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ABSTRACT 

Thrombotic events are known to be associated with various cancers and recent research 

has implicated parts of the coagulation system in promoting cancer progression. In particular, 

thrombin has been studied for its mitogenic effects in 2D cultures as well as in cancer progression 

in vivo in animal models however, conflicting results exist. Studies of proliferation in response to 

thrombin stimulation, of pancreatic cancer cells or pancreatic cancer-associated fibroblasts (CAFs) 

in vitro, that utilize a 3D culture platform are significantly limited. In this study, PDAC cancer 

cells and cancer-associated fibroblast (CAF) cells were exposed to thrombin using a microfluidic 

device that mimics in vivo conditions. The cells used herein were cultured in a microfluid device, 

suspended inside of a 3D collagen matrix, and exposed to daily stimulation of 1 U/mL of thrombin 

in serum-free media for one hour. The findings of this study are that there is no statistically 

significant effect, promotive or inhibitory, on the proliferation of the cells used in this study, these 

results were unexpected. At the end of this paper, a review of potential reasons as to why no 

significant effect was seen on the cells is presented.  
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 INTRODUCTION 

The prognosis of pancreatic cancer has a poor outlook with around 24% of those diagnosed 

surviving past one year and 9% surviving past five years. One of the main reasons for this poor 

outlook is that the disease is typically not diagnosed until the cancer has already advanced into 

later stages [1]. Worldwide pancreatic cancer is the seventh leading cause of cancer deaths [2] and 

in the USA it is the fifth leading cause [3]. In the United State during the year 2021, it is estimated 

that around 60,430 people will be diagnosed with pancreatic cancer and 48,220 people will perish 

from pancreatic cancer [4]. Some progress has been made on improving the survival of patients, 

however, between 2014 and 2017 the 5-year survival rate only increased from 6% to 9% [5]. In 

95% of pancreatic cancer cases, the exocrine system is implicated, and these cases have been 

classified as pancreatic ductal adenocarcinoma (PDAC) [6]. More research and an understanding 

of the disease’s progression are needed to improve the current poor prognosis and marginal 

improvements in the 5-year survival rate.   

Cancers have been recognized to be linked to the coagulation system since at least 1865 

when Armand Trousseau published a paper on the subject, ultimately diagnosing himself of the 

disease and falling ill to gastric cancer [7]. Specifically, Trousseau suggested that thrombosis can 

be used as a marker for various cancers. Perhaps the most prevalent form of thrombosis which is 

associated with cancer is venous thromboembolism (VTE). VTE is associated with an increased 

risk for mortality in cancer patients with the occurrence of fatal pulmonary embolism (PE) being 

three times more likely in cancer patients [8]. Additionally, cancer patients who are diagnosed with 

VTE have a worse prognosis, higher rates of mortality, and more aggressive tumors [9]. It has been 

found that the primary site where cancer develops has been correlated with the frequency of VTE. 

Notably, cancers of the pancreas, kidney, stomach, lung, uterus, and primary brain tumors lead to 

a higher incidence of VTE [10]. In patients with pancreatic cancer, there is a significantly increased 

risk of thrombotic events indicating an activation of the coagulation system and a hypercoagulable 

state of the patient [11]. 

The coagulation system is a highly regulated and complex system that regulates the 

coagulation process so that the wound healing process stays localized and thrombotic events do 

not occur distant from the site of injury. One of the pathways for coagulation to occur is through 

tissue factor (TF), which is a transmembrane protein that is one of the key initiators of coagulation 
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[12]. TF can play role in certain signaling pathways that lead to enhanced tumor growth. 

Furthermore, many adenocarcinomas over-express TF, and in breast, colorectal, pancreatic, and 

prostate cancers high levels of TF expression are correlated with poor prognosis, as reviewed by 

Hisada and Mackman [13]. 

TF is not the only actor in the coagulation system’s promotion of tumor growth. One 

downstream effect of the coagulation system is the activation of thrombin from the proteolytic 

cleavage of the zymogen prothrombin. This activated thrombin is then able to cleave soluble 

fibrinogen to form insoluble fibrin monomers which aggregate to form a blood clot [14]. 

Additionally, thrombin can activate other downstream targets in the coagulation cascade such as 

activated protein C, osteopontin, and others not listed here [15],[16].  Thrombin is also able to 

activate cellular signaling pathways in addition to playing a key role in hemostasis. Some of such 

pathways come about from protease-activated receptors (PARs). To date, four PARs have been 

identified in mammals, those being PAR-1, PAR-2, PAR-3, and PAR-4. Thrombin can activate 

PAR1, PAR-3, and PAR-4 with PAR-1 and PAR-3 having high affinities for thrombin [17]. In 

human PDAC cells and mouse models, PAR-1 has been identified as being highly expressed when 

compared to normal pancreatic cells. Also, separately reducing the levels of TF, prothrombin, or 

PAR-1 expression led to reduced tumor growth in vivo when compared to controls [6]. 

Additionally, thrombin has been shown to upregulate invasive genes, certain chemokines, 

angiogenic factors, matrix metalloproteases (MMPs), increase adhesion to the extracellular matrix 

(ECM) and cellular components, increase chemokinesis, promote drug resistance, and potentially 

promote dormant tumor cell survival. Further, fibrin formed from thrombin’s cleavage of 

fibrinogen can interact with various integrins and receptors, leading to altered cellular behaviors 

and promotion of angiogenesis, as reviewed by Wojtukiewicz et al. [18]. 

Following the discussion above a key question arises. Are TF, thrombin, and PAR-1 an 

axis for promoting tumor progression? With TF activating thrombin which then activates PAR-1. 

This study focuses on thrombin’s mitogenic effect on PDAC cell lines and pancreatic cancer-

associated fibroblasts. As a result, what follows is a review of the current studies on thrombin’s 

effects on these and related cells.  

Thrombin’s effect on cancer cells has been studied in vitro by various researchers, although 

data for pancreatic cancer cells is lacking. Zain et al. used a 2D culture to investigate thrombin 

concentration-dependent effects on cancer cells of various types. They found that the degree of 
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cell proliferation was dependent on the concentration of thrombin present in the media [19].  

Darmoul et al. exposed HT-29 colorectal cancer cells to approximately 1 U/mL of thrombin in 2D 

culture using serum-free media and observed around a 400% increase in cell proliferation [20]. 

Interestingly there are conflicting results between Zain and Darmoul when comparing the two 

colorectal cell lines used and this may be linked to the different treatment protocols.   

In vivo studies have indicated that the coagulation system plays a role in tumor progression. 

Yang et al. used KPC cells and a mouse model and discovered that lowering prothrombin levels 

in the mice (~10% of normal) led to tumors with significantly diminished growth. In addition, 

reducing PAR-1 expression of the tumor cells led to reduced or no tumor growth, while reducing 

PAR-1 in the tumor microenvironment had little impact on reducing tumor growth [21].  Tekin et 

al. utilized an orthotopic pancreatic cancer model and found that  PAR-1 expression was correlated 

with cellular mesenchymal characteristics and reduced tumor growth, with the loss of PAR-1 

increasing tumor cell differentiation and increased tumor growth [22], conflicting with the results 

by Yang et al.. Further, Queiroz et al. reduced the PAR-1 expression in the TME and found that 

reducing PAR-1 expression led to a decreased tumor size [23]. Perhaps inconsistency between 

these results and those by Yang et al. is due to the different cell lines being used. Adams et al. 

analyzed colon and melanoma cancer cell tumor growth in mice with reduced (~10% of normal) 

prothrombin levels and found that tumors composed of the colon cancer cells had a significant 

reduction in their growth while melanoma cancer cells remained unaffected, indicating a cancer 

cell origin dependent effect of thrombin. Additionally, the researchers found that tumor growth 

was hindered with either reduction of PAR1 expression or a reduction of fibrinogen [24]. 

The interaction of pancreatic cancer cells with the stroma has been recognized as an 

important aspect of PDAC progression [25],[26],[27]. PDAC is characterized by a desmoplastic 

environment surrounding the tissue, and the stroma in pancreatic cancer can form up to 90 % of 

the tumor microenvironment [26]. The stroma surrounding the tumor is complex and consists of 

the ECM, various signaling molecules, extracellular vesicles, and a variety of different cell types 

present within the tissue. Additionally, the stiffness of the ECM itself has been shown to alter 

tumor cell behavior, such as promoting dormant tumors [28], promoting epithelial to mesenchymal 

transition, and giving rise to drug resistance against certain commonly used chemotherapeutic 

drugs [25]. The stromal tissue primarily consists of fibroblasts that secret and remodel the ECM, 

as well as secreting other factors influencing various types of cells. Further, the fibroblasts 
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themselves respond to the local environmental cues such as ECM composition and other chemical 

signals, and in certain cases, this can lead to excessive fibrosis [29]. Resident fibroblasts, or 

fibroblasts from other sources, within the pancreatic tissue can be reprogrammed to become 

cancer-associated fibroblasts (CAFs). These CAFs are fibroblasts that differ from quiescent 

fibroblasts and are found in the tumor microenvironment (TME).  In PDAC, CAFs lead to a fibrotic 

environment as well as secreting other factors which lead to increased tumor progression [30].  

Fibroblast proliferation in response to thrombin has been quantified by others, although 

data for CAFs is lacking. Hall and Ganguly utilized a 2D culture and found that the degree to 

which human fibroblast’s growth was stimulated depended on the thrombin concentration as well 

as the time between stimulating the cells and subculturing [31]. Snead and Insel used a 2D culture 

and found evidence that activation of PAR-1 via thrombin, on cardiac fibroblasts, leads to 

increased collagen deposition and a myofibroblast morphology without a significant increase in 

fibroblast proliferation [32]. Pohl, Bruhn, and Christophers used a 2D culture with skin fibroblast 

and observed that fibroblast proliferation increased with thrombin exposure following a dose-

dependent trend [33]. D’Andrea et al. observed that PAR-1 expression was up-regulated in 

proliferating, alpha-SMA positive, fibroblasts that surrounded malignant carcinoma cells [34]. The 

results presented above provide evidence that thrombin exposure may significantly increase the 

proliferation or activity of fibroblasts and CAFs and potentially lead to increased desmoplasia.  

To date, most all in vitro studies involving thrombin’s proliferative effects have relied on 

2D culture methods to study the effect of thrombin on cancer cells. While these 2D cell cultures 

are cheap and owe themselves to high throughput, they fail to capture various components of the 

in vivo tumor microenvironment such as cell-matrix interactions as well as cell-cell interactions in 

3D. It should be noted that cell responses to treatment can differ drastically between 2D and 3D 

cultures. While animal models are useful they are expensive, time-consuming, and do not always 

accurately model the human TME. The use of 3D cell cultures allows one to model treatments on 

human cell lines in an environment that more closely resembles in vivo conditions [26]. In this 

study a tumor-microenvironment-on-chip (T-MOC) microfluidic device is used for 3D culture of 

cells, the same chip geometry has also been employed successfully for various experiments by 

others [35]–[37]. Using a microfluidic device to study the effects of various biomolecules on cells 

is superior to 2D studies due to realistic cell-matrix and cell-cell interactions, the formation of 

niche regions and 3D structures, spatially varying nutrient concentrations, accurate cell 
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morphology, phenotype, polarity, and division characteristics [38]. Additionally, the use of a 3D 

culture in a microfluidic device is unique due to tight control over the cell culture conditions, the 

use of species-specific cells, live imaging of cells in culture conditions, low cost, and the potential 

for high throughput experiments.  

The in vivo studies demonstrate the importance of the coagulation system, specifically 

thrombin and/or PAR-1 in the context of tumor growth. However, these animal models are highly 

complex, time-consuming, and expensive to work with. They also have many other cellular 

components, making it hard to determine the exact role that thrombin or PAR-1 plays in tumor 

progression. The in vitro studies that have been employed previously use extended serum 

starvation which makes it difficult to determine if thrombin would lead to a mitogenic effect under 

normal growth conditions. Additionally, previous in vitro studies have primarily used 2D cultures 

which lack a realistic 3D environment that the cells natively reside in. Furthermore, most of the 

data for fibroblasts that has been reviewed applies to thrombin’s effects on normal fibroblasts and 

not CAFs. Thus, this study will investigate whether or not intermittent thrombin stimulation leads 

to an increase or decrease in the proliferation of PDAC cancer cells and CAFs.  
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 METHODS 

2.1 Reagents 

Mouse cell lines were cultured in cytiva (formerly GE Healthcare Life Sciences) HyClone 

RPMI 1640 supplemented with L-glutamine (cytiva, Marlborough, MA) the media was 

supplemented with 5% fetal bovine serum (FBS) (Fisher Scientific, Waltham, MA) and 1% 

penicillin/streptomycin (P/S) (10,000 U/mL) (Fisher Scientific, Waltham, MA). Advanced 

DMEM/F-12 (Gibco, Carlsbad, CA) was supplemented with 10% FBS, 1% L-glutamine (200 mM) 

(Gibco, Carlsbad, CA), and 1% P/S. 1X DPBS with calcium and magnesium (Gibco, Carlsbad, 

CA) and Trypsin-EDTA (0.05%) (Gibco, Carlsbad, CA) was used to wash and harvest cells. 

Collagen gels were produced using Corning collagen 1, high concentration, rat tail (Corning, 

Corning, NY), this was mixed with 10X PBS (Gibco, Carlsbad, CA), 1 M sodium hydroxide 

solution (Sigma-Aldrich, St. Louis, MO), HEPES (1 M) (Gibco, Carlsbad, CA), P/S, L-glutamine, 

FBS, and DI water. Bovine α-thrombin stock solution at 1000 U/mL (Enzyme Research, South 

Bend, IN) was used for stimulating the cells with thrombin, this was diluted to 1 U/mL in serum-

free media for treating cells. Hoechst 33342 (Sigma Aldrich, St. Louis, MO) was used to stain the 

mouse cell nuclei for quantification of proliferation. Before use in experiments, all cells were 

cultured in Falcon tissue culture treated flasks (Fisher Scientific, Waltham, MA). 

Polydimethylsiloxane (PDMS) (Midland, MI) was used to create the microfluidic devices. 

2.2 Device Fabrication 

The devices used in this study were fabricated out of PDMS using a soft lithographic process. 

The base liquid was mixed thoroughly with the curing agent at a 10:1 ratio. The mixture was then 

poured over molds and degassed in a vacuum chamber. After degassing any remaining bubbles 

were removed by gently using a stream of air to pop any remaining air bubbles. The molds were 

then placed on a hot plate at 80 °C for eight hours. After curing the PDMS was removed from the 

molds and then 2 mm diameter holes were made in the PDMS for collagen loading as well as 

media channels. The surface of the chip was then cleaned four times by the use of scotch magic 

tape. The PDMS chip and a glass microscope slide were treated with a handheld corona discharger 

(Electro-Technic Products, Chicago, IL), and then the two treated surfaces were mated together. 
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The assembly was placed on a hot plate at 120 °C for eight hours. A rendering of the chip on a 

glass slide can be seen in Figure 1.  

 

 

Figure 1: Microfluidic device “chip” used for 3D culture of cells. The blue regions indicate 

collagen and cells with the culture area for study in the center of the chip. The red regions are for 

media. (Media reservoirs are not shown.)  

2.3 Acquisition of Cell Lines 

The cell line KPC2 was acquired from Dr. Konieczny’s lab (Purdue University) and is a 

murine pancreatic cancer cell. The cell line OstCAF is of murine origin and was provided from Dr. 

Fishel’s lab (Indiana University). Both mouse cell lines were cultured in RPMI 1640 with 5% FBS 

and 1% P/S as described below. 

The cell line Panc 10.05 and CAF19 cell lines were acquired from the Fishel Lab (Indiana 

University). Panc 10.05 is a human pancreatic cancer cell line and CAF19 cells are human cancer-

associated fibroblasts of pancreatic origin. Both human cell lines were cultured in DMEM with 

10% FBS, 1 % L-glutamine, and 1% P/S as described below.  
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2.4 Cell Culture and Loading Procedure 

2.4.1 Mouse cell lines 

KPC2 and OstCAF cell lines were cultured in serum containing RPMI 1640 and incubated 

at 37 °C and 5% CO2 under normal culture conditions. The KPC2 cells were sub-cultured every 

three days splitting the cells at approximately a 1:10 ratio. Subculture was performed by washing 

the cells twice with 1X PBS and then adding trypsin and placing the flask in an incubator at 37 °C 

and 5% CO2 for six minutes. The cells were then separated via centrifugation at 1200 RPM for 

five minutes in a centrifuge using a TX-400 rotor (Fisher Scientific, Waltham, MA). OstCAF cells 

were split every five days at a 1:3 ratio. Subculture was performed by washing the cells twice with 

1X PBS and then adding trypsin and placing the flask in an incubator at 37 °C and 5% CO2 for 

three minutes. The cells were then separated via centrifugation at 1200 RPM for five minutes. 

For all mouse cell lines, the media was exchanged every day until the cells were ready to 

be harvested. No cells were used in experiments beyond passage 10.  

2.4.2 Human cell lines 

Panc 10.05 and CAF19 cells were cultured in serum containing DMEM 1640 and incubated 

at 37 °C and 5% CO2 under normal culture conditions. Panc 10.05 and CAF19 were sub-cultured 

every five days splitting the cells at approximately a 1:10 ratio. Panc 10.05 subculture was 

performed by washing the cells twice with 1X PBS and then adding trypsin and placing the flask 

in an incubator at 37 °C and 5% CO2 for eight minutes. The cells were then separated via 

centrifugation at 125 G for five minutes. CAF19 subculture was performed by washing the cells 

twice with 1X PBS and then adding trypsin and placing the flask in an incubator at 37 °C and 5% 

CO2 for four minutes. The cells were then separated via centrifugation at 125 G for three minutes.  

For all human cell lines, the media was exchanged every day, except for the day directly 

after passaging, until the cells were ready to be harvested. No cells were used in experiments 

beyond passage 10.  
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2.5 Chip Loading and Treatment Procedure   

Before loading the chips, the specific cell type was harvested as described above. They were 

then suspended in chilled 6 mg/mL type-1 collagen solution on ice at a concentration of 106 

cells/mL. The solution was kept on ice during the loading process, and the loading of all chips was 

complete within 30 minutes. After a chip was loaded it was placed into an incubator at 37 °C and 

5% CO2 for 75 minutes for the collagen to polymerize.  

The thrombin treatment procedure for all cell lines was the same. After 75 minutes in the 

incubator, the chips were moved to a biosafety hood where reservoirs for media were added. Then 

200 μL of serum-free media containing either 0 or 1 U/mL of was added to one reservoir on each 

side of the chip so that media would flow through the channels and thrombin would be free to 

diffuse into the collagen/cell region. After the media was added the chips were placed into the 

incubator for 30 minutes. Following this, the media was aspirated and fresh serum-containing 

media was added to the reservoirs. 600 µL total was added to one side of the chip and 400 μL total 

was added to the other side. The chips were then imaged using a fluorescent microscope. After 

imaging, the chips were placed back into the incubator. On the next day, the media was aspirated 

and 400 µL of serum-free media was added to one side of the chips, the chips were then placed in 

the incubator for two hours. After the two hours, the media was aspirated and 400 μL of serum-

free media containing either 0 or 1 U/mL thrombin was added to the same side of the chips as in 

the previous step, the chips were then placed in the incubator for one hour. Following this, the 

media was aspirated and then serum-containing media was added. 600 µL total was added to one 

side of the chip and 400 μL total was added to the other side as on day 0. This process was repeated 

until the end of the experiment. No treatment or media exchange was performed on the last day of 

the experiment.  

The solution with serum-free media and thrombin was discarded after five days as activated 

thrombin is not stable. When not in use the solution was kept in a refrigerator at 4 °C.  

2.6 Quantification of Proliferation 

2.6.1 Mouse cell lines 

Quantification of KPC2 and OstCAF cell lines was performed by nuclear staining. For 

KPC2, quantification was performed on days 0, 2, and 3 while for OstCAF quantification was 
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performed on days 0, 1, and 3. On the day of quantification, two chips were selected randomly 

from each treatment group. The media was aspirated and 400 µL of media containing Hoechst 

33342 was added to a reservoir on one side of the chips. The chips were then placed in the incubator 

for 30 minutes. After incubation, the media was aspirated and then the chips were washed with 

PBS for approximately 30 minutes. Fluorescent images were then taken of the chips with a 10X 

objective. Seven focal planes were used in the imaging each spaced 20 μm apart. Images were 

taken on either side of the cell culture area due to the cell culture area being wider than the 

microscope’s field of view. The region of interest relative to the chip geometry is shown in the 

appendix in Figure 16. The stained chips were discarded on the day of staining as the staining 

process can potentially interfere with experimental results. ImageJ was used to quantify the nuclei 

area.  First, the 10X images were lined up, cropped and then a gaussian-based stack focuser was 

applied with a radius of 5 pixels. WEKA Segmentation was used on the images to segment the 

nuclei areas.  One of the data sets on day 0 was selected randomly to normalize the relative increase 

in nuclei area for that experimental run. The normalized nuclei area for each experiment was 

calculated by dividing the nuclei area on each day by the nuclei area on day 0. Each experiment 

was repeated three times.  

2.6.2 Human cell lines  

Quantification of Panc 10.05 and CAF19 cell lines was performed by imaging the cell 

membranes. This was possible as the Panc 10.05 cell line is transfected with TdTomato while 

CAF19 is transfected with GFP. For Panc 10.05 and CAF19 the cells were imaged daily, and no 

chips were discarded as staining was not necessary to image the cells. A 4X objective was used 

and seven focal planes were used in the imaging each spaced 20 µm apart. The region of interest 

relative to the chip geometry is shown in the appendix in Figure 16. ImageJ was used to process 

the images. The images were cropped, and then the gaussian-based stack focuser was applied with 

a radius of 2 pixels. WEKA Segmentation was used on the images to segment the cell membrane 

areas. The day 0 area was used to normalize the relative increase in cell area for each individual 

chip. The normalized cell area for each experiment was calculated by dividing the cell area on 

each day by the cell area on day 0. Each experiment was repeated three times.  
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2.7 Statistical Analysis  

A two-tailed t-test was applied between the control (–thrombin) and test case (+thrombin). A 

two-tailed test was chosen as it was not known whether the thrombin treatment would lead to 

increased or decreased cell proliferation. In all cases no statistically significant differences were 

seen between the control groups (p>0.55 for all cases) 
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 RESULTS 

3.1 Mouse Cell Lines (KPC2 and OstCAF) 

3.1.1 KPC2 Proliferation 

Brightfield images from the KPC2 proliferation assay are presented in Figure 2. The cells 

in Figure 3 are stained with Hoechst 33342. Figure 4 shows the normalized mean increase in nuclei 

area on each day. 

 

 

Figure 2: Brightfield images of KPC2 cells. 
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Figure 3: Fluorescent images of KPC2 cell nuclei, day 0 image is used for normalization. 

 

 

Figure 4: Results from KPC2 proliferation assay. Data points are the mean of the normalized 

increase in nuclei area and error bars are the standard deviation. No statistically significant 

difference was observed between the two data sets (for each data point n=3).  
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3.1.2 OstCAF Proliferation 

Brightfield images from the OstCAF proliferation assay are presented in Figure 5. The cells 

in Figure 6 are stained with Hoechst 33342. Figure 7 shows the normalized mean increase in nuclei 

area on each day. 

 

 

Figure 5: Brightfield images of OstCAF cells. 
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Figure 6: Fluorescent images of KPC2 cell nuclei, day 0 image is used for normalization. 

 

 

Figure 7: Results from OstCAF proliferation assay. Data points are the mean of the normalized 

increase in nuclei area and error bars are the standard deviation. No statistically significant 

difference was observed between the two data sets (for each data point n=3). 
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3.2 Human Cell Lines (Panc 10.05 and CAF19) 

3.2.1 Panc 10.05 Proliferation 

Fluorescent images from the Panc 10.05 proliferation assay are presented below in Figure 

8. The cells fluoresce as they are transfected with TdTomato as previously mentioned. Figure 9 

shows the mean increase in the cell area.  

 

 

Panc 10.05 (– Thrombin) Panc 10.05 (+ Thrombin) 

Day 1 

Day 3 

Day 0 

Day 5 

Figure 8: Fluorescent images of Panc 10.05 cells 
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Figure 9: Results from Panc 10.05 proliferation assay. Data points are the mean of the 

normalized increase in cell membrane area and error bars are the standard deviation. No 

statistically significant difference was observed between the two data sets (–Thrombin: n=10, 

+Thrombin: n=8) 
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3.2.2 CAF19 Proliferation  

Fluorescent images from the CAF19 proliferation assay are presented below in Figure 10. 

The cells fluoresce as they are transfected with GFP as previously mentioned. Figure 11 shows the 

mean increase in the cell area.  

 

CAF19 (– Thrombin) CAF19 (+ Thrombin) 

Day 1 

Day 3 

Day 0 

Day 5 

Figure 10: Fluorescent images of CAF19 cells. 
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Figure 11: Results from CAF19 proliferation assay. Data points are the mean of the normalized 

increase in cell membrane area and error bars are the standard deviation. No statistically 

significant difference was observed between the two data sets (–Thrombin: n=10, +Thrombin: 

n=7) 

3.3 Table of End of Experiment Results 

Table 1 lists the results for the mean values of each study where ± indicates the standard deviation. 

For further info see figures A-1 through A-4 in the appendix that detail the results of each 

experimental run.  

 

Table 1: Tabulated results of all studies. Mean values for the increase in the cell area are given 

and ± indicates standard deviation.  

 

Relative Area Increase (mean ± standard deviation) 

Day 3 Nuclei Area Increase Day 5 Cell Area Increase 

KPC2 OstCAF Panc 10.05 CAF19 

–Thrombin 7.70±1.96 1.84±0.49 3.65±0.73 9.31±1.73 

+Thrombin 6.76±1.92 1.72±0.44 3.78±0.66 9.60±1.54 
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 DISCUSSION 

The hypothesis, that intermittent stimulation of pancreatic cancer and CAF cells with 

thrombin would lead to increased proliferation appears to be incorrect. As tabulated in Table 

1, at the end of the three-day experiment the relative increase in nuclei area of KPC2, with the 

standard deviation, was 7.70±1.96 without thrombin and 6.76±1.92 with thrombin. OstCAF 

increased by 1.84±0.49 without thrombin and 1.72±0.44 with. For the human cell lines at the 

end of the five days, the relative increase in the cell area of Panc 10.05 was 3.65±0.73 without 

thrombin and 3.78±0.66 with. CAF19 increased by 9.31±1.73 without thrombin and 

9.60±1.54 with.  

 The results from the experiments were unexpected. It is difficult to point to a reason as to 

why no significant increase in cell proliferation was observed, however, some previous studies 

may shed some light on the results. However, it is strange that in this study no significant 

effect was seen on the proliferation or hindrance of cell growth as those mentioned in the intro 

and below have observed. It is suspected that the intermittent thrombin treatment was not 

sufficient to lead to a significant, proliferative or restrictive, effect on cell proliferation.  

 One reason that proliferation was not seen in the cells could have been due to the absence 

of serum during thrombin exposure. Serum was not included as the serum contains various 

factors which could lead to the deactivation of thrombin such as antithrombin. Others who 

have observed an increase in proliferation during serum starvation may have been observing 

thrombin acting as an antiapoptotic factor instead of a mitogen. [39] Including serum with 

thrombin could have led to different effects as thrombin acts on other biomolecules in the 

serum such as protein C [15] or osteopontin [16]. While this may be a key mechanism in 

thrombin’s mitogenic effect it is not of interest in this study. Previous researchers investigating 

thrombin’s role on cell proliferation have included serum during their thrombin exposure 

studies [19], [31] or have used in vivo models [21], [23], [24] Thus, in these studies one cannot 

be sure that thrombin is the key player promoting cell proliferation or if it is some downstream 

biomolecule(s) in the serum that is leading to this behavior. For example, Adams et al. found 

that fibrinogen levels were correlated with colon cancer progression [24]. While Yang et al. 

identified PAR1 activation by thrombin as playing a role in immune evasion.  



 

 

29 

 The 3D matrix used to suspend the cells in this study could also have been a factor in 

hindering the proliferation of the cells. It is well known that tissue stiffness and composition 

play a role in cellular behavior [25]. The 3D collagen matrix may lack some key chemical, 

mechanical, or transport property that is found in the 2D or in-vivo environments. Without 

these additional cues, the cells may not be processing the mitogenic signal from the 

stimulation of thrombin.  

 Another factor that could have contributed to the lack of mitogenic effect of the thrombin 

is from the concentration used, or that the treatment was intermittent. Pohl et al. found that 

stimulating fibroblasts, in their log growth phase, with 1 U/mL thrombin was insufficient to 

act as a mitogen. Although their study differed from the one here as they used a 2D culture 

and stimulated the cells for 12 hours in serum-free media [33]. Hall and Ganguly, observed 

that thrombin hindered fibroblast growth when added shortly after freshly passaging cells in 

subconfluent cultures, however, thrombin acted as a mitogen if the cells were allowed to 

become more established. They also found that serum levels in the media play a role in 

thrombin’s proliferative effects [31]. Concentration is also suspected as Zain et al. found that 

thrombin concentration has a biphasic effect on cancer cell proliferation. At low 

concentrations around 0.5 U/mL and under thrombin acted as a mitogen while at higher 

concentrations around 1 U/mL and higher thrombin’s effect was that it hindered cell growth. 

Interestingly, this effect was attenuated when the serum concentration was increased [19]. 

There is a possibility that the concentration and treatment used were right at the cusp of 

leading to proliferation or hindrance in cell growth. Another discrepancy in the degree to 

which the cells are exposed to thrombin could be from a lack of fibrin in this study. Upon clot 

formation activated thrombin can bind to fibrin this bound thrombin can avoid deactivation 

and remain in the fibrin clot [40]. This bound-up thrombin could be acting as a reservoir for 

thrombin leading to extended stimulation of the cells. Additionally, fibrin may alter cellular 

proliferation and survival through mechanical and chemical cues [28]. 

 In vivo thrombin’s effect on the TME could be more complicated than its action as a 

mitogen. For example, Schweickert et al. have identified certain genes which are linked to 

immunosuppression that become upregulated following thrombin’s activation of PAR1 [41]. 

Additionally, the present study only included monocultures which is not the case with in vivo 

studies. It has been found that cancer cells and CAFs signal to each other through chemical 
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and mechanical cues and that the interaction between the two can lead to enhanced tumor 

growth and invasiveness. CAFs secrete factors that can lead to epithelial-mesenchymal 

transition resulting in a mesenchymal phenotype [42]. The effects of thrombin on these 

mesenchymal phenotype cancer cells are unknown. There may be some interaction between 

thrombin, cancer cells, and CAFs that leads to increased proliferation or an increase in 

invasiveness that has not yet been revealed. This study also lacked an immune system 

component, and PAR-1 signaling in vivo seems to play a role in immune evasion via 

recruitment of immunosuppressive cells, as researched by Yang Et al. [21]. Furthermore, 

PAR-1 can be activated by a host of other biomolecules such as MMP-1, MMP2, MMp-9, 

MMP-13, APC, plasmin, factor Xa, granzyme A, TF-FVIIa [39], and others not listed here. 

The PAR-1 mediated downstream signaling events depend on the activating factor and can 

further be modulated by other synergetic or antagonistic pathways.   

Fibrin may also be able to act as a cue for cells to proliferate via certain signaling pathways. 

For example, Pohl et al. observed a fibrin concentration-dependent increase in fibroblast 

proliferation, although their study lacked other ECM components native to the TME such as 

collagen.[33] Adams et al. found that fibrinogen deficient mice had reduced tumor size and 

abnormal vasculature. However, it was not known to the researchers if fibrinogen leads to 

abnormal vasculature or if it is a byproduct of some other fibrin(ogen) dependent mechanism 

[24]. Furthermore, the tumorigenic effects of fibrin in vivo could be linked to a role in 

promoting immune evasion thereby promoting cancer progression [43].  

 Varying suspicions as to why no deviation in the proliferation of the cultured cells are given 

above. Comparing with works by other researchers it is suspected that intermittent thrombin 

stimulation was insufficient to induce an increase or decrease in proliferation. Further, the 

method of quantifying the cell proliferation relies on measuring the cross-sectional area of 

cells in a 3D culture. This may underestimate the proliferation of cells as there are differences 

in the projected areas of the cells depending on their spatial positions. For example, the same 

number of cells maintaining a clumped, spheroid shape will have a lesser projected area than 

if those cells were spread about in a 2D morphology. Future studies should focus on improving 

quantifying cell proliferation in 3D cultures and elucidating the mechanisms through which 

thrombin promotes pancreatic cancer growth by altering the concentration and exposure time, 

as well as including other cell types and various other downstream targets of thrombin. 
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Recovery of the sample would allow for gene expression to be quantified and may elucidate 

some key differences between cells exposed to thrombin in 2D and 3D cultures.  
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 CONCLUSION 

This study utilized a 3D cell culture on a microfluidic device to study the effect of thrombin 

stimulation on cancer cells in a 3D environment. WEKA image segmentation was used to 

quantify the areas of either the cell nuclei or cell membrane in order to infer the level of 

proliferation. It was found that stimulating pancreatic cancer cells and CAF cells for one hour 

daily had a negligible effect on the cancer cells and cancer-associated fibroblasts proliferation. 

Other studies have suggested that thrombin acts as a mitogen in vitro and in vivo, conflicting 

with the results from this study. More work is needed to elucidate the mechanism through 

which the coagulation system promotes cancer progression. Identifying the key mechanisms 

in this axis may bring about new therapeutic targets and new insight into how the coagulation 

system interacts with cancer cells. These findings will likely have impacts on other cancers, 

especially those which are associated with the coagulation system. Also, certain biomarkers 

may be discovered for persons with pancreatic cancer enabling earlier detection and improved 

prognosis.  
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APPENDIX 

 

Figure 12: Results from KPC2 proliferation assay. Note: The boxed horizontal bar indicates the 

mean, while the error bars are the standard deviation for that dataset.  

 

Figure 13: Results from OstCAF proliferation assay. Note: The boxed horizontal bar indicates 

the mean, while the error bars are the standard deviation for that dataset. 
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Figure 14: Results from Panc 10.05 proliferation assay. Note: The boxed horizontal bar indicates 

the mean, while the error bars are the standard deviation for that dataset. 

 

Figure 15: Results from CAF19 proliferation assay. Note: The boxed horizontal bar indicates the 

mean, while the error bars are the standard deviation for that dataset. 
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Figure 16: ROI for quantifying cell proliferation. 


