
with the ITGA5 targeting peptides that could indicate inhibiting properties of CyAV3.3 and AV3.
However, as explained below, these results should be interpreted with caution.
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4.1 Mechanical stiffness influences PSC activation 4 DISCUSSION

4.1 Mechanical stiffness influences PSC activation

αSMA immunofluorescence staining showed higher αSMA expression, and thus activation, on the 32
kPa matrix stiffness plate relative to the 0.2 kPa stiffness plate. The difference was statistically sig-
nificant (p<0.01). However, ITGA5 expression did not show the same relation. The combination of
these findings are counterintuative as they do not support previous research, which has found that
ITGA5 expression decreased on lower matrix stiffness substrates [33]. Additionally, as mechanosens-
ing by integrins influences cytoskeleton production, it was hypothesized that an increase in αSMA
expression would be accompanied by increased ITGA5 expression. The difference in PSC activation
as a result of matrix stiffness, indicated by the increased αSMA expression, is not evident from our
mechanotransduction effector YAP/TAZ results either. An increase of stiffness mediated activation
would suggest an increase in nuclear YAP/TAZ localization, which is not the case.

A possible explanation for this result might be that the nuclear YAP/TAZ was saturated. A recent
study found that nuclear YAP/TAZ expression levels in mesenchymal stem cells (MSCs) plateaued
after 10 kPa matrix stiffness, at which the researchers found nuclear YAP/TAZ percentages between
70%-90% [34]. The border limit of these nuclear expression levels are comparable to our data. Al-
though the particular study did not include PSCs, there are similarities between both types of cells.
Since MSCs also get recruited in pancreatic cancers and are part of the CAF population, it can be
suggested that YAP/TAZ mechanisms and -saturation levels are similar [35]. Yet, if 32 kPa matrix
stiffness would in fact saturate nuclear YAP/TAZ, it does not explain why 0.2 kPa shows similar
levels of nuclear YAP/TAZ. This discrepancy could be attributed to the fact that stiffness is not the
sole factor that influences the activity of the hippo pathway. As previously mentioned, factors like
cell stretching can also induce YAP/TAZ activation [22][23][24]. As mentioned in the results section,
the reviewed pictures showed cells with similar cell stretching. This observation could explain similar
YAP/TAZ activation levels. To test this hypothesis, pictures from this study can be further analyzed
in the future using image process software like ImageJ, to quantify cell stretching in these conditions.

As discussed, ITGA5 expression did not show stiffness mediated differences either. It is difficult
to explain this result, but closer inspection to the standard deviations presented in figure 3D reveal
broad variation within the analysed population. This could indicate that the analysed pictures do not
adequately represent the population.

Although the observed αSMA expression, and thus activation, is consistent with suggestions made
in literature [9][23], another possible explanation for the contradictions between αSMA, ITGA5 and
YAP/TAZ has to do with the fact that the αSMA immunofluorescence staining experiment was only
run once. Therefore, it is cannot be ruled out that the increased αSMA expression for the high stiffness
condition could be a false positive. Running additional experiments to investigate αSMA expression
might be valuable to include in future research.

Conditions were also studied with TGF-β treatment, that has been shown to activate fibroblasts
[7]. Since TGF-β treated cells consistently expressed lower αSMA levels, this study has been unable
to demonstrate TGF-β mediated PSC activation. A possible explanation is the fact that PSCs were
incubated with the TGF-β treatment solution for just 24 hours, while 48 hours in commonly used.
However, the choice to reduce treatment time, and thus total incubation time, was well considered.
As stated, the aim of this study is to capture the influence of mechanical stiffness in fibroblast activa-
tion. Knowing that cells will activate after a yet undefined period of incubation regardless of matrix
stiffness, it was crucial to keep total incubation time relatively short.
Meanwhile, ITGA5 expression increased significantly after TGF-β treatment. This is consistent with
other previous studies that demonstrated TGF-β activates and up-regulates ITGA5 expression [31][36].

15



4.2 Novel ITGA5 targeting peptides CyAV3.3 and AV3 inhibit PSC activation 4 DISCUSSION

Nuclear expression of YAP/TAZ did not increase after TGF-β treatment. Although crosstalk between
the Hippo- and TGF-β pathway had been previously suggested [37], these results do not show a cor-
relation.

4.2 Novel ITGA5 targeting peptides CyAV3.3 and AV3 inhibit PSC activation

Treatment with the novel ITGA5 targeting peptides CyAV3.3 and its predecessor AV3 showed sig-
nificant decrease in αSMA expression for 32 kPa matrix stiffness. 0.2 kPa matrix stiffness did not
reveal a significant decrease. One unanticipated finding was the sudden increase of AV3 treated PSCs
in the 0.2 kPa conditions. This result could be explained by the fact that CyAV3.3 and AV3 target
the ITGA5 receptor, which is involved with mechanosensing. When ITGA5 binds the peptide, cells
would theoretically have decreased sense of matrix stiffness, which would decrease matrix stiffness
mediated activation. This hypothesis is supported by the observations. The sudden increase of αSMA
expression after AV3 treatment is not expected to be representative. Since the results contradict
expectations and show much higher αSMA expression compared to the untreated PSCs, it is believed
to be an outcast. As mentioned, αSMA results rely on one experiment, which makes it difficult to
prove this explanation. Therefore, future research could focus on repeating the experiment to validate
whether or not these results are representative.

ITGA5 expression after treatment did not show stiffness induced differences. No decrease of ITGA5 ex-
pression was found for non-TGF-β treated cells. Although ITGA5 expression increased after CyAV3.3
treatment, AV3 treated cells showed a significant decrease relative to CyAV3.3. Comparing ITGA5
expression levels for CyAV3.3 and decreased levels and AV3, we recognize a trend similar to the αSMA
results. Assuming this trend is valid, it supports the previously mentioned indications that non-treated
PSC ITGA5 data might not be representative.

Nuclear YAP/TAZ expression levels did significantly decrease after CyAV3.3 treatment. Though re-
sult are contradicting since AV3 does not seem to have an effect. Uniformity between αSMA, ITGA5
and YAP/TAZ expression was expected because mechanosensing by integrins, mechanotransduction
through YAP/TAZ and activation of fibroblasts are connected [22]. This result might be explained by
a delay in YAP/TAZ inactivation. αSMA expression is regulated by RhoA (Rho family) [12]. Closer
inspection of the Hippo pathway shows that RhoA is upstream of YAP/TAZ [22], which suggests
ITGA5 and RhoA activity will respond first to inhibition by CyAV3.3 and AV3. Since ITGA5- and
αSMA results implicate inhibition by both peptides, and YAP/TAZ is located downstream in the
mechanotransduction pathway, we can infer that YAP/TAZ inhibition might be delayed. Future work
might investigate the likelyhood of YAP/TAZ inhibition delay by increasing treatment time from 24
hours to 48 hours.

Inhibiting properties of CyAV3.3 and AV3 have also been investigated in TGF-β mediated PSC
activation. As previously stated, αSMA results unfortunately showed no TGF-β mediated activation.
Therefore, this study was unable to investigate the inhibiting effect of CyAV3.3 and AV3 by evaluat-
ing αSMA expression after treatment with the peptides. Though, consistent with the literature [31],
ITGA5 results showed that ITGA5 expression could be inhibited with CyAV3.3 and AV3 in TGF-β
mediated PSC activation. Nuclear YAP/TAZ expression did not show uniform inhibition as a result
of treatment with the novel peptides. Previously proposed explanations (saturation and inhibition
delay) apply for TGF-β mediated activation as well.
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4.3 Study limitations 4 DISCUSSION

4.3 Study limitations

This study contained several weaknesses that limit the generalisability and exposed the results to
unknown variables that weaken its implications. First, the result showed lack of uniformity with liter-
ature as αSMA results showed that TGF-β did not seem to activate PSCs. Next, ITGA5 expression
results did not suggest influence of matrix stiffness. Finally, nuclear YAP/TAZ expression generally
showed constant expression for all conditions. There are some statistically significant relations, but
these contradict each other. Consequently, results should be evaluated with caution.

A second weakness in this study, which could very much have affected PSC activation, is the fact
that PSCs were treated with 2% FBS SteCM instead of serum-free SteCM. Using serum-free SteCM
is the conventional method for drug treatment solutions. Since FBS contains various growth factors
(e.g. TGF-β) itself, it can have a supporting role in PSC activation. Fortunately, the used medium
contained 2% FBS, which comes down to 0.2-0.4 ng/mL latent TGF-β [38]. This study used TGF-β
treatment concentrations of 5 ng/mL TGF-β, which is a ten fold higher. Therefore, the implications
made in this study can still be considered for future research.

Furthermore, it is unfortunate that the study did not include fitting negative controls. First of
all, the secondary antibodies could have been tested on unspecific binding by not adding a primary
antibody. This could improved reliability of intensity quantifications and observations, which could
further support the implications made in this study. Secondly, it was attempted to include a con-
trol for non-activated PSCs by seeding cells in uncoated- and 5 µg/cm2 BSA coated wells. However,
PSCs did not attach during both experiments. Further work might include a control where cells are
cultured in serum-free medium during the whole experiment. Next to that, other types of coatings
can be applied to enhance cell attachment. For example, Poly-L-Lysine can be used to enhance cell
attachment by electrostatic interaction between negatively charged ions of the cell membrane and the
culture surface.

A potential limitation of the study is that cells were not counted after the immunofluorescence stain-
ing. This might have been relevant since CyAV3.3 and AV3 target the ITGA5 fibronectin receptor.
As integrins bind cells to the ECM, targeting such proteins could result in lower cell attachment.
As mentioned in the result section, blank wells did not show cell attachment. Therefore, there is a
possibility that cells which got heavily targeted by CyAV3.3- and AV3 detached during washing steps.
This would mean that cells showing the inhibiting effect might have been unintentionally removed.
Fortunately, such occurrence would only make the actual findings of this study increasingly significant.
Though, this study would have been more useful if cell count was included.

4.4 Recommendations

As mentioned in the previous sections, this work needs additional experiments to validate and strengthen
our findings. The experiment could be rerun with αSMA and ITGA5 immunofluorescence staining
to investigate if the interpreted results in this study are valid. Furthermore, treatment time could be
increased back to 48 hours to investigate the low αSMA expression this study observed after TGF-β
treatment. Including treatment with CyAV3.3 and AV3 would enable future researchers to investigate
if the found YAP/TAZ results are in fact caused by a delay in response to the inhibiting effects of the
novel peptides. Further analysis of our pictures (e.g. stretch assay) could be valuable to investigate
mechanisms that could contribute to PSC activation, and YAP/TAZ activation. Although our find-
ings did not express its immediate necessity, running a control experiment to asses the influence the
2% FBS present in our treatment medium could be valuable.
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5 CONCLUSION

In addition to the recommended work to validate the implications made in this study, future studies
can also focus on acquiring more knowledge about influence of matrix stiffness and the effect of the
novel peptides. Cell attachment assays under treatment of CyAV3.3 can be done to assess the degree
to which the novel peptide interacts with already attached cells. Cell attachment without CyAV3.3
treatment would be compared with attachment with treatment. In addition, the moment of treatment
relative to moment of cell seeding can be varied as well. Cell attachment without treatment would be
included as positive control. Treatment with Bovine Serum Albumin could be included as negative
control, as BSA has been found to prevent cell attachment [39]. Next CyAV3.3 can be added after 48
hours culture (including cell starvation), and simultaneously to cell seeding. Results could suggest an
optimal focus of CyAV3.3 in therapeutic applications: prevent, or inhibit PSC activation.

If the results from this study have been validated by future research and confirm our findings, an
overarching study could be considered. A further study could assess directly how tumor cell viability
is affected by fibroblasts cultured on different matrix stiffness conditions. This could be achieved by
treating tumor cells with 0% FBS medium which is supplemented with a maximum of 50% condition
medium from cultured fibroblasts. Thus, such a study would investigate if fibroblasts secrete increased
amounts of tumor promoting factors in stiff matrix environments relative to soft matrix environments.
Treating fibroblasts with CyAV3.3 and studying its eventual results on tumor cell viability could also
be included.

5 Conclusion
This study investigated the effect of mechanical stiffness in fibroblast activation. Additionally, this
study aimed to show the inhibiting capabilities of the novel CyAV3.3 peptide on fibroblast activation
in different matrix stiffness conditions. To examine these questions, αSMA, ITGA5 and YAP/TAZ
expression levels were visualized by immunofluorescence staining. It was hypothesized that increased
matrix stiffness would induce upregulation of these proteins. CyAV3.3 treatment was expected to
show downregulation in the same proteins. Furthermore, CyAV3.3 inhibition was expected to be
more significant in high matrix stiffness environments.

The study found upregulated αSMA expression for high matrix stiffness. CyAV3.3 showed signifi-
cant downregulation of αSMA in high matrix stiffness conditions for non-TGF-β treated PSCs. The
inhibiting effect of CyAV3.3 was also seen for ITGA5 in TGF-β mediated PSC activation. These
findings only partially confirm the hypothesis, as YAP/TAZ activation did not show uniform and
significant change for both mechanical stiffness and CyAV3.3. Future research is required to validate
our αSMA and ITGA5 findings. Further, cell attachment experiments under treatment of CyAV3.3
could shed more light on the efficacy of CyAV3.3 in different ITGA5 stages.

In spite of its limitations, the study adds to the understanding of the role of mechanical stiffness
in PSC activation. Furthermore, we provide supporting data that indicates the inhibiting effect of
CyAV3.3 on PSC activation, which is relevant for improving cancer treatment efficacy.
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A Appendix

A.1 Primary- and Secondary antibodies used in PSC activation study

Table 1: Primary- and Secondary antibodies used in PSC activation study

Antibody Source Clonality Isotype Dilution Company

Primary
α-SMA Mouse Monoclonal IgG 1:400 Sigma-Aldrich

(St. Louis, MO, USA)

YAP Mouse Monoclonal IgG 1:100 Santa Cruz Biotechnology
Inc. (Dallas, TX, USA)

ITGA5 Goat Monoclonal IgG 1:100 RD Systems Inc.
(Minneapolis, MN, USA)

Secondary

Anti-mouse
Alexa Fluor
488

Donkey Monoclonal IgG 1:100 Thermo Fisher Scientific
Inc. (Waltham, MA, USA)

Anti-mouse
Alexa Fluor
594

Goat Monoclonal IgG 1:100 Thermo Fisher Scientific
Inc. (Waltham, MA, USA)

Anti-goat
Alexa Fluor
488

Donkey Monoclonal IgG 1:100 Thermo Fisher Scientific
Inc. (Waltham, MA, USA)
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A.2 Immunofluorescence staining plastic well plate

Figure 6: Immunofluorescence staining of PSCs on plastic well plate after 72h of culture. Magnification = 20x ; Scale bar =
200 µm. (A): Staining for mouse anti-αSMA monoclonal IgG (Green) and DAPI (Blue) showing αSMA intensity levels. (n=1).
(B): Staining for goat anti-ITGA5 monoclonal IgG (Green) and DAPI (Blue) showing ITGA5 intensity levels. (n=2). (C):
Immunofluorescence staining for mouse anti-YAP monoclonal IgG (Red) showing YAP expression intensity. (n=2).
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A.3 Collagen I results

Figure 7: Immunofluorescent staining of PSCs for mouse anti-αSMA monoclonal IgG (Green) and DAPI (Blue) on collagen I
coated wells after 72h of culture (n=1). Magnification = 20x ; Scale bar = 200 µm.
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A.3 Collagen I results A APPENDIX

Figure 8: Immunofluorescent staining of PSCs for goat anti-ITGA5 monoclonal IgG (Green) and DAPI (Blue) on collagen I coated
wells after 72h of culture (n=2). Magnification = 20x ; Scale bar = 200 µm.
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Figure 9: Immunofluorescent staining of PSCs for mouse anti-YAP monoclonal IgG (Red) on collagen I coated wells after 72h of
culture (n=2). Magnification = 20x ; Scale bar = 200 µm.
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