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Abstract 

Pancreatic ductal adenocarcinoma (PDAC) remains one of the deadliest cancer types and 

is estimated to cause more than 432,242 death per year in 2018. Despite increased 

knowledge in cancer biology and advances in diagnosis tools, most patients were diagnosed 

at the malignant stage, unsuitable for surgical resection. Moreover, current treatment 

options like chemotherapy and radiation therapy have limited effect at the malignant stage 

and only serve as palliative care. Recently, immunotherapy like CAR-T cell therapy has 

gained great success in some cancer types. To perform the antitumor activities, T cells need 

to recognize tumor antigens by either establishing contacts with cancerous cells or antigen-

presenting cells, which depends on a series of migratory steps from entry to the tumor to 

the locating of the malignant cells. The dense stroma associated with PDAC creates a great 

challenge for T cells to effectively migrate in the tumor microenvironment (TME). Also, 

the mechanism for T cell navigation and migration is not well understood. Here we 

presented a rapid and cost-effective method to fabricate 3D collagen gel matrix that closely 

assembles the remodeled extracellular matrix (ECM) in PDAC, allowing high throughput 

studies. To fully recapitulate the naïve TME, tumor slices from the KPCT genetically 

engineering PDAC mouse model that shares many of the disease characteristics of human 

PDAC can be prepared and cultured in an organotypic culture insert for up to six days 

while maintaining tissue integrity and cell viability. CD8+ can be isolated from tumor-

bearing KPC/KPCT mice and activated using Dynabeads T cell activator. Fully activated 

CD8+ can then be seeded on top of the tumor slice, and attached/infiltrated T cell migration 

can be monitored using time-lapse imaging utilizing multiphoton laser scanning 

microscope (MPLSP), and tumor collagen stroma can be virtualized using second 
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harmonic generation (SHG). Additionally, Trackmate was used to track the cytotoxic T 

lymphocyte migrations in the TME. The 3D speed and motility of the T cells were further 

analyzed in carcinoma cell-rich and stroma-rich regions of the KPCT TME. Our data 

suggested that T cell speed and motility both increased significantly in the carcinoma-rich 

region, where collagen fibers are loosely connected, than that of the stroma-rich region. 

Taken together, the live imaging approach combined with quantitative analysis allows us 

to gain insight into T cell migration in the complex 3D TME and form new therapeutic 

approaches.  
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Chapter 1: Introduction 

1.1 Epidemiology of Pancreatic Cancer 

Pancreatic cancer is the most lethal common cancer type with a five-year relative survival 

rate of 8% (Saad et al., 2018). It is the 11th  most common cancer but the 7th leading cause 

of cancer-related death across the world (McGuigan et al., 2018). In 2018, the 

GLOBOCAN estimated 458,918 people diagnosed with pancreatic cancer per year and 

causing 432,242 deaths, which accounts for 4.5% of all cancer-related deaths (Rawla et al., 

2019). Despite advances in early diagnostic tools and increased knowledge of potential risk 

factors, most patients (80% - 85%) were still diagnosed at the malignant stage, unsuitable 

for surgical resection(Siegel et al., 2014). Even in patients who underwent resection, the 

recurrence rate is extremely high, and the 5-year survival rate is 25% at best (Zhang et al., 

2018). Despite this high incident and high mortality rate, the cause for pancreatic cancer is 

still unknown, and treatments remain ineffective for the malignant stage (Schneider et al., 

2005). 

1.2 Pancreatic Ductal Adenocarcinoma 

Most pancreatic cancer can be divided into two groups: pancreatic ductal adenocarcinoma 

(PDAC), which accounts for more than 85% of the cases and occurs in the exocrine glands 

of the pancreas, and pancreatic neuroendocrine tumor (PanNET), which is far less common 

and accounts for less than 5% of the cases (Rawla et al., 2019). Despite the tremendous 

scientific effort and increasing knowledge in PDAC at the cellular level, the survival rate 

hasn't improved much during the last decades (Schneider et al., 2005). One of the most 

important factors of pancreatic tumors is their ability to induce a highly fibrotic stroma. 
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The interstitial pressure of the tumor is consequently increased, and the tumor's vasculature 

becomes compressed (Li et al., 2019). In some pancreatic tumors, the total stromal volume 

can take up to 90% (Xie & Xie, 2015). This dense stroma creates a physical and biological 

barrier for any drug particles to pass through.  

1.3 PDAC Treatments  

Treatment for pancreatic cancer varies depending on the stage of the disease and where the 

tumor is located. Surgery, chemotherapy, radiation therapy, or a combination of these 

treatments are also possibilities (Kamisawa et al., 2016). Even though surgery can be 

successful when cancer is detected early enough, it has several disadvantages, including an 

elevated chance of bleeding and inflammation, as well as nausea and vomiting (Hafezi-

Nejad et al., 2018). Aside from that, patients can experience nutrient deficiencies, diabetes, 

delayed gastric emptying, and other issues. In addition, the operation necessitates a lengthy 

treatment period that involves several days in the hospital and several weeks at home 

(Hafezi-Nejad et al., 2018). Chemotherapy is another treatment option for cancer patients. 

It is usually taken intravenously or orally. The treatment usually involves a combination of 

chemotherapeutic drugs or is usually given in combination with radiation therapy 

(chemoradiation). Chemoradiation is used if the cancer is aggressive and has metastasized 

to other organs (Lambert et al., 2019). Chemotherapy helps to reduce the size of the tumor 

and is used to prevent the reoccurrence of cancer after surgery. In the case of advanced 

cancer, chemotherapy is usually used as a form of palliative care to prolong a person's life 

for few months. For patients unsuitable for surgical resection, chemotherapy remains the 

standard care. The palliative chemotherapeutic drug, Gemcitabine, has been used to treat 

advanced cases of pancreatic cancer, though many cases became resistant to it (Burris III 
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et al., 1997). Recently, in combination with Gemcitabine, nab-Paclitaxel has become the 

new standard of care for metastatic pancreatic cancer but only slightly improved patient 

survival outcomes (Goldstein et al., 2015).  

1.4 PDAC Immune Microenvironment  

PDAC is one of the most stroma-rich cancer, making it difficult for drugs and effector 

immune cells to infiltrate (Watt & Kocher, 2013). The dense stroma is also heterogeneous 

and contains cellular and acellular components like fibroblasts, myofibroblasts, stellate 

cells, immune cells, blood vessels, endothelial cells, nerve cells, extracellular matrix (i.e., 

collagen, fibrinogen, hyaluronan, and fibrin), and a variety of proteins, enzymes, and 

growth factors (Rucki & Zheng, 2014). The dense stroma fibrosis in PDAC has long been 

thought to prevent any significant and specific immune response within the tumor. 

However, immunohistochemistry has revealed as early as 1998 that an enriched T cell 

population has infiltrated into PDAC compared to the normal pancreas (Emmrich et al., 

1998). Those T cells can be characterized as either CD4 positive or CD8 positive (Emmrich 

et al., 1998). CD4 is a surface marker found on helper T cells and regulatory T cells, while 

CD8 is a surface marker for cytotoxic killer T cells (Seo & Pillarisetty, 2017). Even though 

those intratumoral effector T cells maintain their ability to activate inflammation, often, 

they became exhausted and trapped inside the dense stroma (von Bernstorff et al., 2001). 

In addition, the infiltration of immunosuppressive leukocytes, desmoplastic reaction with 

multiple cell types, and the inherent immunosuppressive molecular factors in the ECM 

create a hostile immune microenvironment (Clark et al., 2007).  
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1.5 Models to Study PDAC 

Several models are available to study PDAC ranging from the 2-3D cell culture matrixes, 

cell lines, synthetic tumor xenografts to genetically engineered mouse models (GEMM) 

and tumor slices. Cell lines and monolayer cultures are cost-effectively and useful for high-

throughput studies but lack the ability to fully capture the in vivo molecular integrations 

and the complex tumor microenvironment  (Behrens et al., 2017).  On the other hand, 

GEMM has a higher pathological relevance and can faithfully recapitulate key progress 

observed in human disease. The first GEMM for PDAC was produced by modifying genes 

associated with PDAC in the mouse genome (Behrens et al., 2017). In 2001, the generation 

of the K-rasLSL.G12D mouse allowed tissue-specific K-ras mutation expression in the 

endogenous mouse locus (Hingorani et al., 2003). Later, the K-rasLSL.G12D mice were 

crossed with PDX-Cre (referred to as the KC model) to target K-rasG12D specifically to 

the pancreases. The KC mice started developing early pancreatic intraepithelial neoplasia 

(PanIn) lesions by eight weeks of age, and a subset of those mice eventually developed 

PDAC with a median survival of 14 months (Westphalen & Olive, 2012). To accelerate 

tumor development, the p53R172H mutation was incorporated to generate the KPC mice 

model with a median survival of 5.5 months. In addition, around 80% of KPC mice develop 

metastases similar to human PDAC patients and sharing many of the immunohistochemical 

markers with human PDAC (Westphalen & Olive, 2012) (Paolo P. Provenzano et al., 2012). 

KPC mice can be crossed with mice bearing the tdTomato reporter strain to generate the 

KPCT murine model to better virtualize carcinoma cells (Stopczynski et al., 2014).  

Recently, tissue slice culture has gained great interest in studying cancer biology (Davies 

et al., 2015). Its ability to capture the tumor architecture and maintain cellular viability has 
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allowed for studies like toxicity, drug metabolism, mechanism of resistance, and gene 

therapy testing in multiple cancer types, including the liver, lung, kidney, breast, and 

pancreas (de Kanter et al., 2002)(Marciniak et al., 2013)(Gerlach et al., 2014) . In the 2016 

study by Jiang et al., human PDAC tumor slice culture was cultured using an organotypic 

culture system and verified that it could maintain the baseline morphology, surface area, 

and microenvironment for at least six days in culture (X. Jiang et al., 2017). Thus, tumor 

slices from KPC/KPCT mice can be a useful tool to study the dynamic immune interactions 

in the complex PDAC tumor microenvironment. 
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Chapter 2: Material and Methods: 

2.1 3D Collagen Gel Fabrication and Quantification 

3D collagen matrix was prepared as previously described (Ray et al., 2017). Briefly, high 

concentration rat tail collagen type I (Life Sciences, Corning, USA) was neutralized with 

1mM HEPE in 2X PBS at a 1:1 ratio. Serum-free DMEM, either at room temperature or 

prewarmed to 37˚C, was added to produce a 3 mg/ml final collagen concentration. 350 µL 

of collagen solution was pipetted into each well of a standard 24-well culture plate and was 

left undisturbed for 30 minutes at room temperature to allow polymerization before moving 

into a 37˚C, 5% CO2 incubator. The gel was then overlaid with 1 mL of serum-free DMEM 

per well and continued to incubate at 37˚C overnight. Collagen gels form completely 

around 16 hours. After complete polymerization, the gel can be floated to allow 

transportation using a small pipette tip to detach from the sides of the well, follow by gently 

swirl and tap to detach from the bottom of the well. Collagen fiber quantification was 

analyzed using CT-FIRE (Bredfeldt, Liu, Pehlke, et al., 2014) and CurveAlign (Bredfeldt, 

Liu, Conklin, et al., 2014) as described before for fiber extraction and alignment 

measurement, respectively (Liu et al., 2017). Briefly, CT-FIRE uses the curvelet transform 

to denoise the SHG image and enhance the fiber edges, followed by a fiber tracking 

algorithm (FIRE) to extract individual collagen fibers. CurveAlign can further analyze the 

resulted fiber network to determine the alignment of fibers with respect to each other, 

termed "alignment coefficient" ranging from 0 to 1, where 1 indicates perfectly aligned 

fibers (Liu et al., 2017).  
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2.2 Mouse CD8+ T Cell Isolation, Activation, and Expansion 

Mouse cytotoxic CD8+ T lymphocytes were extracted from tumor-bearing KPCT 

genetically engineered mice spleens using the EasySep CD8+ T Cell Isolation Kit 

(STEMCELLTM Technologies Inc., USA), following the manufacture’s recommendation 

with slight modification. Briefly, the mouse spleen was macerated using a springe plunger 

inside a 70 µm nylon cell strainer and rinsed with 10 mL of 1X PBS supplemented with 2% 

FBS and 100 mM EDTA. The sample was spined down at 300 g for 10 minutes and 

resuspended at 1 x 108 in 1X PBS supplemented with 2% FBS and 100 mM EDTA. CD8+ 

T lymphocytes were negatively selected using the isolation kit following the manufacture’s 

recommendation. 10% more of the recommended reagents were used for a higher yield and 

purity. Isolated CD8+ T cells were cultured and activated using the Dynabeads Mouse T-

Activator CD3/CD28 (ThermoFisher Scientific, MA), following the manufacturer's 

recommendation with slight modification. Briefly, 1 x 105 cells were cultured with 2.5 µL 

of the Dynabeads magnetic beads in ImmunoCultTM-XF T cell expansion medium 

(STEMCELLTM Technologies Inc., USA), supplemented with 30 U/ml of interleukin 2 

(IL-2) (STEMCELLTM Technologies Inc., USA) for at least four days before magnetic 

separation of the beads. Activated T cells can be used immediately or frozen down at -80 

˚C in FBS with 15% DMSO. T cells were frozen down at approximately1 ˚C per minute 

using Mr.FrostyTM (ThermoFisher Scientific, MA) for optimal cell preservation. Thaw 

activated T cells in 37 ˚C water bath for 2 to 3 minutes and washed cells in 10 mL fresh 

Immunocult media to remove excessive DMSO in the medium. Thawed T cells were 

allowed to recover in fresh Immunocult medium supplemented with 200 U/ml IL-2 

(STEMCELLTM Technologies Inc., USA) for at least 24 hours before subsequent 
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experiments. All animal and cell work were approved by the University of Minnesota 

Institutional Biosafety Committee and followed institutional and NIH guidelines.  

2.3 Cell Purity Analysis using Flow Cytometry 

Isolated mouse CD8+ T cells were analyzed using fluorescence-activated cell sorting 

(FACS) to ensure high purity. Briefly, aliquots of the non-depleted cell population, freshly 

harvested from the mouse spleen, and depleted cell population, isolated using the EasySep 

CD8+ T cell isolation kit, were resuspended in 1X PBS and were either stained with CD8 

antibody (STEMCELLTM Technologies Inc., USA), or without, followed by incubation 

on ice for one hour, protected from light. Incubated cell samples were run through the flow 

cytometer (BD Bioscience, NJ). The resulted raw FACS were then analyzed using the 

FlowJo (BD Bioscience, NJ) Software to determine the CD8+ cell population purity. 

2.4 Virtualizing T Cell Migration on 3D Collagen Matrix  

3 x 105 CD8+ mouse T cells with > 65% viability were resuspended in 100 µL of L-15 1% 

FBS medium and stained with 100 µL of 2 µM of CellTracker Green CMFDA 

(ThermoFisher Scientific, MA) to achieve a final concentration of 1 µM and were 

incubated for 5 minutes in 37˚C water bath while protected from lights. Stained T cells 

were washed twice using L-15 1% FBS media to remove the excess dye and centrifuged at 

300 g for 5 minutes and resuspended in 250 µL of the same media. 3D collagen gel matrixes 

were prepared as described before, and excessive media were removed from the gel well 

before seeding. 3 x 105 CD8+ T lymphocytes were seeded on top of the gel and gently 

swirled to have an evenly distributed media with cells. Seeded cells were incubated for 30 

minutes at 37˚C, 5% CO2, to allow T cells infiltration into the gel matrix. After incubation, 



 9 

excessive media were removed from the gel top and washed once with 250 µL of L-15 1% 

FBS media to remove cells that didn't infiltrate the matrix. The collagen gel was detached 

from the plate using a pipette tip and carefully transferred to a 35 mm-dish using small 

tweezers. A small tissue harp (Warner Instrument) was placed on top of the gel to hold it 

down, and 5 mL of L-15 1% FBS media were added to the 35mm-dish and imaged 

immediately after incubation at 37˚C using the custom-build multiphoton lasering scanning 

microscope with a Mai Tai Ti: Sapphire laser and temperature-controlled stage insert, as 

described previously (Ray et al., 2018). Collagen gel and T cells were virtualized using 

second harmonic generation and multiphoton excitation images, respectively, at an 

excitation wavelength of 880 mm. Time-lapse imaging of T cell migration on 3D collagen 

matrix was obtained using two-channel Z-stacks of 75 µm depth at 5 µm step size for every 

stage position for total imaging of 45 minutes with 1.5 minutes frequency.  

2.5 Pancreatic Tumor Slice Harvesting and Culturing 

Fresh pancreatic tumor tissue harvested from KPCT genetically engineered mouse model 

were kept on ice in 1x PBS with 10 µg/ml Soybean Trypsin Inhibitor (STI) for support 

before slicing using a tissue vibratome (Campden Instruments, London, UK). The 

harvested tumor was superglued to the vibratome cutting stage with 1.5% agarose gel as 

support. The stage was filled with ice-cold 1X PBS for tumor slicing, and tumor tissue was 

sectioned at a 350 µm thickness with vibratome speed at 0.3 mm/s and frequency at 8mm. 

Sliced tumors were placed in sterile ice-cold 1X PBS with STI for transport. Tumor slices 

were carefully transferred and cultured in a 6-well or 12-well tissue culture plate with 

organotypic tissue culture insert (MilliporeSigma, US) coated with 3 mg/ml of rat tail 

collagen type 1 neutralized with 1mM HEPE in 2X PBS at a 1:1 ratio and completed with 
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1X PBS. Multiple slices were placed flat on 0.4 µm, 30 mm diameter cell culture inserts, 

while single tumor slice can be placed on 0.4 µm, 12 mm diameter cell culture inserts. 

Tumor slices were cultured in prewarmed RPMI 1640 supplemented with 10% FBS, 1% 

penicillin and streptomycin (P/S), 5 µg/mL plasmocin (Invivogen), and 10 µg/ml of STI at 

37 ˚C in a 5% CO2 humidified incubator. The tissue culture medium was changed daily, 

and the pancreatic tumor slices can be cultured for up to 6 days while preserving tissue 

integrity and cell viability. 

2.6 T Cell Migration on Pancreatic Tumor Slice 

2 x 105 mouse CD8+ T cells with viability > 65% were stained with 1 µM of CellTracker 

Green CMFDA (ThermoFisher Scientific, MA) in L-15 media supplemented with 1% FBS 

as described above and washed twice in L-15 media by spinning down at 300g for five 

minutes. KPC tumor slices were stained with 5µM CellTracker Red CMTPX 

(ThermoFisher Scientific, MA) for 20 minutes and washed with RPMI. The tissue staining 

step was omitted for the KPCT tumor slice as the carcinoma cells can be virtualized in red 

fluorophore due to the presence of tdTomato. Individual tumor slice was transferred to a 

12 mm organotypic culture insert in a 24-well tissue culture plate. Stained CD8+ T cells 

were resuspended in 100 µL of L-15 media supplemented with 10% FBS, 1X P/s, 5 µg/ml 

Plasmocin and 10 µg/ml STI before seeded on top of the prepared tumor slice and incubated 

at 37 ˚C in 5% CO2 humidified incubator for one hour. Immediately after incubation, the 

tumor slice was gently dipped in warm L-15 media to remove any T cells that did not 

infiltrate/adhere to the slice and transferred to a 35-mm tissue culture plate. A tissue harp 

was placed on top of the tumor slice to hold it in place during imaging. For imaging, 5 mL 

of warm L-15 media supplemented with 10% FBS, 1X P/S, 5 µg/ml Plasmocin and 10 
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µg/ml STI were added to the 35-mm culture plate. The imaging stage was set up as 

described before (Ray et al., 2018). Briefly, the objective lens was passed through a small 

hole of a square piece of parafilm and wrapped tightly with a bubble wrap to provide 

insulation. A 35 mm culture dish containing water prewarmed to 37 ˚C was placed on the 

heating element, set to 37˚C, on the microscope stage, and the objective lens was lowered 

to the water. The parafilm attached to the objective lens was taped to the microscope stage 

like a tent, and the system was allowed to equilibrate for at least 2 hours before imaging. 

The dish with water was replaced with the tumor sample and resealed the parafilm to 

maintain an even temperature. The CD8+ T cells and the KPC tumor tissue/tdTomato 

carcinoma cells can be virtualized using multiphoton fluorescence with emission green and 

red, respectively, and collagen using SHG at 880-nm two-photon excitation. T cell 

migration was imaged at desired locations (up to two locations simultaneously) with a 75 

µm deep z section with a step size of 5 µm, and images were taken in a 1.5-minute interval 

for up to 2 hours.  

2.7 T Cell Migration Analysis 

Time-lapse images of the CD8+ T cells migration on 3D collagen or KPC/KPCT tumor 

slices were post-proceeded in Fiji, and stage drifts were corrected using the 3D correction 

plugin in Fiji using the SHG channel for registration. T cell movements were tracked using 

the Trackmate plugin in Fiji, where dynamic threshold and filters can be used to exclude 

erroneous tracks that might be generated by imaging artifacts or the tracking program 

(Tinevez et al., 2017). The post-processed cell tracking data were then analyzed by fitting 

to a persistent random walk model using overlapping intervals in the MATLAB model as 

previously described (Ray et al., 2017, 2018). Briefly, the cell’s mean squared 
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displacement (MSD) over time interval ti was taking from the average of all squared 

displacements such that:  

𝑥𝑖 
̅̅ ̅ = 1

𝑛𝑖
∑ 𝑥𝑖𝑡

𝑛𝑖
𝑘=1 , 

𝑛𝑖 = 𝑁 − 𝑖 + 1, 

where 𝑛𝑖 is the number of overlapping time intervals of duration ti and N is the total number 

of time intervals. The mathematical representation of the persistent random walk model is 

the following:  

𝑀𝑆𝐷(𝑡) =  2𝑆2𝑃[𝑡 − 𝑃(1 − 𝑒−
1

𝑃], 

where S is the migration speed, and P is the persistent time. The motility coefficient can be 

written as such that:  

µ =  
𝑆2𝑃

𝑛𝑑
, 

where 𝑛𝑑 is the dimensionality of the random walk. For this study, the motility, speed, and 

persistence times for x, y, and z directions were obtained by fitting the model separately 

into three orthogonal directions; thus, 𝑛𝑑 is one for each case.  

The total speed of each cell can be calculated by taking the square root of the squared sum 

of speed in each of the three directions, x, y, and z. The equation can be written as such 

that: 

𝑆 =  √𝑆𝑥
2 + 𝑆𝑦

2 + 𝑆𝑧
22
 , 

The total motility of each cell can be obtained by adding the motility of each direction and 

can be written as such that: 
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µ =  µ𝑥 + µ𝑦 + µ𝑧. 

2.8 Statistic Analysis  

One-way ANOVA followed by Tukey post hoc analysis was used to determine if there is 

a statistical difference between multiple groups, and unpaired two-way Welch's t-test was 

used to analyze pairwise comparisons. Due to the large sample size for each experiment, 

the data can be assumed to be normally distributed. All statistical analyses presented here 

were completed using Prism 7b (GraphPad Software, Inc) software. The difference was 

considered significant if p < 0.05. 
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Chapter 3: Fabrication of 3D Collagen Gel Matrix 

3.1 Introduction 

The ECM is a major component of the tumor stroma that plays a critical role in regulating 

cell and tissue function. As the most abundant ECM protein in PDAC, collagen constitutes 

the scaffold of the tumor microenvironment and provides structural supports and 

mechanical cues for resident cells (Feig et al., 2012). In addition to being a physical 

scaffold, recent studies have demonstrated that collagen is also actively involved in 

promoting tumor progression by remodeling the ECM through collagen contraction, 

crosslinking, and degradation to promote tumor infiltration, angiogenesis, invasion, and 

migration (Gong et al., 2020) . Indeed, studies have documented that the increased fibrillary 

collagen density is associated with increased malignancy in various human cancer types, 

including breast and pancreatic cancer (Acerbi et al., 2015)(P.P. Provenzano et al., 2006). 

PDAC has a particularly dense stroma, termed desmoplasia, where the stromal fraction can 

often exceed the epithelial portion of the tumor and constitute up to 90% of the total tumor 

volume (Xie & Xie, 2015). 

3D collagen gels have long been used as in vitro platform for tumor invasion studies (Wolf 

et al., 2009). However, the traditional fabrication method often resulted in collagen 

nanofiber that is not representative of the invasive PDAC stroma, where collagen is 

remodeled into linearized and aligned fiber bundles (P.P. Provenzano et al., 2006). 

Therefore, methods that generate 3D collagen gel matrix that can mimic the biological 

environment are crucial for PDAC studies.  
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3.2 Fabricate 3D Collagen Gel using Cold vs. Warm media  

High concentration rat tail collagen type I was purchased from Corning Life Science and 

stored in 4˚C refrigerator or on ice before use. 100 mM HEPE(N-(2-Hydroxyethyl) 

piperazine-N′-(2-ethanesulfonic acid)) in 2X PBS were added to neutralize the stock 

collagen solution since it is stored in 0.02N acetic acid to prevent collagen polymerization. 

The neutralized collagen solution was topped with either ice-cold serum-free DMEM or 

prewarmed (37˚C) DMEM to achieve a final concentration of 3mg/mL, a standard 

concentration for 3D cell culture applications. The amount of stock collagen needed was 

calculated using the following equation:  

𝑆𝑡𝑜𝑐𝑘 𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿) =

3𝑚𝑔
𝑚𝐿 ∗ 𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑇𝑜𝑡𝑎𝑙 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿) 

𝑆𝑡𝑜𝑐𝑘 𝐶𝑜𝑙𝑙𝑎𝑔𝑒𝑛 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑚𝑔
𝑚𝐿)

 

When using a standard 24-well cell culture plate, 350 µL of the mixed collagen solution 

was added to each well to generate a reasonably thick gel for the experiments performed 

in this study. The gels were left undisturbed in the hood for half an hour at room 

temperature to polymerize before incubating at 37˚C with 5% CO2 overnight and then 

subsequently overlaid with 1 mL of DMEM. The workflow of the fabrication process is 

illustrated in figure 1.  
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Figure 1. 3D Collagen Gel fabrication process illustration, created with BioRender.com. 

3.3 Results and Discussion  

Immediately after adding prewarmed DMEM media to the neutralized collagen stock 

solution, visible collagen fibers appeared in the mixture, while there was no noticeable 

fiber formation after adding the ice-cold DMEM media (Figure 1). After collagen gel 

polymerization, the gels were detached from the culture plate walls using a small pipette 

tip and carefully transferred to a 35 mm cell culture dish using tweezers for imaging. See 

the material and method section for detail. The collagen gels were imaged in batch to 

minimize variations caused by environmental and human factors. SHG images were taken 

at different regions of the gel to capture a more comprehensive image of the generated 

collagen fibers when altering the media temperature.  

The collagen gels made with ice-cold media and warm media did not show any obvious 

difference after incubation; however, SHG images of the collagen demonstrated that while 

the gels made with cold media was composed of short, randomly distributed fibers (Figure 

2A), the gels made with warm media produced long, aligned collagen bundles (Figure 2B) 

that were identical to the collagen structure seen in the KPCT tumor (Figure 2C). In 
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addition, although both gels were made with the same concentration of collagen (3 mg/mL), 

the warm media approach formed a much denser collagen network, evidenced by the SHG 

image as well as the number of collagen fibers extracted for the same field of view (Figure 

2 D-F). One possible explanation for the observed phenomena is that higher temperature 

accelerated the collagen polymerization process and allowed more fiber formation.  

             Cold Media                               Warm Media                       KPCT Tumor Slice 

A.   B.   C.  

D.    E.    F.  

Figure 1. Collagen Fiber characterization for 3D collagen gels fabricated with ice-cold vs. 

prewarmed media and the collagen fibers extracted from KPCT pancreatic tumor slice. 

(A). SHG image of the fabricated 3D collagen gel using ice-cold media. (B). SHG image 

of the fabricated 3D collagen gel using prewarmed media (37˚C). All gels are made in a 

concentration of 3 mg/mL. (C). SHG image of the collagen fibers in the KPCT tumor slice. 

Scale bar: 100 µm. (D-F). CT-FIRE extracted collagen fiber overlaid image corresponding 

to cold media, warm media, and KPCT tumor slice, respectively, same scale.  

 
The individual fiber properties (length, width, and alignment coefficient) of the collagen 

gels made with cold vs. warm media and collagen fibers extracted from tumor slices were 
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further analyzed using one-way ANOVA paired with Tukey post hoc test to determine if 

there were any significant differences among the three groups (Figure 3 A-C). Indeed, a 

significant difference in fiber length and alignment coefficient were detected between 

warm vs. cold media fabricated collagen gels, and tumor collagen vs. cold media fabricated 

collagen gels (p<0.0001), while no significant difference presented between warm vs. 

collagen fiber extracted from tumor slices (p=0.3712, 0.6064 for fiber length and alignment 

coefficient, respectively). Notably, the alignment coefficient of the collagen fibers 

produced using warm media is also similar to that seen in the human PDAC tumors (Drifka, 

2016). However, for individual collagen fiber width, there was a significant difference 

among all the groups (p<0.0001). Although there was a significant difference in fiber width 

between warm media generate collagen and collagen from tumor slice, the difference was 

much smaller compared to that of the cold media-generated collagen fiber.  

A. B. C.  

Figure 2. Statistical analysis of the collagen fiber characteristics. (A-C). Box plot of the 

collagen fiber length, width, and alignment coefficient in the three groups (cold media, 

warm media, and tumor slice), whiskers: minimum to maximum value. One-way ANOVA 

with Tukey post hoc test was performed to determine if the difference between multiple 

groups is statistically significantly different. P-value was listed on top of the corresponding 

plots. P<0.05 is considered significant.   
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3.4 Conclusion  

Here we presented a rapid and easily adaptable method to produce 3D collagen matrix for 

cell migration study for PDAC. Using prewarmed DMEM media instead of ice-cold media 

leads to the production of a longer, wider, and more aligned collagen fiber network that 

better recapitulate the collagen structure in the PDAC tumor. The collagen structure is often 

remodeled during disease progression, and elevated collagen fiber alignment has been 

shown in the PDAC associated stroma, distinguish it from normal, and pancreatitis tissues; 

thus, the ability to alter fiber alignment by simple changing media temperature provides 

the opportunities for ex vivo studies to model different stages of PDAC. Though not 

performed this, the collagen gel can be imaged in 3D, and the fiber thickness can be 

measured using the Image J plugin "Ridge Detection" to further analyze the fiber 

characteristics. In addition, T lymphocyte migration studies can be performed using the 

two types of gels to gain insight into the dynamics of T cell migration change during 

different stages of PDAC.   
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Chapter 4: KPCT Tumor Slice as A Tool for Capturing T Cell Migration  

4.1 Introduction  

The 3D collagen gel matrix provides a rapid and cost-effective method that can represent 

the major component of the tumor ECM; however, it fails to fully recapitulate the complex 

tumor microenvironment that is composed of a variety of cellular and acellular components 

in addition to the cancer cells themselves (Feig et al., 2012).  On the other hand, fresh tumor 

slice samples can largely resemble the architecture and cellular components of the original 

tumor, thus, making it a valuable tool for cell migration study to capture the dynamic 

interactions (X. Jiang et al., 2017). Indeed, Salmon and colleagues were able to use slice 

cultures to study the role played by ECM to influence T cell migration and localization in 

human lung tumors (Salmon et al., 2012). Furthermore, tumor slice has demonstrated its 

practicality in drug metabolism studies, cell biology studies, and gene therapy testing in 

various cancer types (Marciniak et al., 2013)(Marciniak et al., 2014)(Gerlach et al., 2014).  

Tumor slice has proven to be a faithful platform for studying T cell migration in a 

pathologically relevant environment (X. Jiang et al., 2017). This system, coupled with 

nonlinear optical imaging tools like the multiphoton laser scanning microscopy (MPLSM) 

and second harmonic generation (SHG) imaging, provides a powerful tool to reveal the 

dynamic cellular interactions, especially in spatial and temporal aspects, in the 3D TME 

(Paolo P. Provenzano et al., 2009). MPLSM allows imaging of biological specimens at 

improved depth penetration and reduced photodamage by employing near-infrared 

femtosecond lasers to generate nonlinear signals in the visible range (Larson, 2011). By 

using two or more photons, MPLSM produces an emission identical to the corresponding 

single-photon excitation but with twice (or more) low energy, thus, decreasing 
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phototoxicity while maintaining a competitive resolution, similar to that of a confocal 

microscope (Paolo P. Provenzano et al., 2009). In addition, MPLSM can be incorporated 

with SHG to allow imaging of the stroma components of the TME.  

From the earliest preinvasive lesion to distant metastasis, the TME plays a critical role in 

supporting tumor progression by inducing angiogenesis, helping malignant cells evade 

immune surveillance, and dictating response to therapies (Parente et al., 2018). Even 

though human PDAC has often been thought of as an immunologically "cold" tumor, 

meaning tumors that lack T cell infiltration, recent studies have revealed that human PDAC 

develoment can often induce immune responses that lead to increased immune cell 

infiltration especially cytotoxic CD8+ T cells (Hartmann et al., 2014). However, even 

though increased cytotoxic T cell infiltration is often associated with increased patient 

prognosis, in the case of PDAC, most of those infiltrating T cells became trapped in the 

stroma and peritumoral tissues, unable to reach the cancer cells to mount an efficient 

immune response (Hartmann et al., 2014). The collagen-rich stroma has created a barrier 

for not only immune cells but also drugs to cross to efficiently eliminate the cancer cells, 

which is one of the major reasons why PDAC has such a poor survival rate (B. Jiang et al., 

2020).  

Here we validated the tumor slice platform for studying T cell migration in PDAC tumor 

and aim to identify whether the migration speed and motility of the CD8+ T cell differ in 

carcinoma-rich versus stroma-rich regions of the tumor microenvironment using mouse 

PDAC tumor slice cultures to gain insight into the dynamic interactions between cancerous 

cells, immune cells, and the tumor stroma in the PDAC TME, in the hope that a deeper 
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understanding will help design more broadly effective immunotherapies for intractable 

malignancies. 

 

4.2 KPCT Tumor Slice Preparation and Culture 

The KPC mouse is a well-established and clinically important mouse model of PDAC that 

develops many of the same features as human PDA, such as pancreatic intraepithelial 

neoplasia and a robust inflammatory response with effector T cell exclusion (Hingorani et 

al., 2005)(Paolo P. Provenzano et al., 2012). It incorporated mutations in both KRAS and 

TP53 genes that are in approximately 80% and 70% of all human PDAC, respectively 

(Hingorani et al., 2005). The addition of tdTomato (KPCT) reporter strain to the KPC mice 

allows virtualization of the carcinoma cells (Figure 4), not only under fluorescence 

scanning but also by the naked eye. The original tumor, as well as metastatic sites, will 

appear reddish due to the presence of tdTomato, which allows easy identification 

comparing to the KPC model, where the carcinoma cells have a whitish appearance that 

could be difficult to distinguish. In addition, the carcinoma cells will emit a bright red 

fluorescence signal, eliminating the need to further stain the tumor tissue (Figure 5B).  

Tumor slice can be prepared using freshly harvest PDAC tumors from KPC or KPCT 

genetically engineering mouse model using tissue vibratome to slice at desired thickness 

and cultured on collagen-coated organotypic inserts up to six days while maintaining tissue 

architecture and cell viability (Figure 4C). Multiple tumor slices can be placed on a 6-well 

culture plate, while individual slices can be placed on a 24-well plate. See method sections 

for detail. The slice culture media was changed daily to ensure enough nutrients were 

supplied to the cells.  
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A.  B.  C.  

Figure 3: KPCT tumor harvesting and culture. (A). KPCT mouse bearing pancreatic tumor, 

distinguishable by its pink color. (B). Harvested KPCT tumor glued to the vibratome stage 

for slicing. A rectangular 1.5% agarose gel was used for supporting the tumor during 

slicing. The tumor is inherently red due to the presence of tdTomato reporter strain. 

(C)Sliced KPCT tumor on a coated 35 mm organoid culture insert inside a 6-well culture 

plate.   

 

Time-lapse live imaging of the tumor slice using MPLSM in combination with SHG, which 

provides superior imaging depth and less photobleaching and phototoxic, allows the 

virtualization of both the carcinoma cells and the stroma collagen architecture (Figure 5). 

Fully activated CD8+ cytotoxic T cells can be plated into the tumor slice to examine its 

migratory characteristics in the naïve 3D TME. The MPLSM was incorporated with a 

customer-build stage heater to allow live-cell imaging for days. Additionally, imaging of 

the whole tumor allows us to further categorize the PDAC TME into two different subtypes: 

carcinoma-rich region and stroma-rich region. The migration characteristics of the CD8+ 

cells in those regions were analyzed in the following sections.  
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A.  B.  C.  

Figure 4: KPCT tumor slice imaging: (A). Representative collagen fibers in the KPCT 

tumor slice using SHG(B). The single representative image of PDAC carcinoma cells using 

multiphoton microscopy. carcinoma cells were bright right in KPCT tumor as it 

incorporates tdTomato in the genome. (C). Representative image of merged collagen and 

carcinoma cells. Collagen was post-processed to be cyan using ImageJ. Scar bar: 200 µm.  

 

4.3 Mouse CD8+ T Cell Isolation and Assessment   

 
Cytotoxic T effector cells are fully activated CD8+ T lymphocytes that have the ability to 

kill the cancerous cells once tumor-associated antigens are recognized. The CD8+ T cells 

can be isolated from the spleen of the tumor-bearing KPC/KPCT mice using the EasySep 

Mouse CD8+ T Cell Isolation Kit and activated using the Dynabead Mouse T-

Activator CD3/CD28. The purity of the isolated CD8+ T cells can be assessed 

using flow cytometry by staining the depleted and non-depleted cell population 

with an anti-mouse CD8a antibody, and the unstained and non-depleted cells 

will serve as the negative control  (Figure 6). The antibody used here were 

conjugated with PerCP-Cy5.5, which is a tandem fluorochrome that fluorescent 

at 695 nm. Therefore, the FL4 color detector channel was used for the 

following analysis. The result of a typic flow cytometry analysis for a CD8+ T 

cell isolation indicated the resulted cell population was approximately 76%  

(Figure 6).  
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Figure 5: Flow cytometry analysis of CD8+ T lymphocyte isolation – histogram plots. 

Cells were stained with mouse CD8a antibody to CD8+ T purity. Top left: unstained and 

non-depleted cell population. Top right: stained and non-depleted cell population. Bottom 

left: unstained, depleted cell population. Bottom right: stained and depleted cell population. 

The same gating parameters were used for all four plots. 

 

To allow optimal proliferation and maintain high cell viability, 1x105 T cells in 50 µl of 

cell culture media were plated in each well of a 96-well round-bottom culture plate. Cells 

were allowed to aggregate and expand undisturbed for at least four days before proceeding 

to the next step. At least a 65% T cell viability is desired at the end of the activation period 

to ensure that the cells will actively attach and migrate in the 3D TME of PDAC tumor 

slices. If using previously frozen down T cells, the cells were allowed to recover for at least 

24 hours before any subsequent experiments. 
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4.4 T cell Seeding and Tracking on Tumor Slice  

 

Fully activated high viability (>65%) mCD8+ T cells were first stained with CellTracker 

Green fluorescent dye to allow cell virtualization under MPLSM, then seeded on top of an 

individual KPC/KPCT tumor slice and incubated at 37˚C, 5% CO2 for an hour to allow T 

cell infiltration into the tumor. T cells that did not infiltrate into the tumor were later washed 

off using warm media. Imaging of the T cells and tumor slice were done using MPLSM 

and SHG. Due to the low phototoxicity and superior imaging depth of MPLSM, T cell 

migration can be captured in 3D for up to 3 hours. Here, time-lapse imaging of T cell 

migration on tumor slice was obtained by creating a three-channel T-series (1.5-minute 

interval for up to 45 minutes) that incorporated with a Z-series (75 µm depth at 5 µm step-

size) (Figure 4 A-B). T cell migration on the tumor slice can be tracked using the ImageJ 

plugin – Trackmate (Figure 4C) after correcting 3D drift by registering off with the 

collagen channel, which is more stable during imaging. Various filters such as quality, 

x/y/z axis, visibility to filtered out undesired region and spots. The tracks were then 

extracted and further analyzed using the persistence random walk model. See the method 

section for detail. By fitting to the model, T cell speed, motility, and persistence can be 

assessed and compared between different regions.  

The method presented here serves as a promising tool to study the dynamic interaction 

between immune cells, cancerous cells, and the surrounding tumor stroma. Utilizing those 

tools can potentially help us gain insight into PDAC disease progression and metastasis as 

well as novel therapeutic approaches.  
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A.  B.  C.   

CD8+ T cell KPCT Tumor Cells Collagen 
Figure 6:CD8+ T cell migration tracking on mouse pancreatic tumor slice. (A). 

Representative image of maximum intensity projection of a typical KPCT tumor slice 

seeded with CD8+ T cell (green). Red: carcinoma cells, cyan: collagen fiber. (B) 3D 

rendering view of a 75 µm z-stack of the KPCT tumor slices seeded with CD8+ T cell. (C): 

Representative image of CD8+ T cell migration trajectories generated using Trackmate, 

showing the local tracks only, track color indicates maximum velocity (lowest: blue). Scale 

bar: 200 

 

4.5 T Cell Migration Differs in Different Regions of the TME 

To better understand the dynamics of T cell migration in different regions of the TME, 

mainly carcinoma cell-rich region versus stroma-rich region, the 3D speed and motility of 

the plated mCD8+ T cells were analyzed. See the method section for detail. Generally, T 

cells migrate faster in the carcinoma-rich region than in the stroma-rich region (Figure 8 

and movie 2-9). In fact, a majority of the T cells seem to be trapped in the dense collagen 

region (Figure 8 D-F), consistent with previous studies (ref.). However, it was also 

observed that even in the stroma-rich region of the TME, T cells migration speed could 

significantly improve when the collagen network is less compact and migrate along the 

collagen fibers via contact guidance. Though not analyzed in this study, it would be 

interesting to perse out this behavior and build a model to simulate the T cell migration 

patterns under different collagen architecture.  
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                 0 Minute                              15 Minutes                                      25 Minute 

A. B.  C.  
  

D. E.    F.  
CD8+ T cell KPCT Tumor Cells Collagen 

Figure 7: Representative images of CD8+ T cell migration in the carcinoma-rich (Top row) 

and stroma-rich (bottom row) regions of the PDAC tumor microenvironment. Yellow 

arrow pointed at the same cell at different time points.  

 
Bulk analysis of CD8+ T cell migration in the KPCT tumor slice revealed that both the 3D 

speed and motility of the CD8+ T cells increased significantly (P < 0.001 for both cases) in 

the carcinoma-rich region compare to that of the stroma rich region. In fact, there was 

almost a 2 (1.96) fold change in motility in the carcinoma-rich region with respect to that 

of the stroma-rich region. In addition, there was also a 36% fold change in 3D speed (data 

not shown).  
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A.      B.    C.  

Figure 8: Statistic analysis of CD8+ T cell migration characteristics in the carcinoma-rich 

and stroma-rich regions of the KPCT TME. (A) Total motility (B). Motility fold change 

with respect to CD8+motility in the stroma-rich region. (C)3D speed. Unpaired two-way 

Welsch's t-test was used to determine if the difference between the two groups were 

significant. P values were list on the top of the corresponding groups. P < 0.05 is 

considered significant.  

 

4.6 Discussion  

T cells need to migrate efficiently into the tumor to perform their cytotoxic function to 

suppress tumor progression (Nicolas-Boluda & Donnadieu, 2019). The result presented 

here indicates that the motility and speed of T cells increased significantly in the carcinoma 

region compare to that in the stroma-rich region, consistent with previous migration studies 

done in human lung and ovarian cancers (Bougherara et al., 2015). In the 2020 study, 

Sadjadi and colleagues examined trajectories of human CD8+ T cell migration using 3D 

collagen gel matrixes that mimic the ECM, and they found that T cell migration pattern 

can be grouped into fast, slow, and mixed motility, where slow motility T cells seem to 

create channels through the collagen matrix and fast motility T cells use the created 

channels to migrate in the matrix (Sadjadi et al., 2020). In the present study, much of the 
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space was occupied by tumor cells in the carcinoma-rich region, but there was still a loose 

collagen network exist to provide structural support and critical signals for tumor cell 

growth. T cells plated on those regions, therefore, can utilize the loose fibers as highways 

to rapidly navigate and migrate through the TME. On the other, the stroma-rich regions are 

mainly composed of collagens, and during PDAC progression, the collagen architecture 

was often remodeled to elevate collagen density, which is also observed here. It can be 

seen that the T cells were actively trying to escape from the dense collagen region but were 

unable to break the collagen fiber, thus, became trapped inside, leading to low motility. If 

this dense stroma barrier can be broken down, it is likely to aid in the navigation and 

migration of the effect T cell, which could lead to increased adaptive immunity against 

malignant cells, thus mounting a more effective defense against the cancer progression.  

4.5 Conclusion  

Here we presented a method to study CD8+ T cell migration in the 3D naïve PADC TME 

using freshly harvested pancreatic tumor from the genetically engineered mouse model, 

KPCT, that closely assembles many of the disease characteristics in human PDAC, 

including elevated collagen density. The prepared tumor slice can be cultured for up to six 

days in a collagen-coated organotypic culture insert, which allows CD8+ harvested from 

the spleen of the same mouse to become fully activated. The ability to use the T cell and 

tumor slice from the same mouse provides a powerful tool that can fully resemble the 

biological changes happening during PDAC progression. Next, we aim to examine whether 

the migration characteristics of the CD8+ T cells differ in carcinoma-rich and stroma-rich 

regions of the TME. Indeed, there was a statistically significant difference (P<0.001) in 

both the cell 3D speed and motility. In addition, T cells were observed to become trapped 
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inside dense collagen fiber, where it actively tries to escape but unable to do so. 

Furthermore, while dense collagen creates a barrier for T cell migration, loose collagen 

fibers present in the carcinoma-rich region actually aids in T cell motility and speed, 

probably via contact guidance. The results here are consistent with previous studies on 

CD8+ migration in both human lung and ovarian cancer (Bougherara et al., 2015). The 

results here illustrate that CD8+ T cells can rapidly migrate in the TME to actively search 

for tumorigenic cells if they can break the stroma barrier created by the dense collagen 

fiber network. Therefore, approaches like stroma-targeted therapy (STT) could have great 

potentials in advancing immune response against cancer cells and as a novel therapeutic 

option when using in conjecture with other treatments like chemotherapy and radiation 

therapy.  
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Chapter 5: Limitations and Future Study 

Mouse PDAC tumor slices from GEMM were used as a faithful platform. However, even 

though mouse PDAC tumor shares many similar features with human tumor, but still 

cannot completely represent the autochthonous of human PDAC such that 

altered/additional pathways and interactions might be present in human tumor. It will be 

much more powerful if human PDAC tumor slice and T cells can be included in future 

migration studies. In addition, the T cell migration was imaged in 1.5 minutes per frame 

while T cells move in the second's range, resulting in gaps between cell movement that can 

potentially influence the accuracy of the cell tracking. One other limitation lies with the 

heterogeneity of the PDAC tumor tissue that has inhered variability on tumor tissue 

architecture. This variability can be reduced if multiple locations can be imaged at the same 

time on the same tumor; right now, the MPLSM stage can only image two locations within 

the tumor slice. 

Despite the aforementioned limitation, the result from this study indicates T cell migration 

is largely limited by the dense collagen fibers present in the stroma, while the loose 

collagen fibers in the carcinoma-rich region can be exploited by T cells to navigate and 

migrate more efficiently in the 3D TME. Thus, stroma-targeted therapy that breaks down 

the stroma barrier using collagenase or hyaluronidase in combination with immunotherapy 

can have great potential as a novel therapeutic approach in PDAC. In addition, T cells 

movement in the tissue usually has been previously reported to follow a Brownian or even 

subdiffusive dynamics, but a switch in slow and fast motility was also observed; thus, 

further analysis of the interaction between T cells and carcinoma cells is wanted for 

understanding the dynamic migration behavior of cytotoxic T cells once a tumor antigen is 
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recognized. Examine the mechanism underlying the motility change can shed light on 

potential therapeutic approaches.  
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Appendix 

Appendix A: Videos 

Time Lapse microscopy videos referred to in the thesis can be found in this link. For 

description of each movie, refer to “List of videos”.  
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