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1. Introduction 

1.1 Pancreatic Cancer 

Pancreatic cancer is the fourth leading cause of cancer death preceded by lung, colon and 

breast/prostate cancer (Siegel et al. 2017). Approximately 17,000 people were diagnosed with 

pancreatic cancer in Germany in 2014 (www.krebsdaten.de). It has a dismal 5-year survival 

rate of 5% due to the lack of symptoms in early stages and detection at the later already 

metastatic stages (Jemal 2017). Potential risk factor for developing pancreatic cancer are 

genetic predispositions, such as mutations in BRCA2, CDKN2A, PRSS1, STK11 and PALB2 

gene loci (Grant et al. 2015). Furthermore, recent analyses indicate a positive correlation 

between inflammation and pancreatic cancer, especially chronic pancreatitis is responsible for 

pancreatic ductal adenocarcinoma in adult mice (Seimiya et al. 2018; Guerra et al. 2007). 

Various studies have identified three different types of potential precursor lesions for pancreatic 

cancer (Ren et al. 2019). These include intraductal papillary mucinous neoplasms (IPMN), 

which arise in main pancreatic ducts or their major branches, mucinous cystic neoplasms 

(MCN) and Pancreatic Intraepithelial Neoplasia (PanIN) lesions which are assumed to 

originate from transdifferentiation of acinar cells (Ren et al. 2019). The majority of pancreatic 

cancer types are adenocarcinomas of the exocrine pancreas which are arise very likely from 

PanINs (Ren et al. 2019).  

1.2 Development and Progression of Pancreatic Ductal Adenocarcinoma  

Pancreatic ductal adenocarcinoma accounts for almost 90% of all malignant pancreatic 

neoplasms which have been shown to develop through different precursor lesion stages, 

characterized by morphologic and genetic changes (Ren et al. 2019; Vincent et al. 2011). These 

changes are often a result from a series of mutations in various proto-oncogenes and tumor-

suppressor genes. The most prevalent and significant proto-oncogene in pancreatic cancer is 

KRAS (Kamisawa et al. 2016). Together with additional tissue damage, these genetic alterations 

lead to metaplasia of acinar cells (acinar-to-ductal metaplasia [ADM]) (He et al. 2018). ADMs 

are precursors of PanIN lesions and were shown to arise from acinar cells (He et al. 2018). This 

transdifferentiation is caused by acinar injury, induced by pancreatic inflammation 

(pancreatitis), epidermal growth factor receptor activation, and by a mutated KRAS proto-

oncogene (He et al. 2018; Kirkegard et al. 2017). Further progression of those PanIN lesions 

lead to pancreatic cancer (Yamaguchi et al. 2018). PanIN are classified in three grades; PanIN-

1, PanIN-2, and PanIN-3. In order from least severe to most severe, based on the degree of 

dysplasia, whereby the last stage is already a carcinoma-in-situ (Distler et al. 2014). 
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Figure 1: Classification of PanIN lesions based on Basturk et al. 2015 

Figure shows ADMs (arrowhead) and PanIN lesions (arrows). Blue mucin content is the 

characteristic feature of PanINs which is used to differentiate between ADM and PanIN Size bars 

indicate 100 µm.  

PanIN: Pancreatic intraepithelial neoplasia; ADM: Acinar-to-ductal metaplasia  

 

Normal pancreatic ductal cells show cuboidal and low columnar epithelium absent of mucinous 

cytoplasm (Basturk et al. 2015). PanIN-1 lesions are tall columnar cells, basally located nuclei, 

and supranuclear mucin, whereas PanIN-2 lesions display nuclear abnormalities and can be flat 

or papillary (Basturk et al. 2015). Characteristic of PanIN-3 lesions are their papillary or 

micropapillary architecture and the appearance of small clusters of epithelial cells budding off 

into the lumen (Basturk et al. 2015). 

Pro oncogenic KRAS mutation is found in more than 90% of cancer cases and can already be 

detected in the early PanIN-1 formations with a progressive increase correlating to PanIN levels 

(Biankin et al. 2012; He et al. 2018). KRAS mutations have also been detected in 30% of 

chronic pancreatitis patients, a condition that is a known risk factor for PDAC (Kamisawa et al. 

2016). Other alterations in early disease stage include overexpressed ERBB2 and EGFR 

(Kamisawa et al. 2016).  

PDAC development is accompanied by a desmoplastic reaction, comprised of cellular 

components such as fibroblasts, stellate cells, immune cells, and non-cellular multiple 

extracellular matrix (ECM) proteins (Ahrens et al. 2017). This reaction starts much earlier than 

an actual carcinoma occurs and is frequently observed around PanINs in very early stages of 

disease (Ahrens et al. 2017). It is also known as a resistance factor to chemotherapy/radiation 

therapy and a drug delivery barrier (Neesse et al. 2011).  One of the most important stromal 

components are the pancreatic stellate cells (PSC). PSC actively proliferate, migrate, and 

produce ECM proteins, including type I and III collagen, laminin and fibronectin (Habisch et 

al. 2010; Ohlund et al. 2017). Additionally, activated PSCs secrete metallo-proteases, cytokines 

and growth factors which stimulate cancer cells to proliferate, migrate and invade local and 
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distant organs (Wehr et al. 2011). Taken together, all these effects of PSCs lead them to be 

considered a main source of stroma production and an important factor to cancer promotion and 

sustain.  

Inflammatory cells are another crucial cell population in stromal tissue of PDAC (Clark et al. 

2007). Clark et al. have shown that infiltrating immune cells are mainly composed of myeloid-

derived suppressor cells (MDSC), regulatory T-lymphocytes (Treg), and tumor-associated 

immunosuppressive macrophages (TAM) (Banerjee et al. 2018; Clark et al. 2007). An 

increased number of CD8+ and natural killer cells are associated with better prognosis and are 

less frequently seen in pancreatic cancer (Banerjee et al. 2018; Clark et al. 2007). It is assumed 

that an early infiltration of immune suppressing cells (MDSC, TAM and Treg) as well as the 

stromal microenvironment are responsible for permitting anti-tumorigenic reaction by subduing 

effector T cell attraction, activation and their access to tumor cells (Banerjee et al. 2018; Clark 

et al. 2007). 

1.3 Inflammation in PDAC Development 

In various organs, inflammation is often associated with neoplastic changes, and pancreatic 

cancer is no exception (Banerjee et al. 2018; Clark et al. 2007). Chronic and recurrent 

inflammations of the pancreas is highly associated with PDAC. COX-2, an inflammatory 

enzyme, has been reported to be elevated in human pancreatic cancer and PanINs lesions 

(Pomianowska et al. 2014). These results indicated a strong correlation between inflammation 

and pancreatic cancer. It has been predicted as an important possible target for pancreatic cancer 

treatment (Pomianowska et al. 2014). The inhibition of COX-2 by celecoxib resulted in reduced 

tumor growth in pancreatic cancer, but it has not been clearly identified how COX-2 is regulated 

during PDAC progression (Pomianowska et al. 2014). 

The initiation and maintenance of inflammation with accompanied immunosuppression are 

caused through different types of leukocytes of innate and adaptive immune cells, including 

normal and tumor-associated macrophages, neutrophils, dendritic cells, mast cells and 

lymphocytes (Zhang et al. 2017; Liou et al. 2013; Greer et al. 2013). Clark et al. characterized 

the pancreas infiltrating immune cells at different stages of normal and tumorous pancreata 

using a mouse model that mimics human pancreatic cancer through induction of the oncogenic 

KRAS gene (Melstrom et al. 2017; Clark et al. 2007). Tumor-associated-macrophages, MDSC 

and regulatory T-lymphocytes are observed in early stages of disease with PanIN lesions 

(Melstrom et al. 2017; Clark et al. 2007). Macrophages are a dominating and important cell 

type and persist throughout progression from PanIN lesions until PDAC development (Clark et 
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al. 2007; Melstrom et al. 2017). Tumor-associated macrophages (TAM) mostly promote tumor 

development and metastasis by its function as an ECM producing and degrading cell type. By 

remodelling the environmental stroma through releasing MMPs and collagens, they seem to 

facilitate cell migration within the tumor (Ostrand-Rosenberg et al. 2012; Ruffell, Affara and 

Coussens 2012). Macrophages are distinguished by their function as either M1 and M2 

macrophages, whereby the M1 subtype is more anti-tumorigenic and M2 macrophages have 

tumor-promoting features (Ruffell, Affara and Coussens 2012; Ostrand-Rosenberg et al. 2012). 

CD8+ cells are responsible for killing cells expressing a foreign antigen and for tumor 

surveillance (Melstrom et al. 2017). Unfortunately, these CD8+ T-lymphocytes are scarcely 

seen in PDAC (Melstrom et al. 2017; Clark et al. 2007). This phenomenon is assumed to be 

associated with MDSC domination, inverse correlation between the prevalence of MDSC and 

the prevalence of CD8+ T cells (Melstrom et al. 2017; Clark et al. 2007). An anti-tumor activity 

and a significantly positive clinical outcome in pancreatic cancer with increased CD8+ cells 

infiltration has been shown (Melstrom et al. 2017). CD4+ T-cells can differentiate into Th1, Th2, 

and Treg subpopulations and have various functions (Luheshi et al. 2014). Th1 cells produce 

several cytokines such as IL-2, TNF-α, and IFN-γ, which lead to T-cell proliferation, activation 

and differentiation of macrophages as well as inhibition of Th2 cells (Luheshi et al. 2014). Th2 

cells, in contrast, were assumed to have pro-tumorigenic effects with tumor-promoting function 

as well as with reduced survival of patients with pancreatic cancer (De Monte et al. 2016). 

Other tumor supporting cells are regulatory T-cells (Treg) cells. Treg cells are important for 

immunological self-tolerance. They are assumed to impair the anti-tumor immune response in 

various cancer types (Joshi et al. 2015). Increased Treg cells were found in peripheral blood and 

in the microenvironment of patients with pancreatic cancer (Jang et al. 2017; Clark et al. 2007). 

It is also known that Treg cell infiltration correlates with progression of pre-neoplastic lesions 

and metastasis. This Treg cell infiltration also negatively correlates with patient survival rate 

(Jang et al. 2017; Tang et al. 2014). Treg cells inhibit IL-2 production, promote cell-cycle arrest 

in CD4+ and CD8+ T-cells and lead to a decreased CD8 activation (Jang et al. 2017).  

CD40 is a membrane glycoprotein member of the TNF receptor family and it is present on 

various cell populations including dendritic cells, monocytes and B lymphocytes (Beatty et al. 

2011). It is considered as a potential therapeutic target in recent years (Jang et al. 2017). 

Activation of CD40+ cells drives a T- and dendritic cell response and leads to a tumor 

suppressive microenvironment (Beatty et al. 2011; Jang et al. 2017). CD40 activation also 

promotes pro-inflammatory cytokines, that result in an anti-tumor response. Beatty et al. aimed 

to suppress T-cell promoted progression by using CD40 antibodies and the result showed a 
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tumor regression by reprogramming of M2 TAMs into anti-tumor M1 TAMs (Beatty et al. 

2011; Jang et al. 2017).  

1.4 Recent and Potential Therapy of Pancreatic Cancer 

Surgical resection is currently the only curative therapeutic strategy for pancreatic cancer 

(Muranaka et al. 2017). A late stage disease with metastasis is treated with Folforinox protocols 

and a combination of gemcitabine and nanoparticle albumin-bound paclitaxel (Muranaka et al. 

2017). Various colorectal carcinomas are already treated with targeted therapies, but there are 

no comparable therapy strategies for pancreatic cancer, with the exception of tyrosine kinase 

inhibitor erlotinib in combination with gemcitabine (Hammel et al. 2016). A dismal 5-year 

survival rate shows the need for more therapeutic strategies (Hammel et al. 2016). In recent 

years, there has been important progress in understanding the biology and molecular 

mechanism of pancreatic cancer development, but still no proper targeted therapy options were 

available (Hammel et al. 2016). It has been shown in pancreatic cancer cells, that increased 

PKD1 level increases the invasiveness of PDAC (Ochi et al. 2011). Recent studies have 

revealed the serine-threonine family PKD (Protein Kinase D) as a possible therapeutic target 

for PDACs (Harikumar et al. 2010). The first orally bioavailable and tumor growth-blocking 

agent was found by Guha et al. (Harikumar et al. 2010, Guha et al. 2010). They used a tumor 

model, that was treated with a PKD inhibitor. It increased cell apoptosis and significantly 

abrogated pancreatic cancer growth (Harikumar et al. 2010). These results encourage further 

investigations regarding PKD1 and its possible uses as a potential therapeutic target. Hence, we 

decided to investigate the role for PKD1 in PDAC in a mouse model.  
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1.5 The Serine-Threonine Protein Kinase D 

1.5.1 Structure  

The PKD family is a serine-threonine kinase that is comprised of PKD1, PKD2 and PKD3 

which play important roles in different biological cell functions and various diseases (Roy et 

al. 2017). The important structural characteristics of the PKD family are the C-terminal 

catalytic domain and the N-terminal regulatory domain. All three isoforms contain a cystein-

rich domain with two Zinc-finger like structures (C1a and C1b) and a pleckstrin homology 

domain (PH) (Roy et al. 2017). The N-terminal domains of PKD1 and PKD2 are known as the 

negative kinase activity domain, as well as the PH domain. The deletion of those regions results 

in an increased activity of PKD1 and 2, whereas the C1a and C1b regions in PKD2 seem to be 

acting as a stimulator of the kinase activity (Roy et al. 2017). 

 

Figure 2: PKD family 

Graph shows the molecular structure of the PKD-Family. All three isoforms contain a N-terminal 

regulatory domain, a zinc finger-like cysteine-rich domain (called CIa and CIb), a plekstrin homology 

(PH) domain and a C-terminal catalytic domain. 

AP: alanin-/proline-rich domain; C: COOH-terminus; C1a/C1b: cysteine-rich domain; N: NH2-

terminus; P: proline-rich domain; S: serine-rich domain; AC: acidic domain; PH: pleckstrin homology 

domain; (Figure based on Roy et al. 2017) 

 

1.5.2 PKD Function PKD1 

PKD1 is the most studied member of the family and is associated with various cancer 

development processes by regulating different cell functions such as cell proliferation, cell 

motility, cell polarity, angiogenesis and inflammation (Guha et al. 2010).  
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Dysregulation in cell proliferation and apoptosis are main characteristics of cancer initiation 

and progression, including pancreatic cancer (Harikumar et al. 2010). Cytokines, such as tumor 

necrosis factor α (TNFα), an important contributor to PDAC as an apoptosis initiator, can be 

affected in its function by overexpressed PKD1, leading to an inhibition of the apoptosis process 

in cells (Harikumar et al. 2010). Furthermore, the activation of NF-κB as a response to oxidative 

stress-induced cell death, is also mediated by PKD (Harikumar et al. 2010). Activation is 

induced by phosphorylation at the PH domain by the Src and Abl tyrosine kinases and activates 

in turn the NF-κB pathway via IKK beta (Harikumar et al. 2010). This reaction induces an 

inflammatory response and prevents the cells from apoptosis (Harikumar et al. 2010). Invasion 

by degradation of extracellular matrix and basal membranes by matrix metalloproteinases is a 

crucial step in tumor spreading (Eisler et al. 2009). Previous studies have shown contrasting 

effects of PKD1 in cell migration and tumor cell invasion (Eisler et al. 2009). For breast and 

prostate cancer there have been shown a decreasing cell invasiveness potential for PKD1 

signalling, whereas other research groups have revealed the tumor growth prevention effect of 

PKD1-inhibitors (Eiseler et al. 2009; Harikumar et al. 2010, 2010; Peterburs et al. 2009). It 

appears that its exact influence depends on context of activation. In pancreatic cancer cells, it 

has been shown that increased PKD1 level increases the invasiveness of PDAC (Ochi et al. 

2011). Further studies have affirmed the effect of preventing tumor invasiveness by PKD1 

(Eiseler et al. 2012). They have revealed that PKD1 knockdown lead to enhanced tumor cell 

invasion but has an inhibitory effect on cell proliferation (Eiseler et al. 2012). So, they proposed 

an anti-invasiveness and pro-proliferative feature for PKD1, whereas the PKD2 isoform is 

considered to be a tumor invasiveness promoting protein (Wille, Seufferlein and Eiseler 2014). 

Tumor invasion also requires the ability to degrade ECM, especially by secreting MMPs (Wille 

et al. 2014). This part is mostly taken over by PKD2 and its ability to enhance MMP7/9 

secretion (Wille et al. 2014). MMP-7 and -9 are shown to regulate tumor invasiveness, 

especially enhancement of pancreatic cancer cell invasiveness in 3D-ECM fibroblast overlay 

invasion, and CAM (chorioallantois membrane) models (Wille et al. 2014). In the same study, 

MMP9 regulates and enhance PKD2-mediated tumor angiogenesis by regulating VEGF-A 

secretion and therefore its effects of tumor vascularization and growth, which is a known, 

important factor for various cancer types (Wille et al. 2014). It has been described that PKD1 

can be activated in PDAC by oncogenic KRAS (Liou et al. 2015). This stimulation leads to 

activation of NF-κB and its downstream pathways, that activate inflammatory reactions and 

may lead to ADM formations and upregulation of inflammatory cytokines (Liou et al. 2013). 

Previous data has suggested that PKD1 expression is comparably low in many PDACs whereas 
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PKD-2 is up-regulated in PDAC, which lead to further investigations in order to assess their 

possibilities for a therapeutic target (Azoitei et al. 2010; Porzner and Seufferlein 2011, Wille et 

al. 2014). Those results lead to further studies about PKD1 inhibitors as a potential therapy, but 

there is still need for more investigations in order to find an effective therapeutic agent.  

1.6 Murine Model of PDAC Development 

Before development of genetically engineered mouse models (GEMMs) of pancreatic cancer, 

tumor transplantation models were used to assess cancer cells in mouse models (Kim et. al. 

2009). Human pancreatic tumor cell lines were implanted in mice and further investigations 

were made to acquire information about tumor growth and behaviour (Kim et. al. 2009). These 

models however, do not recapitulate the development and induction of immune tolerance that 

occurs in human pancreatic cancer. An implantation leads to immune activation and alterations 

of the tumor microenvironment, so that there was a need for another investigation model, the 

GEMMs. GEMMs spontaneously develop PanINs and pancreatic cancer in the context of a 

competent and intact immune system (Hingorani et al. 2005; Beatty et al. 2011). GEMMs are 

suitable to study pancreatic cancer from its initiation to fully developed tumor in a 

microenvironment that is not affected by immune reactions to implanted cells of other origin 

(human or mice). Hingorani et al. generated a mouse model with conditional expression of 

endogenous LSL-KrasG12D allele to pancreatic progenitor cells, P48-Cre and Pdx1 that 

recapitulates the full spectrum of human pancreatic carcinogenesis with its precursor lesions 

and progress to PDAC (Hingorani et al. 2003). p48 is a transcription factor that is important for 

pancreatic development and is expressed early in pancreatic progenitor cells with relatively 

restricted expression in non-pancreatic cells. p48 is already in all pancreatic cells in early stages 

of organogenesis, but in mature cells it is restricted to acinar cells (Kawaguchi et al. 2002). The 

LSL-KRASG12D mouse strain harbours a mutant KRAS allele, that contains a glycine to aspartic 

acid transition in codon 12 with an upstream STOP cassette flanked by LoxP sites to prevent 

expression of this allele (Jackson et al. 2001). By crossing these mice with mice, harbouring 

tissue-specific Cre-recombinase (Pdx-1 or p48), the stop allele is excised and a pancreatic 

specific oncogenic KRAS expressing mouse model is generated (Hingorani et al. 2003). This 

oncogenic KRAS mutation leads to intrinsic and extrinsic GTPase activity with constitutive 

downstream signalling of Ras effector pathways (Hingorani 2003). These mice developed 

pancreatic cancer, resembling the human pancreatic cancer histologically as well as mimicking 

the development from normal acini to carcinoma-in-situ (Hingorani 2003). All three PanIN 

lesion stages were seen in those pancreata, similar to human PDAC only in small, intralobular 

ducts with mucus-producing goblet cells (Hingorani et al. 2003). Also similar to human PDAC, 
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it is the desmoplastic reaction with abundant stromal tissue observed in those mice strains 

(Hingorani et al. 2003). Based on this KRAS model, there have been created many further mouse 

models that contain various mutations, additionally to KRAS.  

1.7 Aim of the study 

Previous studies suggested that PKD1 impairs the motility and invasiveness of tumor cells 

including pancreatic cancer cells. They also show a correlation between invasive tumor stages 

and low PKD1 expression levels (Peterburs et al. 2009; Eiseler et al., 2007, 2009, 2010; Wille 

et al. 2014). This data also indicates also a role for PKD1 in pancreatic cancer and leads to the 

idea of a potential therapeutic target for PDAC.  

The objective of my thesis is to characterize the effect of PKD1 targeting in an oncogenic 

KRASG12D mouse model. As a slow progressing mouse model, it is suitable to study pancreatic 

cancer development from early stages to fully developed tumor.  

Aim 1:  Characterisation of progression from ADM to PanINs  

- The effect of PKD1 knockout will be investigated by comparing the pancreata of 3 

different mouse lines (p48-Cre-KRASG12D; p48-Cre-PKD1−/−; p48-Cre-KRASG12D-

PKD1−/−) at 3 different time points (after 2, 5, and 9 months).  

- The pancreas sections will be analysed for precursor lesions and other structural changes 

by immunohistochemical methods.  

Aim 2: Characterisation of desmoplastic reaction 

- We will analyse the composition of stroma to the outcome of PKD1 targeting on 

tumorigenic microenvironment by immunohistochemical methods.  
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2. Material and Methods 

2.1 Material  

All the chemicals used in this study were purchased from Abcam (Cambridge, UK), AppliChem 

(Darmstadt, D), BD Phamingen (New Jersey, USA), MP Biomedicals, Cell Signalling 

(Frankfurt am Main, D), Carl Roth (Karlsruhe, D), Dako (Hamburg, D), Otto Fischar GmbH 

(Saarbrücken, D), Jackson Immunoresearch (Newmarket ,UK), Merck (Darmstadt, D), 

Monosan (Beutelsbach, D), Roche Diagnostics GmbH (Mannheim, D), Santa Cruz (Santa Cruz, 

USA), AbD Serotec (Puchheim, D), Serva Electrophoresis GmbH (Heidelberg, D), Sigma 

Aldrich (Munich, D), Thermo Scintific (Schwerte, D), Uniklinikum Apotheke Ulm (Ulm, D), 

Vector Lab (Loerrach, D) unless otherwise specified. 

2.1.1 Buffers and Solutions  

Following buffers and solutions were used: 

2.1.1.1 PBS 1%, pH 7.4 

Following ingredient were dissolved in 500 ml dH2O: 

Table 1: Ingredient dissolved in 500 ml distilled water for PBS 1% (Phosphate-buffered 

saline) 

 

2.1.1.2 Tris-Buffered Saline 0.05% TWEEN (TBS-T), pH7.6 

Table 2: Ingredient dissolved in 500 ml distilled water for 0.05% TBS-T (Tris-buffered 

saline TWEEN) 

 

2.1.1.3 Eosin staining substance 0.1% 

Table 3: Ingredient for Eosin staining dissolved in double-distilled water (ddH2O) 

 

Substance Amount

NaCl 4 g

KCl 0.1g

Na2HPO4 0.72 g

KH2PO4 0.12 g

Substance Amount Company

Tris Base 1.21 g

NaCl 4 g

TWEEN® 20 0.25 ml Sigma Aldrich,#P7949

Substance Amount Company

Eosin 0.1 g Carl Roth GmbH, #70891

ddH2O 20 ml

95% EtOH 80 ml

70% EtOH 150 ml

Acetic Acid 1 ml
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2.1.1.4 Alcian Blue Solution 1%, pH 2.5 

1 g of Alcian Blue was dissolved in 100 ml of 3% acetic acid solution 

2.1.1.5 Azokarmin G 1% solution 

1 g Azokarmin G was dissolved in 1000 ml dH2O, boiled and filtered. Then 10 ml Acetic acid 

was added and mixed again. 

2.1.1.6 Aniline Blue 0.5% - Orange G 2% solution 

5 g of Aniline Blue, 20 g of Orange G were dissolved in 1000 ml dH2O, boiled and filtered. 

Then 10 ml Acetic acid was added and mixed again. 

2.2 Methods 

We used following mouse lines:  

1. PDAC promoting endogenous KRASG12D expressing mouse models under control of p48 

promoter (p48-Cre-KRASG12D),  

2. conditional pancreas specific PKD1 knockout mouse model (p48-Cre-PKD1−/−) and  

3. a mouse model expressing oncogenic activated KRAS mutation and simultaneous knockout 

of PKD1 under control of p48 promoter. (p48-Cre-KRASG12D-PKD1−/−).  

The animals were sacrificed after 2, 5 and 9months and the organs were collected for IHC 

stainings and protein analyses. These experiments were performed under approved conditions 

of the University Animal Care Committee and the Federal Authorities for animal research with 

the project license TVA1280 (Tübingen, Germany, according to “Tierschutzgesetz §8 

Absatz1”). 

2.2.1 Tissue processing for immunohistochemistry 

The tissues were fixed with 4% formaldehyde (Sigma-Aldrich), a semi-reversible, covalent 

crosslinking reagent. After fixing, the sections were processed in graded alcohol (70 %, 96 %, 

100 % ethanol), Xylol and embedded in paraffin wax to maintain the original architecture. 

Cooled Tissue Paraffin blocks were cut in 5 µm thick sections, using the microtom (Thermo 

Scientific® Micron, HM355S). Then the sections were collected and positioned on a 

microscope slide (Roth LH25.1, #31023052), and dried overnight in a 58°C preheated 

incubator. In this state, the sections were stored until they were used for stainings. 

2.2.2 Stainings  

2.2.2.1 Hematoxylin, Eosin and Alcian blue stainings 

Hematoxylin and eosin stain (H&E) is a widely used histological staining method to reveal 

tissue structures. It serves as a method to distinguish different morphological structures of an 

organ based on two different dyes. It is used to get a first overview of tissue formations for 
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further investigations and particular aspects. While Haemalaun stains basophil structures blue, 

eosin stains the eosinophil structures red. The following procedure was used: 

For H&E staining, unstained sections were deparaffinized in graded alcohol and xylene and 

placed in Haemalaun for 1 min. The sections were thrn rinsed with water and placed in Eosin 

for 2 min. After rinsed again with water, the sections were dehydrated by graded alcohol series 

and xylene.  

For Azan staining, after deparaffinization, the sections were placed in 58°C preheated 

Azokarmin for 15 min, 4 min in 1% Aniline, 1 min in Acetic acid alcohol, 30 min in 5% 

Phosphotungstic acid and 15 min in Aniline Blue-Orange G. 

Alcian Blue staining was performed with Alcian Blue solution for 15 min after 

deparaffinization. After 2 min of rinsing with water, the sections were placed in Nuclear Fast 

Red for 5 min and afterwards dehydrated. 

2.2.2.2 Immunohistochemistry 

The Immunohistochemistry refers to a process used in medical and biological researches to 

detect proteins or other structures by using special antibodies for various antigen. This method 

is composed of three crucial sub-processes. These are: preparation of tissue, incubation with 

antibodies and the visualization of the antibody-antigen complex. 

After deparaffinization and rehydration, the crosslinking of proteins which emerge during 

formalin fixation of the organ, the epitopes had to be revealed. To undo the crosslink, a heat-

induced epitope retrieval (HIER) was used. As an alternative way to HIER, there was also used 

Proteinase for epitope retrieval in some stainings. Minimizing of non-specific staining requires 

therefore various blocking steps. The sections were blocked with 3% of hydrogen peroxide to 

clear the endogenous peroxidase activity, the Avidin-Biotin Blocking Kit (Vector Lab, 

#SP2001) to block the endogenous biotin and for each antibody a specific blocking serum (for 

more details see table 1). 

To label and visualize the specific antigens an indirect staining method with an unlabelled 

primary antibody and a biotin labelled antibody was used. The biotin-labelled antibody was 

visualized the ABC-Kit was applied. This third layer with a peroxidase end can be detected 

with the NovaRED Kit (VectorLab, #SK-4800). This step is followed by a counter staining step 

with Mayers Haemalaun (Merck, #1.09249.2500). 
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Table 4: Additional specified information to the general IHC protocol described above 

AB: Antibody; AUS: Antigen Unmasking Solution (VectorLab, #H-3300); DTRS: Dako Target 

Retrieval Solution; TRIS: Tris(hydroxymethyl)aminomethane; EDTA: Ethylenediamine tetraacetic 

acid 

 

2.2.2.3 Imaging  

The Keyence BZ-9000E (Biorevo) microscope was used to image the stained sections. The 

complete sections were imaged with 2x magnification to get an overview and the complete 

tissue size was calculated for normalization. The images were made with a 20x magnification 

to count stained cells. Analysis of IHC images were performed by imagej software 

(http://imagej.nih.gov/ij/)J. Cell counter plugin was used to count cells of complete tissue 

sections and colour deconvolution plugin was used to obtain percentage of the stained area. To 

compare different sections with various sizes, the number of cells were normalized to section 

size. 

  

Epitop AB  Retrieval Solution AB Dilution Secondary AB

B220 AUS 1/200 Anti-Mouse

CD3 AUS 1/200 Anti-Rabbit

CD4 Tris-EDTA 1/50 Anti-Mouse

CD40 EDTA 1/50 Anti-Rat

CD45 DTRS 1/50 Anti-Rat

CD8 AUS 1/200 Anti-Mouse

CK19 AUS 1/200 Anti-Rat

COX2 AUS 1/300 Anti-Rabbit

F4/80 Proteinase K 1/800 Anti-Rat

LY6G AUS 1/300 Anti-Rat

http://imagej.nih.gov/ij/)J
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3. Results  

3.1 Generating the P48-Cre-KRASG12D-PKD1−/− Mouse Model  

To examine the role of PKD1 in pancreatic carcinogenesis we generated mouse model with 

pancreas specific PKD1 knockout and concomitant expression of oncogenic KRAS under 

control of p48 promoter. Mouse model with oncogenic KRAS mutation are known for 

developing pancreatic cancer (Hingorani et al. 2003). The pancreas tissue specific PKD1 

knockout mouse line (P48-Cre-PKD1−/− mice) is generated by crossing of PKD1loxP/loxP mice 

(Fielitz et al. 2008) with P48-Cre mice (Dr. Armacki) (Figure 3). 

Figure 3: Schematic representation of generation of the mouse model with pancreas 

specific knockout and concomitant expression of oncogenic Kras 

Conditional LSL-KRASG12D mice were crossed with mice that express Cre-recombinase from the 

pancreas specific promotor (p48) mice to obtain pancreas specific oncogenic KRASG12D mice. 

Pancreatic specific PKD1 knockout mice (p48-Cre-PKD1−/−) were created using the same Cre-

recombinase system. The Cre-recombinase system is used to carry out deletions at specific sites in the 

DNA of cells. To obtain p48-Cre-KRASG12D-PKD1−/− mice with concomitant expression of oncogenic 
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KRAS and PKD1 knockout, we crossed LSL-p48-KRASG12D mice with p48-PKD1-/- mice using also 

the Cre-recombinase system. 

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS-PKD1: p48-Cre-KRASG12D-PKD1−/−; 

flox: flanked by lox; LSL: lox-STOP-lox allele 

 

3.2 Pancreas specific knockout of PKD1 decreases survival 

To evaluate the effect of PKD1 knockdown in pancreatic cancer, we assessed mice over a period 

of 1 year. As expected, p48-Cre-KRASG12D-PKD1−/− mice have a significantly shortened 

median survival of approximately 300 days as compared with their control littermate p48-Cre-

KRASG12D (Figure 4).  

Figure 4: Survival of p48-Cre-KRASG12D-PKD1−/− mice is significantly decreased  

Kaplan-Meier curves reveal the median survival of all three mice groups. p48-Cre-KRASG12D-PKD1−/− 

mice have an approximately 200 days less median survival rate than p48-Cre-KRASG12D mice. In p48-

Cre-KRASG12D-PKD1−/− mice, 100% mortality occurred by about 400 days, whereas the last p48-Cre-

KRASG12D mice lived about 650 days. 

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS-PKD1: p48-Cre-KRASG12D-PKD1−/− 
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p48-Cre-KRASG12D-PKD1−/− mice (n=18), 100% mortality occurred after 400 days whereas the 

last p48-Cre-KRASG12D (n=20) mice died after approximately 700 days (Figure 4). Median 

survival of p48-Cre-KRASG12D-PKD1−/−mice was 331 days, whereas p48-Cre-KRASG12D mice 

had a median survival of 527 days. This is correlating with PDAC development:  

Table 2: p48-Cre-KRASG12D-PKD1−/− mice already develop PDAC at age of 5 months 

Table shows mouse strains and percentage of mice which have developed PDAC at several time 

points.  

PDAC: Pancreatic ductal adenocarcinoma 

 

 

3.3 Histo-pathological examination revealed a significant Tumor progression in P48-Cre-

KRASG12D-PKD1−/− mice 

The H&E staining in 2-months-old p48-Cre-KRASG12D-PKD1−/− mice show already beginning 

structural changes like ductal changes (ADMs) and stromal deposit, whereas in p48-Cre-

KRASG12D and p48-Cre-PKD1−/− mice we mostly see normal/healthy tissue (Figure 5). A 

significant disease burden did become apparent in p48-Cre-KRASG12D-PKD1−/− mice at the age 

of 5 months. Early stage PanIN lesions were rarely seen in 5-months-old p48-Cre-KRASG12D 

mice. They showed small areas of stromal tissue and PanINs in low stages, whereas p48-Cre-

KRASG12D-PKD1−/− mice progressed further in tissue impairment, in terms of more 

desmoplastic areas and PanIN lesions. 9-months-old p48-Cre-KRASG12D-PKD1−/− mice showed 

the full spectrum of preinvasive lesions with PDAC development in almost all mice of this 

group. On the contrary, PKD1 control mice didn’t show any pathological changes at any time 

point, not even after 9 months.  

To identify the characteristics of PanIN, immunohistochemistry against CK19 and Alcian blue 

staining were performed (Figure 6). A feature of PanIN lesions is the abundant mucin content 

which was demonstrated by Alcian Blue staining (Figure 6A). The epithelial nature of PanIN 

lesions and visualizing the acinar cells which presented with acinar-to-ductal metaplasia 

(ADM) process we performed a CK-19 staining, an epithelial marker for duct-like cells in 

pancreas tissue sections (Figure 6B). 

Mouse Strain

Age [months] 2 5 9 2 5 9 2 5 9

% PDAC 0% 0% 0% 0% 0% 50% 0% 58% 70%

p48-Cre-KRAS
G12D

 p48-Cre-PKD1
−/−

p48-Cre-KRAS
G12D

-PKD1
−/−
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Figure 5: Hematoxylin and eosin (H&E) staining for general impression of Pancreatic 

ductal adenocarcinoma development 

Graph shows representative images of H&E staining. It shows an unspecific change in tissue 

architecture in already 5-months-old p48-Cre-KRASG12D-PKD1−/− mice. Almost no healthy acinar 

structures are seen in 9-months-old p48-Cre-KRASG12D and p48-Cre-KRASG12D-PKD1−/−which have 

developed pancreatic cancer. Size bars indicate 100 µm. 

KRASG12D: p48-Cre-KRASG12D; PKD1−/−: p48-Cre-PKD1−/−; KRASG12D-PKD1−/−: p48-Cre-KRASG12D-

PKD1−/− 

Figure 6: Characterization of Pancreatic intraepithelial neoplasia (PanIN) lesions 

Alcian blue stain shows abundant mucin content (A) in PanINs that have undergone an acinar-to-

ductal transdifferentiation and Cytokeratin-19 (CK19) shows the epithelial nature of these lesions 

(B). Cyclooxygenase 2 (COX2) activation is seen in almost all PanINs, that indicates a permanent 

inflammatory reaction in these lesions (C). Size bars indicate 100 µm.  
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Figure 7: Histologic progression of Pancreatic intraepithelial neoplasia (PanIN) lesions 

over time 

Graph shows distribution of PanINs in percentages (+/- SEM) of all neoplastic ducts. They were 

separated by PanIN grade (PanIN-1, -2 and -3) in 3 different mouse lines of average age 2, 5 and 9 

months. p48-Cre-KRASG12D-PKD1−/−mice contain already in 5-months-old animals abundant PanIN 

lesions. Comparable amounts of precursor lesions were seen in 9-months-old animals of p48-Cre-

KRASG12Danimals. PanINs were count per pancreas section and ratio to section size was calculated.  

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS-PKD1: p48-Cre-KRASG12D-PKD1−/− 
SEM: Standard error of the mean 

 

Pancreata of 2-months-old p48-Cre-KRASG12D-PKD1−/− mice show abundance of ADMs and 

type I PanINs. The number and grade of PanIN lesions increase with age. p48-Cre-KRASG12D-

PKD1−/− mice ultimately develop invasive PDAC at age of 5 months with following increase 

in tumor incidence as mice age to 9 months (Figure 7). Whereas the vast majority of the 

pancreatic parenchyma of 2- and 5-months-old p48-Cre-KRASG12D mice were histologically 

normal with scattered PanIN I lesions, a significant disease burden did become apparent in 9-

months-old p48-Cre-KRASG12D animals with an increase of PanIN I, II and III lesions (Figure 

7). These data suggest that loss of PKD1 facilitates oncogenic KRAS triggered development of 

pancreatic cancerogenesis.  
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3.4 Progression of the precancerous lesions to pancreatic cancer is accompanied by 

development of rich desmoplastic reaction in p48-Cre-KRASG12D-PKD1−/−mice  

Progression of the precancerous lesion to pancreatic cancer in p48-Cre-KRASG12D-PKD1−/− 

mice was accompanied by rich desmoplastic reaction, manifested by inflammatory cell 

infiltrations and extracellular matrix deposits. 2-month-old p48-Cre-KRASG12D-PKD1−/− mice 

showed scattered foci of stroma surrounding early precancerous lesions. In pancreata of 5-

months-old p48-Cre-KRASG12D-PKD1−/− mice, the vast majority of parenchyma was replaced 

by desmoplastic reaction comprised of inflammatory cells, fibroblasts, and collagen deposition. 

A similar extend of stromal tissue was seen in 9-months-old p48-Cre-KRASG12D mice (Figure 

8).  

Figure 8: Increasing desmoplasia visualized by Azan staining 

Graph shows representative images of collagen deposit in pancreatic tissue, especially in cancer 

tissue. Increasing desmoplastic reaction is shown by Azan staining in already 5-months-old p48-Cre-

KRASG12D-PKD1−/− mice.  Desmoplastic areas contain collagen deposits which are showed as blue 

areas. The graph shows representative pancreatic tissues of 9-months-old p48-Cre-KRASG12D-

PKD1−/− and p48-Cre-KRASG12D mouse pancreata with an almost completely replaced tissue with 

desmoplasia. Size bars indicate 100 µm. 

KRASG12D: p48-Cre-KRASG12D; PKD1−/−: p48-Cre-PKD1−/−; KRASG12D-PKD1−/−: p48-Cre-KRASG12D-

PKD1−/− 
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Figure 9: Severe desmoplastic areas are seen in already 5-months-old p48-Cre-KRASG12D-

PKD1−/− mice 

Graph shows percentage of collagen deposit in pancreatic tissue that was marked by Azan staining. 

The areas were measured, and the percentage of stained area was calculated relative to the whole 

section size. We can see that almost half of the complete pancreatic tissue is replaced by collagen in 

5-and 9-months-old p48-Cre-KRASG12D-PKD1−/− as well as in p48-Cre-KRASG12D mice. Statistically 

significant differences between groups are marked by an asterisk. Bars represent mean values ± SEM 

of three different mouse lines and age groups; ∗P < 0.05. 

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS -PKD1: p48-Cre-KRASG12D-PKD1−/− 

The percentage of desmoplastic areas were measured and visualized in Figure 9. These results 

suggest a fibrogenesis preventing function of active PKD1 in oncogenic KRAS mice. It seems 

that the desmoplastic reaction is rapidly increased by knockout of PKD1 in pancreatic KRAS 

mouse models compared to mice with only oncogenic KRAS mutation (p48-Cre-KRASG12D). 

PKD1 knockout mice (p48-Cre-PKD1−/−) show no significant pancreatic lesions. This 

indicates that PKD1 knockdown mice without any other oncogenic mutation have no pancreatic 

cancer initiation function. Next, we decided to continue with further experiments to explore the 

cell composition of stroma in our mouse models. 
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3.5 Increasing influx of leukocytes during PDAC progression 

Another characteristic feature of PanINs and pancreatic cancer is activation of COX2. To 

determine how PKD1 knockdown affects COX-2 in pancreatic cancer and its precursor lesions, 

we performed a COX-2 immunohistochemistry staining. We observed a significant difference 

in COX-2 expression between cancerous tissues and the non-cancerous tissues (Figure 9). There 

is also a significant difference between 5-months-old p48-Cre-KRASG12D and p48-Cre-

KRASG12D-PKD1−/−. 5-months-old p48-Cre-KRASG12D-PKD1−/− mice have much higher COX-

2 activation levels then the other mouse lines. These data correlate with PanIN and cancer levels 

in those mice. Strong reaction for COX-2 was observed in the cytoplasm of PanINs and 

scattered cells within stromal tissue, but not in normal pancreatic parenchyma (Figure 6C). 

 
Figure 10: Measurements of Cyclooxygenase 2 (COX2) activation 

The comparison of COX2 activity between the different mice groups. In 5-months-old p48-Cre-

KRASG12D-PKD1−/− mice, a strong activation of COX2 is seen. Similar extend of COX2 activation was 

only seen in 9-months-old p48-Cre-KRASG12D. Bars represent mean values ± SEM of three different 

mouse lines and age groups; ∗P < 0.05 and ∗∗P < 0.01. 

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS -PKD1: p48-Cre-KRASG12D-PKD1−/− 
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To determine the presence of leukocytes in desmoplastic areas, we characterized cells 

expressing the leukocyte common antigen (CD45) in pancreas by immunohistochemistry 

staining (Figure 11). The stained areas were measured by imagej and percentage of CD45+ cell 

areas were calculated (Figure 12). 

 

Figure 11: IHC staining for CD45 positive cells, CD45 is a leukocyte common antigen. 

Representative pictures of CD45+ cells (brown areas) in pancreas sections of three different mouse 

lines. We see a significant presence of leukocytes in 5-months-old p48-Cre-KRASG12D-PKD1−/−, 

whereas p48-Cre-KRASG12D mice show a significant influx only in 9-months-old animals. p48-Cre-

PKD1−/− mice do not show any influx of CD45+ positive cells. An only PKD1 loss does not lead to 

pancreatic cancer development. Size bars indicate 100 µm.  

KRASG12D: p48-Cre-KRASG12D; PKD1−/−: p48-Cre-PKD1−/−; KRASG12D-PKD1−/−: p48-Cre-KRASG12D-

PKD1−/− 

 

We saw a progressive infiltration of CD45+ cells from healthy tissue to preinvasive PanIN and 

invasive PDAC. The most and fastest influx was seen in p48-Cre-KRASG12D-PKD1−/−mice. 

These mice display already after 2 months an influx of CD45+ cells with rapid increase that is 

seen in 5- and 9-months-old mice (Figure 12). Pancreata of mice with histologically normal 

pancreatic tissue and mice with less PanINs contained only few CD45+ cells except in p48-Cre-

KRASG12D-PKD1−/−mice. The tissues of 2-months-old p48-Cre-KRASG12D-PKD1−/−mice were 
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mostly normal, but we still could see significant amounts of CD45+ cells. These findings 

suggest a missing leucocyte suppressing function when PKD1 is knocked down. An influx of 

relevant CD45+ cells in p48-Cre-KRASG12D mice was seen in 5-months-old animals with an 

increase in the 9-months-old animals. No relevant cells were found in p48-Cre-PKD1−/−mice 

(Figure 12). Increased stromal tissue and PanIN levels lead to concurrent increasing CD45+ 

leukocytes clustered preferentially around PanINs and stromal areas. CD45+ infiltration was 

even more intense in areas with dense fibrotic/carcinomatous tissue.  

 

Figure 12: Measurements of CD45+ areas in pancreas sections 

Graph shows the percentage of CD45+ cells influx in pancreatic tissue were measured and visualized. 

PKD1 knockout with oncogenic KRAS mutation lead to an early influx of leucocytes in 2-months-old 

animal that indicates a leucocyte preventing function for PKD1. The graph also shows a strong 

infiltration in pancreatic cancer in later stages. Bars represent mean values ± SEM of three different 

mouse lines and age groups; ∗P < 0.05.  

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS -PKD1: p48-Cre-KRASG12D-PKD1−/− 

For further characterization of CD45+ cell composition, we performed immunohistochemistry 

stainings, directed against marker for the macrophages. Macrophages are reported to be present 

in early as well as later stages of PDAC, able to promote or suppress growth, depending on the 

predominant subgroup of macrophages (Clark et al. 2007). We could detect no significant 
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presence of macrophages in any of the three mouse strains in 2-months-old mice, using the 

murine macrophage marker F4/80 (Figure 13 and 14). We saw that disease progression to 

PDAC was accompanied by an increasing infiltration of F4/80+ macrophages (Figure 14). In 5 

months p48-Cre-KRASG12D-PKD1−/− mice, a rapidly increasing infiltration of macrophages 

was seen, which shows a COX-2 similar pattern. In 5-months-old p48-Cre-KRASG12D mice, 

there were only smaller amounts of detectable macrophages, significantly less than same-aged 

p48-Cre-KRASG12D-PKD1−/−mice. Our findings show that an increased influx of macrophages 

is accompanied with increasing tumor/carcinoma development. This indicates a pro-

tumorigenic function for macrophages in pancreatic cancer which is accelerated by PKD1 

knockout. After macrophages, we focused on T-lymphocytes which play an important role in 

pancreatic cancer and its microenvironment. 

Figure 13: IHC staining for F4/80 positive cells (macrophages) 

Graph shows representative images of the three different mouse lines with marked macrophages. 

F4/80+ marker is used to visualize macrophages (brown areas) by IHC staining. They were only seen 

in pancreata which already developed a pancreatic cancer. This development is similar to our results 

for Cyclooxygenase 2 (COX2) that indicates a positive correlation between these two cell types as well 

as a pro-tumorigenic function for macrophages. Size bars indicate 100 µm.  

KRASG12D: p48-Cre-KRASG12D; PKD1−/−: p48-Cre-PKD1−/−; KRASG12D-PKD1−/−: p48-Cre-KRASG12D-

PKD1−/− 
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Figure 14: Infiltration of macrophages in pancreas sections 

Graph shows the influx of macrophages in our three mouse models. Macrophages in pancreas 

sections were measured by imagej and calculated. Like leucocyte infiltration, there is seen a 

significant early influx of macrophages in 5-months-old p48-Cre-KRASG12D-PKD1−/− mice which 

have already developed cancer. A similar significant increase of macrophages in p48-Cre-

KRASG12Dmice is seen in 9-months-old animals.  Bars represent mean values ± SEM of three different 

mouse lines and age groups; ∗P < 0.05.  

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS -PKD1: p48-Cre-KRASG12D-PKD1−/− 

 

CD3, a general marker for T-lymphocytes, was used to identify these cells in the pancreata of 

our mice (Figure 15). CD3+ T cells were seen rarely in normal pancreata, but in p48-Cre-

KRASG12D-PKD1−/− mice, we see an increasing CD3+ cell influx in already 2-month-old mice, 

a similar trend to CD45+ cells that suggests that most of those cells in healthy tissue are T-

lymphocytes. Further progression of PanINs and PDAC is accompanied by a progressive 

infiltration of CD3+ T cells (Figure 16). These cells are found mostly in and around stromal 

tissue, rarely seen between and adjacent to PanIN lesions or cancer cells. There is seen a 

significant infiltration of CD3+ cells in 5-months-old p48-Cre-KRASG12D mice compared to 

mice with only KRASG12D mutation (Figure16). Further increase of CD3+ cells are seen in 9-
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months-old animals with KRASG12D mutation, together with PDAC development (Figure 16). 

We never see any T-lymphocyte infiltration in p48-Cre-PKD1−/− mice (Figure 16). The 

infiltrating T cells are divided in to CD4 and CD8 positive cells and were separately examined 

by immunohistochemistry stainings. Quantification of CD8+ cells shows a significant increase 

in 9-months-old p48-Cre-KRASG12D and p48-Cre-KRASG12D-PKD1−/− mice with PDAC 

development (Figure 17). But 5-months-old p48-Cre-KRASG12D-PKD1−/− mice suggest an 

already early infiltration of CD8+ cells (Figure 16).  Clustered CD8+ cells were often seen in 

stromal tissue, but rarely adjacent to PanIN areas. Like CD8+ cells, CD4+ lymphocytes are seen 

in fibrotic areas surrounding PanIN areas, but not often seen within PanIN areas (Figure 15). 

An infiltration of CD4+ positive cells can be seen in earlier stages of disease (Figure 19). 

Already in 2-months-old p48-Cre-KRASG12D and p48-Cre-KRASG12D-PKD1−/− mice we see 

infiltrating CD4+ T-lymphocytes. The number of cells in those mice is increasing over time, 

hence we see in 9-months-old mice a further, strong increase of CD4 T-lymphocytes (Figure 

19 and 20). T-lymphocytes in pancreata without PDAC development, do not show many 

infiltrating T-cells (Figure 18 and 20).  

In conclusion, we see an increasing infiltration of CD4 and CD8 positive cells in pancreatic 

cancer, positively correlating with its progression. But we don’t see many T-lymphocytes 

around PanIN areas or cancer cells. Most of those cells, especially CD8+ cells, are within 

stromal tissue and do not reach to PanIN lesions. PKD1 loss facilitates T-lymphocyte 

infiltration in mice with KRASG12D mutation which has already developed PDAC. Mice in early 

disease stages with only PanIN lesions show less infiltration ratio than in PDAC mice. T-cell-

dependent antitumor immunity is thought to activated by CD40. Those cells are important in 

B- and T-cell proliferation and has therefore an immune regulatory function which is recently 

considered as a TAMs targeting pathway (Beatty et al. 2017). We detected them by 

immunohistochemistry staining and the infiltration was counted for each section. Our results 

show a beginning infiltration of CD40+ cells in 5-months-old p48-Cre-KRASG12D-PKD1−/− 

mice, whereas p48-Cre-KRASG12D do not show those cells in 5-months-old animal. A strong 

CD40+ cell infiltration was seen in 9-months-old p48-Cre-KRASG12D and p48-Cre-KRASG12D-

PKD1−/− mice (Figure 21). The CD40+ cells were rather associated in stromal sites than 

directly associated with PanIN lesions as seen.  
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Figure 15: IHC staining for T-Lymphocytes 

Representative pictures of T-lymphocytes in pancreas sections of three different tissue types (normal 

tissue, pancreata which had not developed carcinoma yet (PanIN) and pancreata with PDAC). CD3 

marker is used to detect all T-cell subtypes. Additional, visualizations of subtypes are performed using 

CD4 and -8 markers. Size bars indicate 100 µm. 

normal: normal pancreatic tissue; PanIN: mouse that contain PanIN lesions but had not developed 

carcinoma yet; PDAC: mouse that have developed pancreatic ductal adenocarcinoma 
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Figure 16: Quantification of infiltrating CD3+ T-cells 

CD3+ stained cells were counted and ratio to tissue size was calculated. We see an early T-lymphocyte 

infiltration in already 2-months-old p48-Cre-KRASG12D-PKD1−/− and p48-Cre-KRASG12D mice. We 

see the infiltration in already normal pancreata which indicate an early effect of T-lymphocytes. A 

rapid increase in p48-Cre-KRASG12Dmice are correlating with late PDAC development. Bars 

represent mean values ± SEM of three different mouse lines and age groups; ∗P < 0.05; ∗∗P < 0.01. 

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS -PKD1: p48-Cre-KRASG12D-PKD1−/− 
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Figure 17: Infiltrating CD8+ T-cell quantification 

Graph shows the infiltration of CD8+ T-cells. CD8+ stained cells were counted and ratio to tissue size 

was calculated. 9-months-old p48-Cre-KRASG12D and p48-Cre-KRASG12D-PKD1−/−mice show a 

significant infiltration of CD8+ cells, whereby 5-months-old p48-Cre-KRASG12D-PKD1−/− mice 

indicate already an earlier influx of CD8+ cells in pancreatic cancer tissues. But a high infiltration 

of CD8+ cells were seen in pancreatic cancer samples. Bars represent mean values ± SEM of three 

different mouse lines and age groups; ∗P < 0.05.  

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS -PKD1: p48-Cre-KRASG12D-PKD1−/− 
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Figure 18: CD8+ T-cell distribution by disease stage  

Graph shows distribution of absolute CD8+ cell amounts separated into different tumor levels: normal 

tissue, PanIN: pancreata which had not developed carcinoma yet and pancreata with Pancreatic 

ductal adenocarcinoma (PDC). We see an increased influx of CD8+ T-cells in pancreatic cancer tissue 

of p48-Cre-KRASG12D-PKD1−/−mice compared to PDC tissue of p48-Cre-KRASG12D mice. But 

Pancreatic intraepithelial neoplasia (PanIN) mice show fewer infiltrating cells in both groups. 
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Figure 19: Infiltrating CD4+ T-cell quantification 

CD4+ stained cells were counted and ratio to tissue size was calculated. 9-months-old p48-Cre-

KRASG12D and p48-Cre-KRASG12D-PKD1−/−mice show a significant infiltration of CD4+ cells. 5-

months-old p48-Cre-KRASG12D-PKD1−/− mice show an earlier influx of CD4+ T-cells. Bars represent 

mean values ± SEM of three different mouse lines and age groups; *P < 0.05.  

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS -PKD1: p48-Cre-KRASG12D-PKD1−/− 

 

Figure 20: CD4+ T-cell distribution, sorted by disease stage 

Graph shows distribution of absolute CD4+ cell amounts separated in different tumor levels: normal 

tissue, PanIN: pancreata which had not developed carcinoma yet and pancreata with Pancreatic 

ductal adenocarcinoma (PDC). Like CD8+ cells, there is also an increased infiltration of CD4+ cells 

in PDAC mice of p48-Cre-KRASG12D-PKD1−/−group compared to PDAC p48-Cre-KRASG12D mice. We 

see low CD4+ T-cells in p48-Cre-KRASG12D-PKD1−/− mice as compared to PDAC p48-Cre-KRASG12D 
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Figure 21: Infiltrating CD40+ cell quantification 

CD40+ cells were counted and ratio to tissue size was calculated. CD40 cells are thought to regulate 

B- and T-cell proliferation. PKD1 knockout with concomitant KRAS mutation leads to early CD40+ 

cell infiltration as compared to mice with only KRASG12Dmutation. This increase is also positively 

correlated with tumor progression, as well as the influx of T-lymphocytes. Bars represent mean values 

± SEM of three different mouse lines and age groups; *P < 0.05. 

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS -PKD1: p48-Cre-KRASG12D-PKD1−/− 

To complete the analysis of lymphocyte subtypes, we examined the infiltration of B220+ B 

lymphocytes by IHC staining (Figure 22). 2-months-old animals in all three mouse groups do 

not show any significant B-cells. Beginning infiltration of pancreatic B cells are mainly 

observed in 5-months p48-Cre-KRASG12D-PKD1−/− with increasing amounts at 9 months of 

age. p48-Cre-KRASG12D mice show significant higher amounts of B cells in pancreata of 9-

months-old mice (Figure 23). They are often seen in stromal tissue around tissue and appear 

rather in larger groups and are seen around high level PanIN-3 lesions together with stromal 

tissue around.  
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Figure 22: IHC staining for B-Lymphocytes  

Representative pictures of B220+ cells in pancreas sections of three different mouse lines. B220+ is 

used to detect B-lymphocytes. Like other inflammatory cells, they also correlate with tumor 

progression (see Figure 23).  Size bars indicate 100 µm. There is seen an early influx in PKD1 

knockout mice with KRAS mutation at 5 months of age. 

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS -PKD1: p48-Cre-KRASG12D-PKD1−/− 
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Figure 23: Infiltrating B-Lymphocyte quantification 

Ratio of cells to tissue is calculated and visualized for B-Lymphocytes (B220+ cells). 5-months-old 

p48-Cre-KRASG12D-PKD1−/− mice show a significant number of B-Lymphocytes as compared to mice 

with only KRASG12D mutation. There is also seen a strong increase of those cells in 9-months-old 

animals, whereas p48-Cre-KRASG12D mice half as much cells. Like the other inflammatory cells, B-

lymphocytes are positively correlating with tumor progression. Bars represent mean values ± SEM of 

three different mouse lines and age groups; *P < 0.05. 

KRAS: p48-Cre-KRASG12D; PKD1: p48-Cre-PKD1−/−; KRAS-PKD1: p48-Cre-KRASG12D-PKD1−/− 
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4. Discussion  

Protein Kinase D1 (PKD1), a serine/threonine kinase, plays an essential role in several 

important cellular processes, including cytoskeletal reorganisation, exosome secretion, 

apoptosis, cell growth/migration and angiogenesis. However, possible therapeutic strategies 

targeting PKD1 in pancreatic ductal adenocarcinoma (PDCA) still remains an understudied 

area. In my doctoral thesis I studied the effect of a pancreatic-specific Cre mediated knockout 

of PKD1 in an oncogenic p48-KRASG12D mouse model, a well-established model to study the 

initiation and development of pancreatic cancer in vivo. Interestingly, we observed a lower 

survival rate in early tumour stages in p48-KRASG12D-PKD1−/− mice (Figure 4 and 8). These 

findings suggest that PKD1 plays an important role in pancreatic cancer progression. In these 

mice, we detected early desmoplastic reactions, characterized by rich fibrosis, ADM/PanIN 

lesions and infiltrating immune cells compared to the control groups (Figure 7, 8 and 11). When 

we scored the PanIN lesions, based on amount and severity, we observed a positive correlation 

with stromal deposits levels (as shown in Figure 7 and 9). We concluded a strong interaction 

between those pathologic structural changes and infiltrating of immune cells caused by PKD1 

loss. In order to better understand the function of PKD1, numerous studies were conducted in 

the last years. For instance, PKD1 was studied in ductal breast cancer with its ductal nature like 

pancreatic precursor lesions. In 2009, Eiseler et al. have identified a decreased expression of 

PKD1 in human invasive ductal breast cancer and high PKD1 expression was detected in 

epithelial ductal tissue of healthy human breast samples (Eiseler et al. 2009). This study 

suggested that PKD1 expression is decreased when cells achieve a more aggressive state in 

cancer. In addition, a clear tumor promoting effect of PKD1 knockout in lower-invasive cells 

had been demonstrated (Eiseler et al. 2009). Furthermore, constitutively-active PKD1 re-

introduced in in mammary gland tumor drastically reduced their ability of tumor cells to invade 

in 2D and 3D cell culture (Eiseler et al. 2009). This described study was performed in breast 

cancer cells. So, there is a need to further analyze the effect of PKD1 loss in PDAC. Further 

research is required to answer, how normal pancreatic and cancer cells interact with each other 

as well as the interaction with stromal components. In this context, we need to better understand 

the transdifferentiation process in PDAC, an important point in PDAC initiation. 

Yet, how PKD1 loss affects the transdifferentiation process is still not fully understood. In 2014, 

Wille et al. have described a cell proliferation enhancement function for PKD1 in tumor cells 

(Wille et al. 2014). However, such an effect was not described for normal pancreatic tissue 

(Wille et al. 2014). Interestingly, we detected the same result in our healthy control mice. No 
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effect of PKD1 loss without KRAS mutation was observed in our mouse model. These findings 

suggest that the tumour initiation process requires an additional oncogenic event like a KRAS 

activation. In addition, Wille et al. suggested an anti-invasiveness function for PKD1 in 

pancreas tumour cells. These published findings explain the accelerated progression of PDAC 

in our p48-KRASG12D-PKD1−/−mouse model compared to our control p48-KRASG12D mice. We 

hypothesize that after initiation of desmoplastic changes caused by KRAS mutation, PKD1 loss 

and/or tissue damage, provide the cells with an advantage to generate a high-migratory 

phenotype in late stages of disease. This is caused by control over actin-regulatory proteins such 

as cofilin-phosphatase slingshot-1L (SSH1L) (Eiseler et al. 2012; Wille et al. 2014). 

Furthermore, another isoform of the PKD family, PKD2 was described in these studies as a pro-

invasive phenotype by a massive upregulation of MMP7/9 (Wille et al. 2014). Thus, the 

opposing roles for PKD1 and PKD2 can elucidated the growth phenotype we observed in our 

mouse model: when we knockout PKD1, the anti-invasive role is diminished and the 

predominating function of PKD2 is promoting invasion and angiogenesis (Wille et al. 2014). 

This can lead to an increase in PanIN/PDAC development. Nevertheless, our results did not 

show any early effects of PKD1 loss and support for tumor initiation. Our findings proposed an 

interaction or effect of PKD1 on cancer cells, mainly initiated by an oncogenic KRAS event. 

After initiation, PKD1 loss accelerates tumor progression. One mechanism of this process was 

shown to be regulated by MMPs (Wille et al. 2014). It has been re-confirmed the anti-invasive 

effect of PKD1 is mediated by its role as a regulator of expression and activity of invasion-

relevant MMPs (Wille et al. 2014). Additionally, it has been described that MMP-7 and MMP-

9 are positively regulated by PKD2 (Wille et al. 2014). Our results emphasize the same tumor 

promoting mechanism: PKD functions as suppressor of MMPs and facilitates tumor migration 

and growth. PKD1 negatively mediates cancer cell invasion mainly through the regulation of 

invasion-relevant MMP expressions, which is lost when PKD1 is deleted (Eiseler et al. 2009). 

Subsequently, loss of PKD1 increases PKD2 downstream target expression (both MMP-7 and 

MMP-9) to promote tumor invasion and angiogenesis. Taken together, this data confirms a 

tumor-suppressing role of PKD1 and the increase in tumor development in our p48-KRASG12D-

PKD1−/− mouse model. Based on these data, there is urgent need for a selective PKD1 targeting 

drug to analyse its function without impairing PKD2 function. The regulation of MMPs by 

PKD1 is not the only pathway to affect tumor progression.  

Recently, it has been been proposed that loss of PKD1 can contribute to cancer development 

via a previously unknown mechanism. PKD1 has been shown to regulate cell function via 
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exosomes and loss of PKD1 increased cell migration (Costa-Silva et al. 2015, Mazzeo et al. 

2016). The tumor-derived exosomes contain various proteins, DNAs, and mRNAs that are able 

to induce local and metastatic spread of PDAC cells (Costa-Silva et al. 2015). Additionally, 

several published studies demonstrated that exosomes play an essential role in inflammation in 

tumor microenvironment (Wu et al. 2016). Furthermore, exosomes from gastric cancer cells 

activate the NF-κB signalling pathway, and thus increased pro-inflammatory factors. We 

hypothesized a similar mechanism in our PDCA mouse models. PKD1 loss results in an 

increased cytoskeletal reorganisation with higher levels of cell migration and exosome 

secretion. In consequent, a developing inflammatory microenvironment lead to further 

progression of PDAC. Taken together, the deletion of PKD1 in our p48-KRASG12D-

PKD1−/−mouse model leads to an increase in progressive PDAC phenotype. Most likely by 

upregulation of cell migration and exosome secretion. However, this hypothesis has to be 

further tested in follow-up studies.  

Due to upregulation of inflammatory cytokines through exosomes and previously published 

studies, we anticipated an increase in infiltrating immune cells. In fact, in desmoplastic regions 

we detected different inflammatory cells, mainly macrophages and T-lymphocytes (Figure 14 

and 16). Previous studies have shown the importance of inflammatory cells in initiation and 

progression of PDAC (Guerra et al. 2011; Guerra et al. 2007). In 2014, Wang et al. proposed 

that PKD1 promotes oncogene-induced senescence by up-regulation of NF-κB that 

subsequently increases COX-2 activity (Wang et al. 2014). This leads to the hypothesis that 

PKD1 knockout should lead to a decreased COX-2 activity in our p48-KRASG12D-PKD1−/− 

mouse model. However, our results did not support these previously published findings. The 

COX-2 activity is significantly increased in 5-months-old p48-KRASG12D-PKD1−/− mice 

compared to p48-KRASG12D mice (Figure 10). The activation of COX-2 can be explained by an 

increased exosome secretion mediated by the loss of PKD1, known to be caused by the 

activation of the NF-κB pathway (Hu et al. 2017). As a result of high COX-2 activation, 

angiogenesis is induced, that is known to promote tumor progression (Hu et al. 2017). Another 

promoting factor in PDAC progression besides inflammation is hypoxia (Zhang et al. 2018). 

Hypoxia is a key feature in high desmoplastic PDAC microenvironment that can induce 

inflammatory pathways by secretion of IL-1β. In 2018, Zhang et al. demonstrated that 

hepatocellular carcinoma tumor-associated macrophages (TAMs) secreted more interleukin IL-

1β under moderate hypoxic conditions (Zhang et al. 2018). IL-1β is inducing COX-2 

expression, which results in upregulation of hypoxia inducible factor 1α (Zhang et al. 2018). 
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This results in cancer cell epithelial–mesenchymal transition and metastasis that accelerates 

PanIN development (Zhang et al. 2018). Both conditions, hypoxia and TAMs infiltration are 

present in PDAC as well. For that reason, we hypothesize a comparable mechanism for 

inflammation in our PDAC mouse models.   

Inflammatory reactions in vivo lead to immune cell infiltrations, mainly in PDAC developing 

mice (Figure 12). We observed a significant increase in macrophages and T-lymphocytes 

infiltration as dominating immune cells population in p48-KRASG12D-PKD1−/−mice (Figure 14 

and 16). Both cell types are known to be activated by NF-κB. Furthermore, the origin of TAMs, 

monocyte-derived or tissue-resident macrophages, is a subject that gained intense focus in 

research lately (Zhu et al. 2017). Interestingly, Zhu et al. report that activated KRAS signalling 

activates tissue-resident macrophages and promotes an inflammatory environment within 

PDAC (Zhu et al. 2017). When we analyzed p48-KRASG12D-PKD1−/− mouse model, we 

detected an early infiltration of macrophages with a subsequent fibrogenesis development. For 

that reason, we hypothesized that a M1 to M2 polarisation of TAMs in our mouse model 

promotes fibrogenesis and induces leucocyte infiltration. It is been reported previously that the 

polarisation of TAMs from M1 to M2 phenotype is initiated by cytokine signals, including IL-

10 and TGF-β, received from Treg and pancreatic tumor cells (Sica and Mantovani 2012). The 

M2 macrophages have been associated with promoting an immunosuppressive state of tumor 

microenvironment by production various mediators that support fibrogenesis and tissue 

invasion mainly through the release of MMPs and collagens (Ostrand-Rosenberg et al. 2012; 

Ruffell, Affara and Coussens 2012; Zhu et al. 2017). It is considered that the prevention or 

inversion of a M2 polarization can be proposed as a therapy option. Therefore, it is of important 

that we have to conduct more research to further analyze the TAM subtypes in our PDAC mouse 

models. But so far, a direct regulation of macrophages by PKD1 is not described yet. For that 

reason, we hypothesize an indirect activation and attraction of TAMs in PDAC as described 

above.  

In addition, it has been suggested that CD40 is promoting macrophage activation and infiltration 

(Beatty et al. 2011). CD40+ cells are detected in 5-months-old p48-KRASG12D-PKD1−/−mice 

compared to their littermates (Figure 21) (Beatty et al. 2011). In 2011, Beatty et al. suggested 

that CD40-activated TAMs are capable of degrading stromal tissue in PDAC without T-

lymphocyte effectors (Beatty et al. 2011). An activation of CD40 expressing TAMs can lead to 

an inversion of macrophages to an M1 phenotype to restore tumor immune surveillance (van 

Attekum et al. 2017). However, our results support the hypothesis, that TAMs in PDAC are 
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mainly M2 phenotypes, therefore immunosuppressive (Ruffell, Affara and Coussens 2012; 

Ostrand-Rosenberg et al. 2012). For that reason, a therapeutic possibility has to be tested in 

future of inversion of macrophages from M1 to M2 phenotype. CD40 activation and its effect 

on stromal degrading is T-lymphocyte independent (Beatty et al. 2011). But T-lymphocytes 

were the most prominent inflammatory cell population in stromal regions together with 

macrophages. Another important player for anti-tumor effect are CD8+ T-lymphocytes (Clark 

et al. 2007). They are reported to be low in pancreatic cancer, whereas CD4+ cells, especially 

Treg cells and Th2 cells have been reported to be increased in pancreatic cancer (Clark et al. 

2007). We showed an increase of T-lymphocyte (CD4+ and CD8+ cells) infiltration, correlating 

with increasing carcinoma level in PDAC (Figure 18 and 20). However, the T-lymphocyte 

infiltration was limited to fibrotic areas without having contact to cancer cells. This observation 

emphasizes the fact, that stromal tissue is preventing pancreatic carcinoma from anti-tumor 

function of the immune system. Furthermore, Clark et al. have described an inactivity of T-

lymphocytes in PDAC, so that we suspect the same fact for T-lymphocytes in our PDAC mouse 

model (Clark et al. 2007). Knowing that published data, it has to be tested whether T-

lymphocytes in our PDAC mouse models are functioning or are inactive. And for further 

therapeutic strategies as anti-tumor cells, CD8+ cells have to be attracted to tumor cells. The 

same situation is observed for CD4+ cells. In our PDAC mice, CD4+ cells are confined in the 

stromal tissue. CD4+ cells can differentiate into Th1, Th2, Th17 and Treg subpopulations with 

different distinct functions (Gagliani et al. 2017). Treg cells and macrophages are linked to tumor 

promotion and tumor immune suppression (Josefowicz et al. 2012). So, there are more studies 

needed to better understand the function of Treg cells in PDAC. In a recent study by Lunardi et 

al., it has been shown that Pancreatic stellate cells (PSCs) are able to express IP-10 to recruit 

Treg cells (Lunardi et al. 2014). Therefore, the progressively increasing stromal tissue with 

abundant PSCs can be presumed as an additional promoting factor for Treg recruitment. 

However, to test this hypothesis more studies on pancreatic cancer tissue with more precise 

techniques to identify the subpopulation of CD4+ T-cell, the localisations and functionality 

within the tumor have to be conducted. In summary, T-Lymphocytes and macrophages play an 

important role in PDAC development, both as activator or suppressor of cancer progression. 

For therapeutic strategies, activating tumor supressing lymphocytes and macrophages have to 

be identified. Another potential problem will be to bring these effector cells to tumor side by 

degrading stromal tissue known to block the migration.  

In conclusion, loss of PKD1 leads to a significant earlier onset of tumor development in the 

presence of an oncogenic KRASG12D gene. Our results demonstrated that PKD1 is involved in 
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cell interactions between various cell types, such as cancer cells and inflammatory cells. In 

addition, we showed that PKD1 is an important factor in controlling and balancing 

inflammatory reactions by taking part directly or indirectly in inflammatory pathways. All these 

results suggest a tumor promoting function of PKD1 loss/downregulation.  

 

  



41 
 

 

5. Summary 

The aim of my doctoral thesis was to characterize the effect of Protein Kinase D1 (PKD1) loss 

in an oncogenic KRASG12D-driven genetic mouse model of pancreatic cancer in vivo. To obtain 

first insights we focused on tumor and desmoplastic development and analyzed immune cell 

infiltration. We evaluated three mouse lines (p48-KRASG12D, p48-KRASG12D-PKD1−/− and p48-

PKD1−/−) for cancer progression over a period of one year and detected a significant reduction 

of overall survival in p48-KRASG12D-PKD1−/− mice compared to control littermates. We 

detected a significant increase in progressive Pancreatic intraepithelial neoplasias (PanIN) and 

collagen deposit development at 2, 5, and 9 months of analysis. We discovered that p48-

KRASG12D-PKD1−/− mice at the age of 5 month developed early precursor PanIN lesion, while 

aged-matched controls p48-KRASG12D and p48 -PKD1−/− mice had no sign of precursor PanIN 

lesion. In addition, we firmly demonstrated that the pancreas cancer development is associated 

with an increase in desmoplastic reaction (collagen deposit) and leucocyte infiltration. 

However, the molecular mechanism of PKD1 role in stromal tissue remains unclear. Here, we 

have demonstrated that PKD1-deficiency accelerates tumor development in an oncogenic 

KRAS mouse model (p48-KRASG12D-PKD1−/−) in vivo. We hypothesize that cancer cells and 

stromal cell interact and promote immune cell infiltration to the desmoplastic field in vivo. Our 

findings raised further interesting open questions, e.g. the cellular interaction of cancer cells 

and stromal cells at a molecular level. 

Taken together, our data suggest that PKD1 has a tumor supressing function in 

Pancreatic ductal adenocarcinoma (PDAC), in particular at early disease stages. PKD1 loss in 

an oncogenic KRAS background results in a significantly earlier and faster initiation of Acinar-

to-ductal metaplasias (ADMs) and PanINs. These PKD1-deficient tumors showed an increased 

inflammatory reaction and accelerated infiltration of leucocytes that accelerates cancer 

progression. The key immune cell populations that we detected in PDAC were macrophages 

and T-lymphocytes. Overall, our data demonstrated that PKD1 plays an essential role in 

pancreatic cancer progression in vivo. Our novel findings are thus not only of scientific 

relevance, but also of potentially clinical relevance. 
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