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Zusammenfassung 

Mit einer 5-Jahres-Überlebensrate von weniger als 5 % ist das duktale Pankreasadenokarzinom (PDAC) 

eine der tödlichsten bösartigen Erkrankungen. In den meisten Fällen wird das PDAC in einem lokal 

fortgeschrittenen oder metastasierten Stadium diagnostiziert, wobei die Leber das Hauptorgan der 

Metastasierung darstellt und hepatische Myofibroblasten (HMF) eine zentrale Rolle spielen. Da PDAC 

Patient*innen mit Lebermetastasen eine noch schlechtere Prognose aufweisen, ist es wichtig, die 

Mechanismen, die der Metastasierung in der Leber unterliegen, besser zu verstehen und wirksame 

Behandlungsmöglichkeiten zu entwickeln. Die Behandlung mit Immun-Checkpoint-Inhibitoren, die z. 

B. programmed cell death ligand 1 (PD-L1) oder den Rezeptor programmed cell death protein 1 (PD-1) 

blockieren, hat die Therapie von vielen Krebsarten revolutioniert, allerdings noch nicht beim PDAC. Ob 

und wie sich die PD-L1-Expression auf die Immunevasion, insbesondere bei Lebermetastasen auswirkt, 

ist noch wenig bekannt. Ziel dieser Studie war es daher, weitere Erkenntnisse über die Auswirkungen 

der Mikroumgebung der Leber, insbesondere HMF, auf PDAC Zellen und CD8+ T-Zellen im 

Zusammenhang mit der Immunevasion zu gewinnen, wobei der Schwerpunkt auf der Rolle von PD-L1 

lag. 

Immunhistochemische Färbungen von Lebergewebeschnitte von PDAC Patient*innen zeigten, dass die 

Tumormikroumgebung während des metastatischen Wachstums umstrukturiert wird. HMF stellen 

eine präsente Stromapopulation in Lebermetastasen dar, mit deutlichen Unterschieden in der 

räumlichen Verteilung in kleinen (£ 1500 µm) und großen (> 1500 µm) Metastasen, wobei große 

Metastasen im Vergleich zu kleinen Metastasen einen höheren Anteil an HMF aufwiesen. Die PD-L1-

Expression befand sich hauptsächlich an der Invasionsfront oder war in großen Metastasen 

gleichmäßig verteilt, während kleine Metastasen entweder keine PD-L1-Expression oder nur eine 

schwache Expression in der Mitte aufwiesen. Doppelfärbungen zeigten, dass PD-L1 vorwiegend von 

Stromazellen, insbesondere HMF und Makrophagen, exprimiert wird. Kleine Lebermetastasen ohne 

oder mit geringer PD-L1-Expression enthielten mehr CD8+ T-Zellen im Tumorzentrum, während große 

Metastasen mit stärkerer PD-L1 Expression weniger CD8+ T-Zellen enthielten, die sich meist an der 

Invasionsfront befanden. In 2D Kulturen verstärkten CD8+ T-Zellen die Zelloberflächenexpression von 

PD-L1 auf humanen Pankreasgangepithelzellen, hepatischen Sternzellen (HSC) und HMF. HSC und HMF 

steigerten die Aktivierung und den Effektor-Phänotyp von CD8+ T-Zellen, allerdings wurde der 

Aktvierung- und Effektor-Phänotyp nicht durch die Behandlung mit Durvalumab verstärkt. 

In einem 3D-Kultur-Sphäroid-Modell, bei dem zwei verschiedene PDAC Zelllinien mit unterschiedlichen 

PD-L1 Zelloberflächenexpressionen und unterschiedlichen Verhältnissen von HMF verwendet wurden, 

wurden der Anteil und die Verteilung von PDAC Zellen und HMF sowie deren PD-L1 Expression in 

kleinen und großen Leber PDAC Metastasen nachgeahmt. In den mit HMF angereicherten Sphäroiden 
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nahm die Größe der PDAC-Sphäroide zu, was auf eine verstärkte Proliferation von PancTu1 und Panc89 

Zellen hinweist. In Übereinstimmung mit den in situ Ergebnissen waren HMF die Hauptquelle der PD-

L1 Expression und verstärkten die Zelloberflächenexpression von PD-L1 auf beiden PDAC Zelllinien. 

HMF beeinträchtigten die Freisetzung von Effektormolekülen durch CD8+ T-Zellen und die Induktion 

von Zelltod der PDAC Zellen, eine Wirkung, die von der Menge der HMF, aber auch von den PDAC 

Zellen abhing. Trotz der beträchtlichen PD-L1 und PD-1 Expression in den verschiedenen 

Sphäroidmodellen führte die Behandlung mit den PD-1 bzw. PD-L1 Inhibitoren Pembrolizumab und 

Durvalumab zu keiner Verstärkung des Effektor-Phänotyps der CD8+ T-Zellen, was mit dem nicht 

erhöhten PDAC Zelltod unter beiden Sphäroidbedingungen übereinstimmt. CD8+ T-Zellen, die mit 

Gemcitabin vorbehandelten, PancTu1 und Panc89 Sphäroiden kokultiviert wurden, wiesen eine 

geringere Zellexpression von PD-1 und Aktivierungsmarkern auf. Außerdem war die Konzentration der 

Effektormoleküle in den Überständen der CD8+ T-Zellen verringert. Die Vorbehandlung mit Gemcitabin 

wirkte sich unterschiedlich auf die Induktion des PDAC Zelltods durch CD8+ T-Zellen aus. In PancTu1 

Sphäroiden war die Induktion des Zelltods durch CD8+ T-Zellen beeinträchtigt, insbesondere in HMF-

angereicherten PancTu1 Sphäroiden, während in Panc89 Sphäroiden die Induktion des Zelltods 

verstärkt wurde. Die kombinierte Behandlung mit Gemcitabin und entweder Durvalumab oder 

Pembrolizumab hatte jedoch keinen Einfluss auf den Effektor-Phänotyp der CD8+ T-Zellen und auf die 

Induktion des PDAC-Zelltods.  

Die Ergebnisse dieser Arbeit weisen auf eine räumliche Umstrukturierung von HMF, CD8+ T-Zellen und 

PD-L1-Expression während der Progression von PDAC Lebermetastasen hin. Darüber hinaus 

beeinträchtigen HMF den Effektor-Phänotyp von CD8+ T-Zellen, aber die PD-L1/PD-1-Achse spielt dabei 

offenbar eine untergeordnete Rolle, was darauf hindeutet, dass die Immunevasion von PDAC 

Lebermetastasen auf anderen immunsuppressiven Mechanismen beruht. 
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Summary 

With a 5-year survival rate of under 5 %, pancreatic ductal adenocarcinoma (PDAC) is one of the most 

fatal malignancies. In the European Union, PDAC represents the 4th most common cause of cancer-

related deaths. Lacking specific symptoms, PDAC is mostly diagnosed at a locally advanced or 

metastatic stage, with the liver representing the main site of metastases and hepatic myofibroblasts 

(HMF) playing a pivotal role in metastatic outgrowth. To date, the only curative treatment is an R0 

resection of the primary tumor. Since PDAC patients with liver metastases have an even worse 

prognosis, it is important to better understand the mechanisms underlying metastatic progression in 

the liver and to identify effective treatment options. Treatment with immune checkpoint inhibitors, 

e.g., targeting programmed cell death-ligand 1(PD-L1) or its receptor programmed cell death protein-

1 (PD-1), has improved the therapy of many cancers but so far failed in PDAC. However, whether and 

how PD-L1 expression impacts immune evasion, especially in liver metastases, is still poorly 

understood, as they are not routinely resected in PDAC patients. Therefore, this study aimed to gain 

further insights into the impact of the liver microenvironment, particularly of HMF, on PDAC cells and 

CD8+ T cells in the context of immune evasion, focusing on PD-L1. 

Immunohistochemical stainings of liver tissue sections of PDAC patients revealed that the tumor 

microenvironment is remodeled during metastatic outgrowth. HMF represent an abundant stroma 

population in liver metastases, with clear differences in the spatial distribution in small (£ 1500 µm) 

and large (> 1500 µm) metastases, large metastases showed a higher abundance of myofibroblasts 

compared to small metastases. PD-L1 expression was mainly located at the invasion front or evenly 

distributed in large metastases, while small metastases either lacked PD-L1 expression or mostly 

showed weak expression in the center. Double stainings revealed that PD-L1 is predominantly 

expressed by stromal cells, especially HMF and macrophages. Small liver metastases with no or low 

PD-L1 expression comprised more CD8+ T cells in the tumor center, while large metastases exhibiting 

stronger PD-L1 expression comprised fewer CD8+ T cells being mostly located at the invasion front. In 

2 D cultures, CD8+ T cells enhanced the cell surface expression of PD-L1 on pancreatic ductal epithelial 

cells and hepatic stromal cells. Haptic stromal cells enhanced the activation and the effector phenotype 

of CD8+ T cells, however, treatment with Durvalumab did not enhance these effects.  

 In a 3D culture spheroid model using two PDAC cell lines with different PD-L1 cell surface expressions 

and different ratios of HMF adequately mimicked the proportion and distribution of PDAC cells and 

HMF as well as their PD-L1 expression observed in small and large hepatic PDAC metastases.  

Here, in HMF-enriched spheroids, the size of PDAC spheroids was increased, indicating an enhanced 

cell growth of PancTu1 and Panc89 cells. In line with the in situ findings, HMF were the main source of 

PD-L1 expression and further enhanced cell surface expression of PD-L1 on both PDAC cell lines. HMF 
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impaired the release of effector molecules by CD8+ T cells and the induction of PDAC cell death, an 

effect dependent on the amount of HMF but also of PDAC cells. Despite the considerable PD-L1 and 

PD-1 expression in the different spheroid models, treatment with PD-1 and PD-L1 inhibitors 

Pembrolizumab and Durvalumab, respectively, did not boost the effector phenotype of CD8+ T cells in 

line with not increased PDAC cell death under either spheroid condition. CD8+ T cells cocultured with 

Gemcitabine pre-treated PancTu1 and Panc89 spheroids showed lower cell surface expression of PD-

1 and activation markers. Further, the concentration of effector molecules in the supernatants of CD8+ 

T cells was reduced. Pre-treatment with Gemcitabine differently affected the induction of PDAC cell 

death by CD8+ T cells. In PancTu1 spheroids, induction of cell death by CD8+ T cells was impaired, 

especially in HMF-enriched PancTu1 spheroids, while in Panc89 spheroids cell death induction was 

enhanced. However, combinational treatment of Gemcitabine and either Durvalumab or 

Pembrolizumab did not affect the effector phenotype of CD8+ T cells and induction of PDAC cell death.  

Overall, the findings of this thesis indicate a spatial reorganization of HMF, CD8+ T cells, and PD-L1 

expression during progression of PDAC liver metastases. Furthermore, HMF potently impair the 

effector phenotype of CD8+ T cells but the PD-L1/PD-1 axis apparently plays a minor role in this 

scenario, suggesting that immune evasion of PDAC liver metastases relies on other 

immunosuppressive mechanisms.
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1 Introduction 

1.1 PDAC 

1.1.1 Epidemiology 

Pancreatic ductal adenocarcinoma (PDAC) is the 14th leading cancer type worldwide. In 2020, the 

number of new cases was 495,773, representing 2.6 % of all cancer diagnoses. Compared to other 

types of cancer the incidence rate is low, however, it is on rank 7 in cancer-related deaths worldwide. 

In 2020, 466,003 patients died of PDAC (4.7 % of all cancer-related deaths), which is nearly as high as 

the incidence that year. The incidence rate is higher in males compared to females, at 5.7 and 4.1 cases 

per 100,000 people, respectively [1]. At a 5-year survival rate of under 5 %, PDAC is one of the most 

fatal malignancies [2]. In the European Union, PDAC represents the 4th most common cause of cancer-

related deaths and is estimated to become the 3rd leading cause of cancer-related death, even 

exceeding breast cancer [3]. Due to unspecific symptoms and a lack of screening methods, 80 % of 

patients are diagnosed at a locally advanced or metastatic stage [4,5]. To date, the only curative 

treatment is the R0 resection of the locally restricted primary tumor, which is only possible in a 

minority of patients. Thus, for most patients, only palliative treatment options remain. However, even 

the patients undergoing an R0 resection often relapse and develop metastases shortly after or even 

during adjuvant therapy. The median survival is 17 – 23 months after surgery [6]. If early liver 

metastasis develops (within 6 months after surgery), the median overall survival is reduced to only 9 

months [7].  

 

There are several risk factors known for PDAC. First, the risk of developing PDAC highly increases with 

age. Most patients are diagnosed between the ages of 60 to 80 years, with half of all patients diagnosed 

at over 70 years old [8]. Around 10 % of all cases have a hereditary background [4,9], with common 

hereditary germline mutations in BRCA1/BRCA2 (hereditary breast and ovarian cancer), STK11 (Peutz-

Jeghers syndrome), and p16INK4A (familial atypical multiple mole melanoma syndrome) [4,10,11]. 

Further, mutations in the gene PRSS1 (hereditary pancreatitis) increase the risk of developing PDAC. 

Acute and chronic pancreatitis increases the risk for PDAC, but in many cases also leads to PDAC 

diagnosis at earlier stages [12,13]. Additionally, lifestyle-associated factors increase the risk for PDAC 

development, e.g., smoking, heavy alcohol abuse, obesity, and diabetes mellitus [14]. Especially 

smoking increased the risk by 2.0-fold [15]. 
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1.1.2 Pathology 

The pancreas can be divided into an exocrine and an endocrine part. The exocrine part of the pancreas 

constitutes about 80 % of the cellular organ mass, is composed of acinar and ductal cells, and secrets 

digestive enzymes into the duodenum. The endocrine part is formed by the islets of Langerhans. The 

Langerhans islets are composed of different cell types and produce metabolically relevant hormones, 

which are released into the blood [16]. Over 95 % of all pancreatic tumors arise from the exocrine part 

and PDAC accounts for 90 % of all pancreatic cancers [17].  

PDAC shows a stepwise progression from normal ductal epithelium to duct lesions and finally to 

invasive ductal adenocarcinoma [18]. During progression, different precursor lesions can be identified: 

intraductal papillary mucinous neoplasms (IPMN), mucinous cystic neoplasms (MCN), and pancreatic 

intraepithelial neoplasia (PanIN). PanIN are the most common type among precursor lesions. In 2001, 

Hruban et al. classified the PanIN precursor lesions into three grades according to their epithelial 

abnormalities. The grades are called PanIN-1A/B, PanIN-2, and PanIN-3 (Figure 1) [19]. The 

physiological duct epithelium of the pancreas is organized in a flat monolayer and its nuclei show basal 

localization. PanIN-1A lesions are flat and PanIN-1B lesions are papillary, but their nuclei still show 

basal localization. PanIN-2 (intermediate grade) show frequent papillae and nuclear atypia, like 

pleomorphism. Further, hyperplasia is observed. PanIN-3 (high grade), also called carcinoma in situ, 

are characterized by a high grade of hyperplasia, partly multilayer epithelium, and pleomorphisms. 

PanIN-3 lesions maintain contact with the basement membrane [20]. During the progression of the 

lesions, multiple genetic alterations, especially in oncogenes and tumor suppressor genes, occur. The 

earliest genetic alteration, already found in PanIN-1A lesions, is the activation of the kras gene. 

Mutation of the kras gene is found in 90 % of PDAC and is essential for PDAC development [20,21]. 

Further, HER2/neu is overexpressed in early lesions [22]. A PDAC mouse model showed that mutation 

of kras and overexpression of HER2/neu are necessary for progression [23]. During progression, the 

tumor suppressor genes p16 (≈90 %), p53 (≈70 %), and SMAD4 (≈ 60 %) become inactivated [20].  
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Figure 1: Pancreatic ductal adenocarcinoma (PDAC) shows a stepwise progression from pancreatic 

intraepithelial neoplasia (PanIN). Schematic illustrations of the different PanIN grades and further presentative 

images of hematoxylin and eosin staining of PanIN stages and invasive PDAC. Adapted from [24].  

 

1.1.3 Current therapies for PDAC  

As mentioned above, achieving an R0 resection is the only curative treatment option for PDAC patients, 

however, only a minority of patients are eligible for an operation, as the tumor must be locally 

confined. R0 resection is followed by adjuvant chemotherapy. The selection of the chemotherapeutic 

drugs depends on the patient’s general health condition. If patients are in good health condition, they 

receive FOLFIRINOX, which is a combination of four different agents (5-Fluorouacil, Leucovorin, 

Irinotecan, and Oxaliplatin). If the general health condition is reduced, patients receive the cytostatic 

drug Gemcitabine or 5-Fluorouacil or a combination of Gemcitabine with Capecitabine [25]. 

FLOFIRINOX as an adjuvant therapy option increases the disease-free survival from 12.8 months to 

21.6 months compared to monotreatment with Gemcitabine [26]. However, FLOFIRINOX has more 

side effects and therefore, most patients still receive Gemcitabine as the standard therapy. Patients 

with non-resectable PDAC and metastases only receive palliative chemotherapy, which can improve 

survival and quality of life [27]. Here, different agents alone or in combination are used, depending on 

the general health condition, progression of the disease, and potential side effects. 

Gemcitabine is a nucleoside antimetabolite, which is phosphorylated into triphosphate in the cell. 

Gemcitabine triphosphate is similar to deoxycytidine and is therefore inserted into the 

deoxyribonucleic acid (DNA), disrupting the DNA synthesis, and finally causing cell death [28]. 

However, many patients develop chemoresistance within weeks [29]. The therapeutic options are 
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quite rare and treatment response is minimal in PDAC patients, therefore it is of outmost importance 

to investigate underlying drug resistance in order to develop more effective treatment options.  

 

1.2 Tumor stroma 

In the last years, the tumor microenvironment (TME) has become of great interest, as it takes an active 

part during the development and progression of tumors and in their therapy resistance. The PDAC 

stroma makes up 80 - 90 % of the whole tumor mass [29]. To gain more information about tumor 

biology and to develop new therapies, it is essential to unravel stromal heterogeneity within the TME 

and its impact on tumor progression.  

The TME consists of immune cells, cancer-associated fibroblasts (CAFs), endothelial cells, and a high 

amount of extracellular matrix (ECM) molecules (Figure 2).  

In the following sections, tumor-associated macrophages (TAMs) will be introduced briefly, and tumor-

infiltrating lymphocytes and CAFs in more detail as there are the dominating stromal cell population 

in PDAC stroma.  
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Figure 2: Heterogeneous tumor stroma in pancreatic ductal adenocarcinoma (PDAC). During tumor 

progression, the tumor microenvironment (TME) undergoes alterations, involving (i) activation of stellate cells 

and transdifferentiation into carcinoma-associated fibroblasts (CAFs) with different phenotypes (myCAFs, iCAFs), 

(ii) alteration of the extent and composition of the extracellular matrix (ECM), (iii) enrichment of 

immunosuppressive and tumor-promoting immune cells, e.g., tumor-associated macrophages (TAMs) with 

different phenotypes (M1-like TAMs versus M2-like TAMs), cytotoxic T cells (CTLs) and regulatory T cells (TRegs), 

(iv) formation of new and modified blood vessels. Overall, this TME heterogeneity is an essential driver of PDAC 

development and progression. Adapted from [30]. 

 

1.2.1 Tumor-associated macrophages  

Besides CAFs and T lymphocytes, TAMs are also found in high numbers in many tumor entities 

representing the most abundant leucocyte population in the TME [31], also applying to PDAC [32]. 

Importantly, in dependence on environmental factors, monocytes/macrophages acquire different 

phenotypes exerting distinct functional effects. According to a simplified model, macrophages can 

differentiate into M1-like and M2-like macrophages. While Interferon-gamma (IFNg) and bacterial 

lipopolysaccharide promote polarization of pro-inflammatory M1-like macrophages, Interleukin (IL)-4, 

IL-13, IL-10, and Transforming Growth Factor-beta TGF-b foster an anti-inflammatory M2-like 
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phenotype [33,34]. Thus, the composition of the TME (e.g., oxygen level, amount and type of other 

stromal or tumor cells) impacts the phenotype and effector function of macrophages and promotes 

the switch from one type to another. This process also occurs under physiological conditions. As 

outlined later, CAFs promote an immunosuppressive environment by recruiting monocytes and 

promoting the accumulation of M2-polarized macrophages [30].  

M1-like macrophages secrete different pro-inflammatory cytokines like IL-12, IL-23, and M2-like 

macrophages secrete anti-inflammatory cytokines such as IL-10, TGF-β, and Tumor Necrosis Factor 

alpha (TNFa) to prevent T cells from effectively exerting their anti-tumor functions and further to 

induce Epithelial-Mesenchymal-Transition (EMT) [30]. 

TAMs in PDAC predominantly exhibit a M2-like phenotype. These are associated with diverse pro-

tumoral effects, including the promotion of tumorigenesis, immunosuppression, metastasis 

acceleration, and chemotherapeutic resistance [30]. In primary PDAC, a high infiltration of 

macrophages, particularly CD163+ macrophages (a marker for M2-like macrophages), is observed 

[32,35], indicating an M2-type which has been associated with a poor prognosis and decreased survival 

[36].  

 

1.2.2 Cancer-associated fibroblasts 

The most abundant inflammatory stromal cells in PDAC are myofibroblasts, also termed CAFs. CAFs 

are abundant in primary PDAC as well as in metastases, e.g., in the liver [30].  

Exposure to stressful conditions, including exogenous toxins, surgical intervention, inflammatory 

injury, hypoxia, or mediators released by immune cells, promotes the proliferation and activation of 

pancreatic stellate cells (PSC) in the primary tumor or hepatic stellate cells (HSC) in the liver into 

myofibroblasts which is associated with increased alpha-smooth muscle actin (αSMA) expression. 

Stimuli leading to the transdifferentiation and activation of myofibroblasts are TGF-b, Platelet-Derived 

Growth Factor (PDGF), and IL-6 [30,37,38]. 

Myofibroblasts produce elevated amounts of ECM proteins at an altered composition, resulting in 

fibrosis and causing desmoplastic stroma. This fibrotic ECM is composed of fibronectin as well as 

collagen type I, III, and IV [39]. Meanwhile, it is well known that CAFs can exhibit different phenotypes 

and different CAF populations have been discovered in recent years. In the pancreas, major subgroups 

are myofibroblastic CAFs (myCAFs) and inflammatory CAFs (iCAFs). MyCAFs, which are tumor-adjacent 

and express high levels of αSMA, are activated in a TGF-b-dependent manner. In contrast, iCAFs are 

localized distant from the tumor, express low αSMA levels, and exhibit rather tumor-promoting and 

immunosuppressive properties by secreting inflammatory cytokines, like IL-6, chemokine (C-X-C motif) 

ligand (CXCL) 12, and Granulocyte-Colony Stimulating Factor (G-CSF) [30,40,41]. 
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As outlined above, CAFs are the major source of ECM in the TME. ECM proteins, like collagen, cause a 

stiffened matrix, stimulating accelerated cell cycle progression in tumor cells and thus fuels tumor 

growth [42,43]. Moreover, the dense stroma acts as a physical barrier for drugs and immune cells 

[30,41].  

Besides the ECM mediated effects, CAFs exert several direct effects on the tumor. CAFs promote an 

immunosuppressive TME by selecting tumor-promoting immune cells and inhibiting tumor-

suppressive ones. Hence, increased PD-L1 and PD-L2 expression was demonstrated on activated CAFs 

[44]. Multiple studies showed their capability of excluding cytotoxic T cells (CTLs) from tumor islands 

and inhibiting T cell activity in multifaceted ways [44–46]. While preventing CTLs functions, CAFs 

recruit immunosuppressive immune cells, like myeloid-derived suppressor cells (MDSCs) and 

monocytes, and promote monocyte differentiation into M2-like macrophages via Macrophage-Colony 

Stimulating Factor (M-CSF) [30,47–49]. Furthermore, CAFs can enhance cell growth [50], 

vascularization via Vascular Endothelial Growth Factor (VEGF) [51], induce EMT, thereby facilitating 

PDAC cell dissemination and metastasis, and promote apoptosis and a drug-resistant phenotype in 

PDAC in a paracrine manner [30,52–54]. 

 

1.2.3 Tumor-infiltrating lymphocytes  

Different T cell populations can be found in the TME of the primary tumor and metastases of PDAC 

patients. Owing to their different effector phenotypes, T cells essentially impact the process of tumor 

and metastasis formation in several ways. In general, an increase of immunosuppressive T cells can be 

observed during PDAC development, while tumor-directed immune functions are impaired and/or 

even lost [30]. Key players in the immune response against tumor cells are CD8+ T cells. Accordingly, 

several studies showed that a high infiltration of CD8+ T cells is associated with longer overall survival 

of PDAC patients [30]. However, CD8+ T cells are often exhausted in PDAC, characterized by a high 

expression of immune checkpoint molecules, like programmed cell death protein-1 (PD-1) and 

cytotoxic T lymphocyte-associated protein-4 (CTLA-4) [55]. Further, different cell populations, like 

tumor cells and gamma/delta (g/d) T cells within the tumor stroma inhibit CD8+ T cells by expressing 

high levels of the immune checkpoint molecule programmed cell death-ligand 1 (PD-L1) [56].  

Rahn et al. showed that CD8+ T cells are predominantly present in the TME and less in close proximity 

to PDAC cells [35]. One reason for this can be seen in the desmoplastic stroma containing high amounts 

of ECM molecules, which acts as a physical barrier for immune cells and in particular for CD8+ T cells 

[30]. Similar findings were reported in liver metastases. Accordingly, in a KPC mouse model, small 

metastatic lesions in the liver showed a high CD8+ T cell infiltration compared to large metastatic 

lesions [57].  
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For optimal CD8+ T cell survival and effector function, CD4+ T helper (TH) cells are pivotal. In line with 

this finding, a high infiltration of CD8+ T cells together with CD4+ T cells correlates with a better 

prognosis for PDAC patients [30]. CD4+ T cells are another very heterogeneous T cell population, as 

they can differentiate into diverse subsets (TH1, TH2, TH17, and TReg). The differentiation of TH0 helper 

cells into the different subsets depends on cytokines (IL-12, IL-4, TGF-b, IL-6, and IL-2) in the 

microenvironment. The different subsets are characterized by the release of distinct cytokines and 

therefore show divergent impacts on other cells in the TME. These effects can be either tumor-

promoting or tumor-suppressing [58]. 

TH1 cells are regarded as tumor-suppressing as they exert various immune response activating 

functions, for example, the release of IFNg, which promotes the recruitment of T lymphocytes, M1-like 

macrophages, and Natural Killer (NK) cells, and IL-2 which activates CD8+ T cells. On the other hand, 

IFNg also induces PD-L1 expression on tumor cells, T lymphocytes, myofibroblasts, and macrophages, 

thereby supporting CTLs inhibition and immune escape in PDAC [30].  

However, PDAC cells and the TME rather promote differentiation of TH2 cells by TGF-b and IL-10. TH2 

cells are regarded as immune-suppressing and thereby tumor-promoting [30,59], mainly because of 

the release of cytokines like IL-4, IL-6, IL-10, and IL-13 [60]. IL-4 and IL-10 foster the differentiation of 

monocytes into M2-like macrophages, IL-4 and IL-13 trigger the collagen synthesis by myofibroblasts, 

thereby contributing to ECM remodeling, and IL-4 and IL-13 have been shown to enhance the growth 

of PDAC cells [30,61]. High plasma levels of TH2 cytokines in patients with resectable PDAC are 

associated with shorter survival [30].  

Furthermore, PDAC tissues contain higher numbers of TH17 cells compared to normal pancreatic tissue, 

associated with shorter median survival of PDAC patients. TH17 cells are regarded mainly as tumor-

promoting because this T cell subset is characterized by an elevated release of IL-17, IL-21, and IL-22. 

Notably, IL-17 has been shown to enhance the initiation and progression of PanIN, thus being a trigger 

in early pancreatic tumorigenesis [30]. 

Another important immunosuppressive cell population in PDAC tissues is regulatory T cells (TRegs). 

Especially in PDAC, TRegs are mostly located in the stroma. Furthermore, Hiraoka et al. demonstrated a 

significant increase in the number of TRegs during the progression from early PanIN to an invasive PDAC. 

Additionally, a high prevalence of TRegs in PDAC is significantly correlated with distant metastases, 

advanced tumor stage, as well as poorer prognosis [62,63]. Here, CAF-derived TGF-b can induce the 

conversion of CD4+ CD25- T cells into TRegs. It was also shown that Forkhead box protein 3 (FoxP3) 

expressing tumor cells recruit TRegs by chemokine (C-C) motif ligand (CCL) 5 [64]. Shen et al. argued that 

PDAC cell-derived exosomes induce an enrichment of TRegs and overexpression of immune checkpoint 

molecules PD-1, PD-L1, CTLA-4, and T cell immunoglobulin and mucin domain-containing protein 3 

(TIM3) [65].  
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First attempts have been undertaken to consider this T cell heterogeneity to provide a rationale for 

patient stratification and optimized treatment choice. Depending on the number of infiltrating 

lymphocytes, tumors have been categorized into immunological subtypes: T cell inflamed (“hot 

tumors”) or non-T cell inflamed (“cold tumors”). Owing to the low T cell infiltration, especially of CD8+ 

T cells, PDAC is mostly characterized as a cold tumor. Importantly, immunotherapies are often 

ineffective in “cold” tumors explaining their common failure in PDAC [30,66,67].  

 

Overall, the tumor stroma in PDAC is quite heterogeneous. The broad impact of tumor-infiltrating 

T lymphocytes, CAFs, and TAMs on PDAC progression, immune modulation, and drug resistance, 

targeting the TME have emerged as attractive targets for PDAC therapy [30]. 

 

1.3 T lymphocytes  

As mentioned above, T lymphocytes are an important cellular component in the tumor stroma. 

T lymphocytes are white blood cells derived from hematopoietic stem cells in the bone marrow. In the 

thymus, lymphoid progenitors mature into T lymphocytes. During development, these cells are called 

thymocytes. In the beginning, thymocytes are called double-negative and neither express T cell 

receptor (TCR)/CD3 complex nor CD8 or CD4. First, transcription factors are activated through Notch 

signaling, leading to the rearrangement of the TCR. Here, thymocytes develop into two T cell subsets, 

characterized by the expression of either an a/b TCR or a g/d TCR. Afterward, double-negative develop 

into double-positive a/b thymocytes by expressing both coreceptors CD8 and CD4. Then, double-

positive a/b thymocytes undergo positive selection. Here, the cells are exposed to thymus stromal 

cells that present self-antigens on either major histocompatibility complex (MHC) I or II. Only 

thymocytes that bind to either MHC survive, the others undergo apoptosis. In addition, double-positive 

become single-positive a/b thymocytes by binding to MHC I, CD4 expression is downregulated and 

vice versa. Finally, the thymocytes undergo negative selection. Here, single-positive a/b thymocytes 

are confronted with dendritic cells (DCs) and macrophages, presenting self-antigens on the MHC 

complex. Thymocytes that bind to the MHC complex undergo apoptosis, to prevent the development 

of autoreactive T cells. Mature T cells, either CD4 or CD8 T positive, leave the thymus and migrate 

through the lymphatic system [68,69].  

 

1.3.1 Activation of T lymphocytes  

The key players in an immune response are CTLs. For activation of naïve T cells, three signals are 

needed. Activation occurs in secondary lymphoid organs, e.g., in the lymph node. Here, antigen 

presenting cells (APCs), like DCs or macrophages present processed antigens on the MHC complex. 
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Intracellular antigens are generally presented on MHC I and extracellular ones on MHC II, however, 

intracellular antigens can also be presented on MHC II by cross-presentation [69].  

For activation of T cells, the TCR/CD3 complex on T cells binds to the MHC on APC. The binding of the 

coreceptor CD4 on CD4+ T cells is restricted to MHC II, while the binding of the coreceptor CD8 on CD8+ 

T cells is restricted to MHC I (Figure 3). The a/b-chain of the TCR recognizes the antigen on the MHC 

and binds to it [70]. The binding of the TCR to MHC leads to an activation signaling cascade. First, the 

immunoreceptor tyrosine-based activation motif (ITAM) of the TCR/CD3 complex is phosphorylated by 

lymphocytes protein tyrosine kinase (Lck). Then, zeta-chain associated protein kinase 70 (Zap70) is 

recruited and binds to ITAM and phosphorylates SLP-76 and linker for activation of T cells (LAT). 

Inducible T cell kinase (Itk) activates the enzyme phospholipase C-gamma (PLC-g), which in turn recruits 

the second messengers inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). These signaling 

pathways lead to the activation of the transcription factors Activation protein-1 (AP-1), Nuclear Factor 

of activated T cells (NFAT), and Nuclear Factor-kappa B (NF-kB), which initiate the upregulation of 

genes determining the T cell effector phenotype [69–72]. The binding of the coreceptor (CD8 or CD4) 

on MHC leads to an increase of Lck and therefore to the phosphorylation of ITAM, reinforcing the 

signaling cascade [72].  

Afterwards, a second costimulatory signal is needed for survival. Costimulatory signals amplify the 

antigen receptor signals. The best-studied costimulatory signal is the interaction between CD80/CD86 

on APCs with CD28 on T cells (Figure 3). After binding of CD28 to either CD80 or CD86, Lck 

phosphorylates the cytoplasmatic domain (YMNM motif) of CD28. Phosphorylation drives the 

activation of phosphoinositide 3-kinase (PI3-K) and subsequently the production of 

phosphatidylinositol 4,5-trisphosphate (PIP3). High concentrations of PIP3 recruit Itk and further, lead 

to the activation of PLC-g. Therefore, the costimulatory signal of CD28 interacts together with the TCR 

signaling, causing maximal activation. PIP3 also activates Akt, which supports the cell’s survival 

[69,70,72].  

For proliferation and differentiation of T cells, stimulatory cytokines are necessary. The cytokines IL-2 

and IL-12, which are mainly released by CD4+ T cells, induce proliferation of CD8+ T cells (Figure 3). By 

activating CD8+ T cells, the expression of CD25, which is the a-chain of the IL-2 receptor, on the cell 

surface is initiated so that IL-2, which has a higher binding affinity can bind [69].  
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Figure 3: Activation of T lymphocytes. Here, the exemplary activation of a CD8+ T cell is shown. For the activation 

of T cells, three signals are needed. 1) Antigen-presenting cells (APCs) process the antigen and present it on the 

major histocompatibility complex (MHC) I. The T cell receptor (TCR)/CD3 complex as well as the coreceptor CD8 

binds to the MHC I. The binding of the TCR to MHC leads to an activation signaling cascade. 2) A second signal is 

necessary for survival. Therefore, CD28 on the T cell binds to CD80 on the APC. Costimulatory signals amplify the 

antigen receptor signals. 3) Stimulatory cytokines, mainly IL-2 and IL-12, secreted by CD4+ T cells, induce 

proliferation and differentiation.  

Besides, coinhibitory signaling is possible and necessary to prevent autoreactivity and maintain 

immune homeostasis. CTLA-4 is similar to CD28 and can also bind to CD80 and CD86 but causes 

inhibition. The binding of CD28 induces the expression of CTLA-4 to maintain homeostasis [72]. 

Another important coinhibitory signal is the binding of PD-L1 expressed by the APC to PD-1 on the 

T cell (Figure 4). 

Binding to inhibitory receptors leads to dephosphorylation of regulatory proteins such as Lck and 

ZAP70 disrupting the activation signaling pathway [70].  
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Figure 4: Inhibition of T lymphocytes. Here, the inhibition of a CD8+ T cell is shown exemplarily. First, the T cell 

receptor/CD3 complex as well as the coreceptor CD8 binds to major histocompatibility complex (MHC) I. The 

binding of the TCR to MHC leads to an activation signaling cascade. However, when cytotoxic T lymphocyte-

associated protein-4 (CTLA-4) binds to CD80 or programmed cell death protein-1 (PD-1) to programmed cell 

death-ligand 1 (PD-L1) a coinhibitory signal follows and the activation signaling cascade is disrupted.  

Table 1 shows costimulatory and coinhibitory receptors involved in the co-signaling between APCs and 

T cells. Some coinhibitory and costimulatory receptors compete for the binding of the same ligand, 

e.g., binding of CD28 and CTLA-4 to either CD80 or CD86, leading either to activation or inhibition [73]. 

The binding of CTLA-4 to CD80, e.g., is 20-fold higher compared to CD28. 

 

Table 1: Costimulatory and coinhibitory signals between APCs and T cells.  

APC T cell 

Costimulatory signal 

CD80 (B7-1) CD28  

CD86 (B7-2) CD28 

CD275 (B7-H2) CD278 (ICOS) and CD28 

CD70 CD27 

CD40 CD40L  

CD70 CD27 

CD48, CD58 CD2 
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Coinhibitory signal  

CD80 (B7-1) CD152 (CTLA-4) and CD274 (PD-L1) 

CD86 (B7-2) CD152 (CTLA-4) 

CD274 (PD-L1) CD279 (PD-1) and CD80 (B7-1) 

CD273 (PD-L2) CD279 (PD-1) 

Galectin-9   TIM3  

CD155, CD112, CD113 TIGIT 

 

After activation and proliferation, T cells enter the blood circulation and infiltrate into the target tissue.  

If CD8+ T cells are activated and bind to the target cells, they induce apoptosis. For example, CD8+ 

T cells recognize tumor cells by presenting self-proteins with mutations or overexpression of peptides 

on the a1 and a2 domains of MHC I [69].  

There are three possible pathways by which CD8+ T cells induce apoptosis in target cells. One is 

mediated by the release of cytokines, especially IFNg. Secretion of IFNg into the surrounding tissue 

leads to the upregulation of MHC I on the cells, thereby increasing the probability for CD8+ T cells to 

recognize the target cell. Further, IFNg differentiates monocytes into M1-phenotype macrophages and 

stimulates the differentiation of Th0 into Th1 cells [69,74]. The two other mechanisms require cell-cell 

contact. One mechanism is the binding of FasL (CD95L), which is expressed by CD8+ T cells to Fas (CD95) 

on the target cell, leading to activation of caspase 8 and apoptosis of the target cell [75]. Moreover, 

inside CD8+ T cells are cytotoxic granules, containing effector molecules Perforin, Granzymes, and 

Granulysin, which are released when CD8+ T cells bind to the target cell. Perforin forms pores in the 

plasma membrane of the target cell, through which Granzyme and Granulysin can enter the cell. Here, 

Granzyme A damages the mitochondria and Granzyme B activates caspase 3, leading to apoptosis [69].  

 

1.3.2 PD-1 and PD-L1  

PD-1, also called CD279, was first identified in 1992 as a mediator of apoptosis [76]. It is a type 1 

transmembrane glycoprotein and exhibits some similarities to CTLA-4 and CD28. PD-1 is expressed on 

T cells, NK cells, B cells, and APCs. On T cells it is especially expressed after activation [77]. PD-1 binds 

to either PD-L1 (CD274) or PD-L2 (CD273) causing inhibition of T cells. Inhibitory signals are needed to 

maintain immune homeostasis and prevent autoreactivity.  

PD-L1, also known as CD274, was discovered by Chen et al. in 1999. It is a type 1 transmembrane 

protein and expressed on APCs, T cells, B cells, non-hematopoietic cells, epithelial cells, and tumor cells 

[78]. The pro-inflammatory cytokine IFNg is a known inducer of PD-L1 expression on the cell surface of 

tumor cells [79]. Rahn showed that IFNg is also the strongest inducer of PD-L1 expression in pancreatic 

ductal epithelial cells (PDECs) and most PDAC cell lines [80].   
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The binding of PD-1 to PD-L1 leads to phosphorylation of the immunoreceptor tyrosine-based switch 

motif (ITSM) of the PD-1 receptor and recruitment of the phosphatases SHP1 and SHP2. SHP1 and SHP2 

in turn dephosphorylate ZAP70 and PI3-K [69]. This prevents activation of the transcription factors AP-

1, NFAT, and NF-kB, which are important for T cell activation, proliferation, and survival [77,81]. 

Moreover, the binding of PD-1 to its ligand can lead to T cell exhaustion. Importantly, this exhausted 

state is characterized by elevated expression of inhibitory receptors (PD-1, CTLA-4, and TIM3), reduced 

production of cytotoxic molecules (Perforin, Granzymes, and Granulysin), decreased production of 

chemokines (TNFα and IFNg), and elevated apoptosis of T cells [30,81]. 

 

1.4 Metastasis 

Metastasis is a multistep process, during which tumor cells of the primary tumor spread to distant 

organs [82]. Local invasion and metastasis are one hallmark of cancer [83]. Even though the majority 

of cancer patients (90 %) die due to metastases rather than the primary tumor, the process is still 

poorly understood and therefore a better understanding of metastasis progression is essential [83,84].  

Cancer cells of the primary tumor prefer certain distant organs for metastasis. This was already 

postulated by Stephan Paget in the year 1889 and was called the “seed and soil” hypothesis. Cancer 

cells represent the seeds and the microenvironment represents the soil and Stephan Paget concluded 

that metastases only form if the seed and soil match [85].  

 

1.4.1 The invasion metastasis cascade 

The invasion metastasis cascade is briefly described in several steps. The tumor cells leave the primary 

tumor, enter the blood vessels and circulate, extravasate from the blood vessels, enter the secondary 

organ, and finally survive in the new microenvironment (Figure 5). 

The first step of the cascade is the invasion of tumor cells through the basal membrane and into the 

surrounding tissue. The transdifferentiation process EMT is an important step to enable tumor cell 

motility. Tumor cells lose their epithelial-like phenotype and acquire a more mesenchymal-like 

phenotype by downregulating epithelial proteins, e.g., E-Cadherin and Cytokeratin, and by 

upregulating mesenchymal proteins, e.g., Vimentin, N-Cadherin, and Fibronectin [86]. Additionally, 

cell-cell junctions are dissolved [87]. The EMT process is mediated by different transcription factors, 

e.g., Snail, ZEB, Slug, and Twist. Further, cytokines secreted by cells in the TME, like TGF-b1, TNFa, IL-

10, and IL-6 contribute to EMT [53,88]. In turn, TGF-b promotes TAMs, while IL-10 promotes TRegs and 

inhibits CD8+ T cell activation [89,90]. In breast cancer and non-small cell lung cancer (NSCLC), it was 

shown that EMT upregulates PD-L1 expression [91,92]. Besides, EMT contributes to chemotherapy 
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resistance in different PDAC cell lines [93]. During invasion, remodeling of the ECM is achieved by 

matrix metalloproteinases (MMPs). MMPs are secreted by tumor cells and neutrophils [94,95].  

Next, tumor cells must intravasate into the blood vessels and are then called circulating tumor cells 

(CTCs). This step is promoted by tumor vascularization [96]. Most CTCs circulate as single cells and 

some in clusters. During circulation, many CTCs get trapped in the small vessels and have to survive 

the increased shear forces and recognition of immune cells, especially NK cells. Neutrophils within the 

blood vessels support cluster formation and inhibit the activation of leukocytes. Further, platelets are 

activated and form a coating shield, protecting CTCs from physical forces and detection by immune 

cells [84,97]. To inhibit immune cells, especially NK cells, CTCs release TGF-b or PDGF. Afterwards, CTCs 

extravasate from the blood vessels by transendothelial migration. In the liver, vessels are highly 

permeable, facilitating extravasation. Furthermore, different cell populations, like monocytes and 

neutrophils, and the production of proteins, like VEGF and MMPs promote extravasation [94,98].  

Finally, disseminated tumor cells (DTCs) enter the parenchyma of the distant organ. Here DTCs must 

adapt to the new microenvironment to survive, proliferate, and then form clinically relevant 

metastases. Therefore, the TME of the distant organ is already reshaped into a tumor-promoting pre-

metastatic niche during tumor progression [98]. Other studies showed that DTCs in the secondary 

organ acquire a dormant state, during which they neither proliferate nor die but remain vital [99,100]. 

The invasion metastasis cascade is a complex process and overall very inefficient as it is predicted that 

only 0.01 % of CTCs form metastases [101].  
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Figure 5: The invasion metastasis cascade: The invasion metastasis cascade is characterized by several steps. (1) 

The first step of the cascade is the invasion of tumor cells through the basal membrane and into the surrounding 

tissue. (2) Next, tumor cells must intravasate into the blood vessels and are then called circulating tumor cells 

(CTCs). (3) Here, the CTCs must survive the high shear forces and recognition by immune cells. (4) Only a few cells 

survive circulation and extravasate the blood vessels into the secondary site. (5) Finally, disseminated tumor cells 

(DTCs) enter the parenchyma of the distant organ. Some DTCs go into a dormant state before they start to 

proliferate and form visible metastases. For colonization, DTCs must adapt to the new microenvironment. 

Therefore, the tumor microenvironment (TME) of the distant organ is already reshaped into a tumor-promoting 

pre-metastatic niche during tumor progression. From [102].  

 

1.4.2 Metastasis in PDAC 

PDAC patients mostly develop metastases in the lung (~ 50 %), the peritoneum (~ 60 %), and the liver 

(~ 80 %), the latter representing the main site of metastases [103].  

The four “driver” mutations of the genes kras, p16, p53, and SMAD4 contribute to metastatic 

progression in PDAC. The loss of p16 and mutation in kras (G12D) [104] led to metastases in mice, 

likewise mutation in p53 [105] and SMAD4 depletion in combination with kras (G12D) mutation [106] 

promoted metastasis in PDAC mouse models, concluding that not all four genes need to be mutated. 

Supporting these findings, patient data showed that not all four “driver” genes need to be mutated to 

promote metastasis. Patients with metastases only showed 1-2 alterations in these genes, but 

alterations in 3-4 genes were associated with a higher metastatic burden and shorter median overall 
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survival [107]. As mutations in “driver” genes were acquired early during progression, it was postulated 

that metastasis occurs several years after tumor formation (6.8 years). Yachida et al. demonstrated 

genetically that clonal populations in the metastases arise from clones in the primary tumor [108]. 

However, recent studies provided evidence that metastasis occurs concurrently with primary tumor 

development. A PDAC mouse model revealed that pre-malignant PDECs undergo EMT and migrate into 

the liver [109]. Moreover, circulating PDECs could be detected in the blood of patients with pancreatic 

cystic lesions, supporting the view that metastatic spread is an early event during pancreatic 

tumorigenesis [110].  

 

1.4.3 The liver as a pre-metastatic niche  

During cancer progression, the TME of the primary tumor is reshaped. Moreover, the liver as the 

secondary organ for metastasis colonization is remodeled as well to ensure that DTCs survive and 

proliferate.  

During the invasion metastasis cascade, tumor cells and neutrophils express metalloproteinases by 

which they are able to remodel the ECM and to invade the surrounding tissue [94,95]. Grünwald et al. 

showed in a KPC mouse model that tissue inhibitor of metalloproteinases-1 (TIMP-1) is expressed and 

secreted into the circulation, causing activation of HSC and recruitment of neutrophils. Since in TIMP-

1 knock-out mice, the formation of liver metastases was prevented, TIMP-1 seems to contribute to the 

formation of a pre-metastatic niche [111]. Moreover, it was shown that primary tumor derived 

exosomes containing proteins contribute to the formation of a pre-metastatic niche. To give one 

example, exosomes containing the chemokine macrophage migration inhibitory factor are present in 

the liver and taken up by Kupffer cells, leading to the secretion of TGF-b, activation of HSC, and 

upregulation of ECM proteins in a PDAC mouse model [112]. Further, the secretion of different 

chemokines and cytokines recruits different immune cells to the liver to generate an 

immunosuppressive microenvironment. Giving one example, CCL2 recruits Granulin-producing 

metastasis-associated macrophages (MAMs) to the liver, leading to the activation of HSC, which 

produce high amounts of ECM molecules, giving rise to a dense stroma [57,113].  

Overall, these findings indicate that already early during PDAC progression, the liver is primed and 

reshaped for metastasis.  

 

1.4.4 The liver microenvironment  

The liver is the main site of metastases in PDAC and is associated with the worst prognosis compared 

to lung or peritoneum metastases [114]. The liver is important for detoxification and different 

metabolisms of lipids, proteins, amino acids, and glucose [115]. The liver comprises multiple different 

cell types, which are either parenchymal or non-parenchymal. Hepatocytes represent ~ 70 % of the 
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liver cell population and are parenchymal. The rest is composed of non-parenchymal cells. Kupffer cells 

are the tissue-resident macrophages of the liver and represent around 40 %, while HSC represent 5 - 

8 % of the non-parenchymal cells [116]. Kupffer cells phagocytose bacteria thereby protecting the liver 

from infection [117]. In the physiological liver, HSC perform a variety of tasks to maintain organ 

homeostasis, e.g., by paracrine secretion of Hepatocyte Growth Factor (HGF) and Epidermal Growth 

Factor (EGF), and they store ~ 80 % of the body’s vitamin A in lipid vacuoles [30]. In response to injury 

or inflammation, HSC transdifferentiate into HMF [118]. Here, stimuli like TGF-b, PDGF, or IL-6 lead to 

their activation while, IFNg inhibits the activation of HSC [119]. HMF are characterized by a high 

expression of aSMA as well as the secretion of ECM molecules, like collagen I, collagen IV, and 

fibronectin leading to liver fibrosis. Owing to their ability to release high amounts of ECM proteins and 

immune regulatory mediators, HMF generate a dense stroma, which acts as a physical barrier for 

immune cells and drugs [30]. 

Lenk et al. showed that the inflammatory status of the liver microenvironment is an essential driver 

for the outgrowth of PDAC liver metastases. Here, HMF promoted PDAC cell growth in a VEGF-

dependent manner [120]. Moreover, HSC and HMF can impact immune cells in the liver. As mentioned 

above, the secretion of CCL2 and CCL4 attracts MAMs, in turn activating HSC. In vitro, coculture of HSC 

and monocytes led to the differentiation of monocytes into MDSCs [119], which suppress T cells and 

induce TRegs [121]. Additionally, PD-L1 is expressed on the cell surface of HSC and even more on HMF, 

inhibiting T cells [122]. In summary, HSC are only a minor cell population in the liver, but nevertheless, 

after activation, their inflammatory counterpart (HMF) essentially contributes to the progression of 

liver metastases in PDAC.  

 

1.5 Cancer Immunity and Immunotherapy 

High infiltration of CD8+ T cells is associated with longer overall survival of PDAC patients, indicating 

that CD8+ T cells exhibit a potent anti-tumorigenic potential in PDAC [123,124].  

As shown above, diverse immune cells in the TME promote or suppress tumor progression [30]. CTLs 

are the key players in the TME for anti-cancer tumor responses. Chen and Mellman postulated the 

cancer-Immunity cycle, a model to explain stepwise progression for effective killing of tumor cells 

(Figure 6). First, cancer antigens are released (Figure 6, 1) and presented by APCs (Figure 6, 2), like 

macrophages DCs. Next, T lymphocytes are activated and primed by APCs in the lymph node (Figure 6, 

3). Afterwards, the T cells enter the blood circulation and infiltrate into the tumor (Figure 6, 4+5). Here, 

the T cells need to recognize the tumor cells (Figure 6, 6) and finally kill them (Figure 6, 7) [125].  



  Introduction 
 

 19 

However, during tumor progression, tumor cells develop several strategies by which they can evade 

the immune system, for example, by limiting antigen recognition and inhibiting CD8+ T cells [126]. 

Evading the immune system is one hallmark of cancer [83]. 

The complex relation between tumor cells and immune cells is called immunoediting. It is 

characterized by three phases: Elimination, Equilibrium, and Escape. In the elimination phase, the 

innate and adaptive immune systems orchestrate together to recognize and eliminate tumor cells. 

Tumor cells, which have acquired survival strategies and are not eliminated by the immune system, 

are able to enter the next phase. Here, small lesions develop but its outgrowth is still controlled by the 

immune system. During the equilibrium phase, tumor cells, which have developed survival strategies, 

are selected to escape the immune system and progress into the escape phase. Here, the outgrowth 

and proliferation of tumor cells are not constrained anymore by the immune system and visible tumors 

develop [127].  

Several mechanisms lead to immune evasion. Cancer cells release CXCL12, CCL5, IL-6, IL-10, TGF-b, 

VEGF, and M-CSF, leading to the recruitment of TRegs, TH2 cells, MDSCs, and to the differentiation of 

monocytes into M2-like macrophages [64,128]. These immune cells suppress effector CD4+ and CD8+ 

T cells, NK cells, and DCs, which are important for antigen presentation [129]. Further, tumor cells 

downregulate MHC I to impair recognition by CD8+ T cells, which is also seen in PDAC [130,131]. If 

tumor cells express no MHC I anymore, they are killed by NK cells, however, several factors in the TME 

suppress these immune cells [30,69]. Moreover, tumor cells express immune checkpoint molecules, 

like PD-L1 or CTLA-4 to inhibit CD8+ T cells [132]. Blocking these immune checkpoint molecules has 

emerged as a promising option for cancer therapy [133]. The aim of immune checkpoint inhibitors 

(ICIs) is to boost cancer-directed immunity by induction of CD8+ T cell-mediated killing of tumor cells. 

ICI treatment can be successful during priming and activation of CD8+ T cells (3) and during recognition 

and killing tumor cells (7) in the cancer-immunity cycle.  
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Figure 6: Cancer-immunity cycle. The stepwise progression of effective tumor cell killing. First, (1) cancer cells 

release antigens (1), which are presented by antigen-presenting (APCs) (2). Next, T cells are primed and activated 

in the lymph node (3). Afterwards, T cells circulate through the blood vessels (4) to infiltrate into the tumor (5). 

Here, T cells recognize (6) and finally kill (7) the tumor cells. Immune checkpoint inhibitors can be effective in 

steps 3, 6, and 7, marked with a blue box. Adapted from [125].  

 

1.5.1 Immune checkpoint blockade in cancer 

As mentioned above, tumor cells can evade the immune system by expressing immune checkpoint 

molecules to inhibit CTLs [132]. Blocking these regulatory/inhibitory proteins with ICIs has broadly 

impacted and revolutionized cancer therapy [133]. By blocking immune checkpoint molecules, like PD-

1 or PD-L1, activation of CD8+ T cells can be increased and in turn, cancer-mediated killing can be 

induced (Figure 7). 
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Figure 7: Immune checkpoint inhibitors enhance the activation of CD8+ T cells and lead to cancer-mediated 

killing. Tumor cells can evade the immune system by upregulating cell surface expression of immune checkpoint 

molecules, like programmed death-ligand 1 (PD-L1). The binding of PD-L1 to programmed death protein-1 (PD-

1) on T cells leads to their inhibition so that T cells are not able to kill the tumor cell. If these immune checkpoint 

molecules are blocked by immune checkpoint inhibitors (ICIs), like Pembrolizumab (binding to PD-1) or 

Durvalumab (binding to PD-L1), killing ability of CD8+ T cells is restored so that they can induce cancer cell death.  

Over the recent years, the number of clinical trials testing ICIs increased dramatically [134]. Eight ICIs 

are approved by the European Medicine Agency (EMA), mainly targeting PD-1 or PD-L1 (Table 2). 

Tremelimumab (binding to CTLA-4) was just approved in February this year (2023).  

 

Table 2: EMA-approved immune checkpoint inhibitors for cancer treatment.  

Immune checkpoint Inhibitors 

(Tradename) 

Target Isotype Distributor 

Atezolizumab (Tecentriqâ) PD-L1 hIgG1 Roche  

Avelumab (Bavencioâ) PD-L1 hIgG1 Merck/Pfizer 

Cemiplimab (Libtayoâ) PD-1 hIgG1 Regeneron 

Durvalumab (Imfinziâ) PD-L1 hIgG1 AstraZeneca  

Ipilimumab (Yervoyâ) CTLA-4 hIgG1 Bristol-Myers Squibb 
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Nivolumab (Opdivoâ) PD-1 hIgG1 Bristol-Myers Squibb 

Pembrolizumab (Keytrudaâ) PD-1 hIgG4 Merck 

Tremelimumab (Imjudoâ) CTLA-4 hIgG1 AstraZeneca 

 

Durvalumab and Pembrolizumab targeting PD-L1 and PD-1, respectively, will be described in sections 

1.5.1.1 and 1.5.1.2 as they were used in this study to analyze the impact of PD-L1 and PD-1 inhibitors 

on the effector phenotype of CD8+ T cells in the context of the hepatic microenvironment.  

Mostly NSCLC, urothelial carcinoma, melanoma, renal cell carcinoma, triple-negative breast cancer, 

and colon/rectum carcinoma are treated with ICIs targeting PD-1, PD-L1, or CTLA-4. In some cases, the 

PD-L1 status of the tumor is determined, by considering PD-L1-positive cancer cells and infiltrating 

immune cells before applying the drug to the patients [135–138]. In NSCLC, it was shown that 

Atezolizumab increased overall survival and progression-free survival if more than 50 % of tumor cells 

and more than 10 % of immune cells are PD-L1 positive [139]. In urothelial carcinoma, the tumor 

objective response rate was higher in PD-L1 high patients [140]. These studies and the guideline by the 

EMA underscore that the PD-L1 status in the tumor, including those of cancer and immune cells, might 

be a good predictor for the efficacy of ICIs.  

Recent studies revealed that the combination of different ICIs might be more effective in cancer 

treatment, however, patients often develop more and stronger side effects. The challenges for 

effective treatment will be identifying the correct order and time point of application, the best 

combination, and the appropriate concentration of the drugs. Immune checkpoint therapy can also be 

combined with radiotherapy, chemotherapy, and strategies targeting the TME [141].  

However, ICIs has not yet added any considerable benefit to the treatment of PDAC patients [124,142]. 

In clinical trials, the combination of Tremelimumab (CTLA-4 inhibitor) with Gemcitabine or the 

combination of Pembrolizumab (PD-1 inhibitor) and Gemcitabine or Nab-Paclitaxel did not improve 

the outcome of PDAC patients [143,144].  

 

1.5.1.1 Durvalumab 

Durvalumab (Imfinziâ) is a human monoclonal immunoglobulin G1 antibody developed by 

AstraZeneca. Durvalumab targets PD-L1 expressed by APCs or tumor cells to block the interaction with 

PD-1 and CD80 on CD8+ T cells. Therefore, the binding affinity of PD-L1 to Durvalumab is higher 

compared to PD-1 or CD80 [145]. Durvalumab is approved by the EMA and the Committee for 

Medicinal Products for Human Use (CHMP) for different cancer entities. First, Durvalumab is used for 

locally advanced and unresectable NSCLC, in which more than 1 % of the tumor cells exhibit PD-L1 

expression. The therapy is followed by platinum-based chemoradiation therapy. Further, Durvalumab 

is used in combination with chemotherapy as a first-line therapy to treat advanced-stage small cell 
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lung cancer. Last year (2022), Durvalumab was also approved to treat patients with unresectable or 

metastatic biliary tract cancer in combination with Gemcitabine or Cisplatin. In addition, the 

combination of Durvalumab and Tremelimumab (blocking CTLA-4) is approved as first-line treatment 

for patients with metastatic NSCLC in combination with chemotherapy and patients with advanced or 

unresectable hepatocellular carcinoma [136]. According to the National Library of Medicine, around 

600 clinical trials have so far investigated the use of Durvalumab in cancer patients. There are some 

ongoing clinical trials, investigating Durvalumab therapy, especially in combination with other drugs in 

PDAC. In a clinal phase II trial, Durvalumab is used in combination with Gemcitabine as a neoadjuvant 

and adjuvant therapy option [NCT03572400]. In phase I and II, Durvalumab is used in combination with 

different chemotherapies and with a different ICI (Oleclumab, blocking CD73) [NCT03611556]. 

Combinational therapy of Tremelimumab and Durvalumab was just approved for NSCLC and 

hepatocellular carcinoma and is tested in phase II for metastatic PDAC [NCT02558894]. Other 

combinational therapies target the TME, e.g., in phase I clinical trial, Durvalumab is used in 

combination with Pexidartinib (anti-CSF1R), to deplete M2-like macrophages [NCT02777710].  

 

1.5.1.2 Pembrolizumab  

Pembrolizumab (Keytrudaâ) is a human monoclonal immunoglobulin G4 antibody developed by 

Merck. Pembrolizumab targets PD-1 to block the interaction with PD-L1 and PD-L2. The EMA and CHMP 

approved Pembrolizumab for various cancer entities. Compared to Durvalumab, Pembrolizumab is 

used as a therapy option in more cancer diseases. Mostly, Pembrolizumab is used for patients with 

advanced or unresectable tumors, for example, melanoma, NSCLC, urothelial carcinoma, head and 

neck cancer, renal cell carcinoma, and colorectal cancer. The PD-L1 and PD-1 status must be evaluated 

in certain cancer entities before the treatment. In melanoma and renal cell carcinoma, Pembrolizumab 

is used as adjuvant therapy. Besides, Pembrolizumab is often used in combination with chemotherapy 

and other cancer drugs for esophageal cancer, triple-negative breast cancer, NSCLC, head and neck 

cancer, and renal cell carcinoma. Compared to Durvalumab Pembrolizumab is already used for more 

cancer entities as a therapy option [135]. Moreover, according to the National Library of Medicine, 

around 2,000 clinical trials investigate the use of Pembrolizumab in cancer patients and some clinical 

trials investigate the efficacy of Pembrolizumab in PDAC. Combinational therapy of Pembrolizumab 

and different chemotherapies are tested in phase I [NCT04083599] and II [NCT03727880] trials.  

 

1.5.2 PD-L1 expression in PDAC  

As mentioned above, the PD-L1 status of a patient might be a good predictor of the efficacy of ICIs. 

Therefore, it is important to evaluate the PD-L1 expression in PDAC. Rahn et al. showed that PD-L1+ 

cells could only be detected in 20 % of the tumors of PDAC patients staged T3N1M0, the most 
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frequently operated tumor stage. Moreover, poor tumor differentiation was associated with a higher 

PD-L1 expression [35]. This was also seen by Wang et al., who demonstrated that the amount of PD-

L1 expressing cells was significantly higher in TNM stage III compared to I and II [146]. A meta-analysis 

of 993 PDAC patients showed that an advanced tumor stage is associated with a higher PD-L1 

expression [147]. These studies indicate that PD-L1 expression is enhanced during progression in PDAC. 

Furthermore, the overall survival was lower in patients with high PD-L1 expression [35,147].  

Moreover, Rahn et al. showed that PD-L1 is rather expressed by stromal cells, especially macrophages, 

than by tumor cells [35]. Karamitopoulou et al. also showed that in 30 % of PDAC patients, PD-L1 is 

expressed by immune cells [148].  

Overall, data on PD-L1 expression in tumor and stromal cells are still rare in PDAC, especially in the 

metastatic context limiting the understanding of the impact of the PD-L1/PD-1 axis on immune evasion 

in metastatic PDAC.   
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1.6 Aim of the study  

With a 5-year survival rate of under 5 %, PDAC is one of the most fatal malignancies [2]. In the European 

Union, PDAC represents the 4th most common cause of cancer-related deaths and it is estimated to 

become the 3rd leading cause of cancer-related death [3]. Lacking specific symptoms, PDAC is mostly 

diagnosed at a locally advanced or metastatic stage, with the liver representing the main site of 

metastases [5,103]. To date, the only curative treatment is an R0 resection of the primary tumor. 

However, even these patients often relapse and develop metastases shortly after or even during 

adjuvant therapy [149]. Since PDAC patients with liver metastases have an even worse prognosis, it is 

of outmost importance to better understand the mechanisms underlying metastatic progression in the 

liver and to identify effective treatment options [150]. Treatment with ICIs, e.g., PD-L1 or its receptor 

PD-1, has improved the therapy of many cancers but so far failed in PDAC. Monoclonal antibodies, 

such as Durvalumab and Pembrolizumab, blocking PD-L1 and PD-1, respectively, aim to boost cancer-

directed immunity by induction of CD8+ T cell-mediated killing of tumor cells [124,142]. High infiltration 

of CD8+ T cells is associated with longer overall survival of PDAC patients, indicating that CD8+ T cells 

exhibit a potent anti-tumorigenic potential in PDAC [123,124]. Moreover, absent PD-L1 expression and 

high CD8+ T cell infiltration of PDAC are linked to a better prognosis [151]. Of note, PD-L1 expression 

in PDAC is very heterogeneous, as some tumors show no PD-L1 expression, while others show high 

expression [35,151]. In the latter cases, PD-L1 is mostly expressed by stromal cells rather than tumor 

cells [35]. However, whether and how stromal cell-associated PD-L1 expression impacts immune 

evasion is still poorly understood, especially in liver metastases, as they are not routinely resected in 

PDAC patients. Consequently, tissue samples from PDAC metastases are rare and the expression of 

immune regulatory molecules such as PD-L1 within liver metastases has been rarely characterized. 

Therefore, this study aimed to gain further insights into the impact of the liver microenvironment, 

particularly of HMF, on PDAC cells and CD8+ T cells in the context of immune evasion. For this purpose, 

metastatic liver tissue sections of PDAC patients were stained to examine the localization of tumor 

cells, myofibroblasts, CD8+ T cells, and PD-L1 expression comparing small and large metastases in PDAC 

patients. Further, 2D in vitro cocultures were conducted to analyze the impact of PDEC, hepatic stromal 

cells, and CD8+ T cells on each other, considering the PD-L1 cell surface expression, the activation, and 

the effector phenotype of CD8+ T cells. Moreover, in vitro 3D cocultures using different ratios of PDAC 

cells and HMF were established to better mimic the complex hepatic tumor stroma interplay in hepatic 

metastases. Further, CD8+ T cells were added to spheroid cocultures. Here, the efficacy of ICIs 

(Durvalumab and Pembrolizumab), Gemcitabine, and combinational treatment of Gemcitabine with 

ICIs was analyzed, regarding the activation, effector phenotype of CD8+ T cells, and the induction of 

PDAC cell death by CD8+ T cells.  
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2 Materials 

2.1 Chemicals and Reagents 

Chemical Manufacturer 

Accutase solution Pan-Biotech GmbH, Aidenbach, Germany 

Acetic acid, 10 %  Carl Roth GmbH, Karlsruhe, Germany 

All-trans retinoic acid (ATRA) Sigma-Aldrich, München, Germany 

Bovine pituitary extract (BPE) ThermoFisher Scientific, Waltham, MA, USA 

Bovine serum albumin (BSA) Biomol, Hamburg, Germany 

CellTraceä Violet Cell Proliferation Kit (CTV) ThermoFisher Scientific, Waltham, MA, USA 

CellTrackerä Green CMFDA Dye (CTG) ThermoFisher Scientific, Waltham, MA, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, München, Germany 

Ethanol Merck Millipore, Darmstadt, Germany 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth GmbH, Karlsruhe, Germany 

Fetal calf serum (FCS) Pan-Biotech GmbH, Aidenbach, Germany 

4-(2-hydroxyethyl)-1-piperazineethansulfonic 

acid (HEPES) 

Pan-Biotech GmbH, Aidenbach, Germany 

Hoechst 33528 ThermoFisher Scientific, Waltham, MA, USA 

Human TruStainFcXä (Fc Receptor Blocking 

Solution) 

BioLegend, San Diego, CA, USA 

Keratinocyte serum-free medium ThermoFisher Scientific, Waltham, MA, USA 

L-Glutamine (L-Gln) Pan-Biotech GmbH, Aidenbach, Germany 

LightCyclerâ 480 SYBR Green I Master  Roche, Basel, Switzerland 

Pancoll, 1.077 g/l Pan-Biotech GmbH, Aidenbach, Germany 

Paraformaldehyde (PFA) 4.0 % ThermoFisher Scientific, Waltham, MA, USA 

Penicillin-Streptomycin (Pen/Strep) ThermoFisher Scientific, Waltham, MA, USA 

Phosphate-buffered saline (PBS) Dulbecco  Pan-Biotech GmbH, Aidenbach, Germany 

Roswell Park Memorial Institute (RPMI) 1640 

medium 

Pan-Biotech GmbH, Aidenbach, Germany 

RPMI 1640 medium without phenol red  Pan-Biotech GmbH, Aidenbach, Germany 

Propidium Iodide (PI) Sigma-AldrichÒ, Saint Louis, MO, USA 

Puromycin (10 mg/ml) Invivo Gen, San Diego, CA, USA 

Sodium chloride Carl Roth GmbH, Karlsruhe, Germany 
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Sodium pyruvate Pan-Biotech GmbH, Aidenbach, Germany 

Solution 555 Beckmann Coulter GmbH, Krefeld, Germany 

Stellate cell medium Science Cell Research Laboratories, Carlsbad, 

CA, USA 

Trypan blue Stain 0.4 % ThermoFisher Scientific, Waltham, MA, USA 

Trypsin-EDTA Biowest the serum specialist, Nuaillé, France 

 

2.2 Buffers 

Buffer Formulation 

Density gradient & counterflow centrifugation 

Elutriation buffer 0.1 % (v/v) FCS 

10 mM EDTA 

in PBS 

pH 7.4 

Erythrocyte lysis buffer 155 mM NH4Cl 

10 mM KHCO3 

0.1 mM EDTA 

in ddH2O 

Flow Cytometry 

Fixation solution 1 % (v/v) PFA 

in MACS buffer 

MACS buffer 0.5 % (w/v) BSA 

2 mM EDTA 

in PBS 

pH 7.4 

sterile-filtered and vacuum-degassed 
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2.3 Cell biological material  

2.3.1 Cell lines  

Cell line Information/origin 

Pre-malignant pancreatic ductal epithelial cells 

H6c7-kras Ductal epithelial cell line. Cells derived from a human chronically 

inflamed human pancreas, immortalized with HPV16-E6/E7 

genes and additionally transduced with the retroviral vector 

pBabepuro-K-ras4BG12V. The cells express the oncogene k-ras 

(G12V) and were used as a cell model for pre-malignant cells. 

H6c7-kras cells were kindly provided by Dr. Tsao (Ontario Cancer 

Institute, Toronta, Canada) [152].  

Malignant pancreatic ductal epithelial cells 

PancTu1 Human PDAC cell line. Cells were isolated from a primary PDAC 

of a female PDAC patient. Cells show mutations in k-ras (G12V) 

and p53 (C176S) and a depletion of p16. SMAD4 shows a wildtype 

status. 

PancTu1 cells were used as a PDAC cell model. PancTu1 cells 

were kindly provided by M. v. Bülow (University of Mainz, 

Germany) [153,154]. 

Panc89 Human PDAC cell line. Cells were isolated from a lymph node 

metastasis of a 64-year-old male PDAC patient. Cells show 

mutations in p53 (T220C) and depletion of p16. The genes k-ras 

and SMAD4 show a wildtype status. Panc89 cells were used as a 

cell model for PDAC cells. 

Panc89 cells were kindly provided by K.Keiichi (Kyto Prefectural 

University of Medicine, Japan) [153,154]. 

Panc1 Poorly differentiated human PDAC cell line. Cells were isolated 

from the primary PDAC of a 56-year-old female PDAC patient. 

Cells show mutations in p53 (R273H), k-ras (G12D) and depletion 

of p16. The gene SMAD4 shows a wildtype status. The cells were 

purchased from the American Type Culture Collection [153–155].  
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BxPc3 Poorly to moderately differentiated human PDAC cell line. Cells 

were isolated from a PDAC of a 61-year-old female PDAC patient. 

Cells show mutations in p53 (Y220C) and depletion of p16 and 

SMAD4. The gene k-ras is wildtype. BxPc3 cells were purchased 

from the American Type Culture Collection [42,154–157]. 

Colo357 Human PDAC cell line. Cells were isolated from a lymph node 

metastasis of a 77-year-old female PDAC patient. Cells show 

mutations in k-ras (G12V) and a depletion of SMAD4. The genes 

p16 and p53 show the wildtype status [153,154,158]. 

A818-6 Clone of the human PDAC cell line A818. Cells were isolated from 

ascites of a 75-years old female PDAC patient [159]. A818-6 cells 

were kindly provided by Prof. Dr. Holger Kalthoff (Kiel, Germany). 

PT-45 Human PDAC cell line. Cells were isolated from the primary 

PDAC. Cells show mutations in k-ras (G12A) and p53 (A280L) and 

a depletion of p16 [153,154]. PT-45 cells were kindly provided by 

Holger Kalthoff (Kiel, Germany).  

Hepatic stromal cells 

hHSteC Human hepatic stellate cells (hHSteC) isolated from the liver of a 

3-year-old male infant. Human HSteCs were purchased from 

Provitro GmbH (Berlin, Germany).  

To generate hHSteCs with a HSC like phenotype, cells were 

cultured with 2.5 µM of ATRA. These cells will be called HSC 

throughout this thesis.  

HSC were transdifferentiated into hepatic myofibroblasts (HMF) 

by adding 1 ng/ml TGF-β1 to the culture medium for at least two 

weeks.  
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2.3.2 Culture media  

Cell line Culture media 

Routine cell culture 

H6c7-kras 50 % (v/v) keratinocyte serum-free medium supplemented with  

50 µg/ml BPE  

5 ng/ml EGF 

4 µg/ml Puromycin 

50 % (v/v) RPMI 1640 with  

10 % (v/v) FCS  

1 % (v/v) L-Gln 

PancTu1, Panc89, Panc1, 

Colo357, BxPc3, A818-6 

RPMI 1640 medium supplemented with 

10 % (v/v) FCS 

1 % (v/v) L-Gln 

1 % (v/v) Sodium pyruvate 

PT-45 RPMI 1640 medium supplemented with 

10 % (v/v) FCS 

1 % (v/v) L-Gln 

HSC Stellate Cell Medium supplemented with 

2 % (v/v) FCS 

1 % (v/v) Pen/Strep 

1 % (v/v) Stellate Cell Growth Supplement 

2.5 µM ATRA 

HMF Stellate Cell Medium supplemented with 

2 % (v/v) FCS 

1 % (v/v) Pen/Strep 

1 % (v/v) Stellate Cell Growth Supplement 

1 ng/ml TGF-β1 

T cell activation (TCM) RPMI 1640 medium supplemented with 

10 % (v/v) FCS  

20 mM HEPES  

1 % (v/v) L-Gln  

1 % (v/v) Sodium pyruvate  

1 % (v/v) Pen/Strep 
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Staining medium for CTG 

labeling 

RPMI 1640 medium supplemented with 

1 % (v/v) L-Gln 

1 % (v/v) Sodium pyruvate 

Imaging Medium  RPMI 1640 medium without phenol red supplemented with  

1 % (v/v) L-Gln 

1 % (v/v) Sodium pyruvate 

Coculture 

CD8+ T cells 

Co 

H6c7-kras 

PancTu1 

RPMI 1640 medium supplemented with 

10 % (v/v) FCS  

20 mM HEPES  

1 % (v/v) L-Gln  

1 % (v/v) Sodium pyruvate  

1 % (v/v) Pen/Strep 

CD8+ T cells 

Co 

HSC 

HMF 

RPMI 1640 medium supplemented with 

10 % (v/v) FCS  

20 mM HEPES  

1 % (v/v) L-Gln  

1 % (v/v) Sodium pyruvate  

1 % (v/v) Pen/Strep 

Spheroids  RPMI 1640 medium supplemented with 

10 % (v/v) FCS  

20 mM HEPES  

1 % (v/v) L-Gln  

1 % (v/v) Sodium pyruvate  

1 % (v/v) Pen/Strep 
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2.3.3 Growth factors and cytokines  

Compound Stock concentration 

(ng/ml) 

Manufacturer 

EGF, human recombinant 20 ThermoFisher Scientific, 

Waltham, MA, USA 

IFNg, human recombinant 10 BioLegend, San Diego, CA, USA 

IL-2, human recombinant 60 BioLegend, San Diego, CA, USA 

IL-6, human recombinant 10 BioLegend, San Diego, CA, USA 

IFNg, human recombinant 10 BioLegend, San Diego, CA, USA 

TGF-β1, human recombinant 20 BioLegend, San Diego, CA, USA 

 

2.3.4 Cytostatic drug  

Compound Stock concentration 

(µg/ml) 

Manufacturer 

Gemcitabine  1000 Hexal, Holzkirchen, Germany 

 

2.4 Molecular biological material  

2.4.1 Primers 

Target 5´ - 3´Sequence Annealing 

(°C) 

Manufacturer 

FSP1 fw- AAC TAA AGG AGC TGC TGA CCC 

rv- TGT TGC TGT CCA AGT TGC TC 

60 Biometra GmbH, Jena, 

Germany 

GAPDH fw- TCC ATG ACA ACT TTG GTA TCG TGG 

rv- GAC GCC TGC TTC ACC ACC TTC T 

58 Eurofins genomics, 

Ebersberg, Germany 

IL-6 fw- ATG CAA TAA CCA CCC CTG AC  

rv- GAG GTG CCC ATG CTA CAT TT  

58 Biomol, Hamburg, 

Germany 

PD-L1 fw- TGA TAC ACA TTT GGA GGA GAC G 

rv- CCC TCA GGC AATT TGA AAG TAT C 

58 Biomol, Hamburg, 

Germany 

TGF-b1  fw- CGT GGA GCT GTA CCA GAA ATA  

rv- TCC GGT GAC ATC AAA AGA TAA  

58 Eurofins genomics, 

Ebersberg, Germany 
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2.4.2 Antibodies  

AC = T cell activation coculture  

CC = Cocultures 

FC = Flow Cytometry 

IF = Immunofluorescence  

IHC = Immunohistochemistry  

 

Specificity 

(Clone) 

Host 

(Isotype) 

Stock in µg/ml 

(Dilution for 

application) 

Manufacturer 

Isotype control 

Isotype  

(NIP228) 

Human 

(IgG1) 

5000 AstraZeneca, 

Cambridge, UK 

Isotype 

(HP-6025) 

Human  

(IgG4) 

1000 Merck, KGaA, 

Darmstadt, Germany 

Isotype-APC 

(MOPC-21) 

Mouse 

(IgG1) 

200 BioLegend, San Diego, 

CA, USA 

Isotype-APC 

(MOPC-21) 

Mouse 

(IgG2b) 

100 BioLegend, San Diego, 

CA, USA 

Isotype-FITC 

(MOPC-21) 

Mouse 

(IgG1) 

500 BioLegend, San Diego, 

CA, USA 

Isotype-PE 

(MOPC-21) 

Mouse 

(IgG1) 

200 BioLegend, San Diego, 

CA, USA 

Isotype-PE-Cy7 

(MOPC-21) 

Mouse 

(IgG1) 

200 BioLegend, San Diego, 

CA, USA 

Ultra-LEAFä Isotype  

(MG1-45) 

Mouse  

(IgG1) 

2040 BioLegend, San Diego, 

CA, USA 

Primary Antibodies 

α/βTCR-FITC 

(IP26) 

Mouse 

(IgG1) 

400 

(FC: 1:20) 

BioLegend, San Diego, 

CA, USA 

aSMA 

(1A4) 

Mouse  

(IgG2a) 

50 

(IHC: 1:400) 

ThermoFisher 

Scientific, Waltham, 

MA, USA 
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CD3 (UltraLEAF) 

(OKT3) 

Mouse 

(IgG2a) 

1000 

(AC: 1:666.7) 

BioLegend, San Diego, 

CA, USA 

CD3 

(LN10) 

Mouse  

(IgG1) 

32 

(IHC: 1:100) 

Leica Biosystems, 

Wetzlar, Germany 

CD4-APC 

(RPA-T4) 

Mouse 

(IgG1) 

50 

(FC: 1:20) 

BioLegend, San Diego, 

CA, USA 

CD8 

(4B11) 

Mouse 

(IgG2b) 

28.5 

(IHC: 1:100) 

Leica Biosystems, 

Wetzlar, Germany 

CD8a-PE 

(RPA-T8) 

Mouse 

(IgG1) 

50 

(FC: 1:20) 

BioLegend, San Diego, 

CA, USA 

CD8a-FITC 

(RPA-T8) 

Mouse 

(IgG1) 

200 

(FC: 1:20) 

BioLegend, San Diego, 

CA, USA 

CD25-APC 

(BC96) 

Mouse 

(IgG1) 

100 

(FC: 1:20) 

BioLegend, San Diego, 

CA, USA 

CD28 (UltraLEAF) 

(CD28.2) 

Mouse 

(IgG1) 

1000 

(AC: 1:1666.7) 

BioLegend, San Diego, 

CA, USA 

CD68 

(514H12) 

Mouse 

(Ig2a) 

37 

(IHC: 1:100) 

Leica Biosystems, 

Wetzlar, Germany 

CD69-Pe-Cy7 

(FN50) 

Mouse 

(IgG1) 

100 

(FC: 1:20) 

BioLegend, San Diego, 

CA, USA 

CD274 

Durvalumab 

Human  

(IgG1) 

5000 

(CC: 1:500) 

Kindly provided by 

AstraZeneca, 

Cambridge, UK 

CD274  

(E1L3N) 

Rabbit 

(IgG1) 

874  

(IF: 1:200 

IHC: 1:100) 

Cell Signaling, 

Danvers, MA, USA 

CD274-Pe-Cy7 

(MIH1) 

Mouse 

(IgG1) 

200 

(FC: 1:20) 

BioLegend, San Diego, 

CA, USA 

CD279 

Pembrolizumab 

Human  

(IgG4) 

1000 

(CC: 1:100) 

MSD, Kenilworth, NJ, 

USA 

CD279-PE 

(EH12.2H7) 

Mouse 

(IgG1) 

50 

(FC: 1:20) 

BioLegend, San Diego, 

CA, USA 

EpCam-APC 

(9c4) 

Mouse  

(IgG2b) 

12 

(FC: 1:20) 

BioLegend, San Diego, 

CA, USA 



  Materials 
 

 35 

Ki67 

(SP6) 

Rabbit 

(IgG1) 

30 

(IHC: 1:100) 

ThermoFisher 

Scientific, Waltham, 

MA, USA 

Ki67-Alexa Fluor 488 

(Ki-67) 

Mouse  

(IgG1) 

200 

(FC: 1:20) 

BioLegend, San Diego, 

CA, USA 

PanCK 

(AE1/AE3) 

Mouse 

(IgG1) 

100  

(IHC: 1:200) 

ThermoFisher 

Scientific, Waltham, 

MA, USA 

Ultra-LEAFä anti IFNg 

(B27) 

Mouse  

(IgG1) 

2040 

(CC: 1:204) 

BioLegend, San Diego, 

CA, USA 

 

2.5 Patient derived material  

2.5.1 Ethic statement  

Using the liver tissue sections of PDAC patients for research purposes was approved by the ethics 

committee of the Medical Faculty of Kiel University and the University Hospital Schleswig-Holstein, 

Campus Kiel (reference number: A110/99). The use of blood donations for research purposes were 

approved by the ethics committee of the University Hospital Schleswig-Holstein (reference number: 

A110/99 and D490/17). Written informed consent was obtained from all patients and donors.  

 

2.6 Consumables  

Consumable Manufacturer 

0.1-10 µl, 10-200 µl, 100-1000 µl pipette tips Sarstedt, Nümbrecht, Germany 

1.25 ml, 5.0 ml Ritips Ritter, Schwabmünchen, Germany 

1.5 ml, 2.0 ml Eppendorf tubes Sarstedt, Nümbrecht, Germany 

12-/24-/96-well flat-bottom plates Sarstedt, Nümbrecht, Germany 

15 ml, 50 ml centrifuge tubes  Sarstedt, Nümbrecht, Germany 

5 ml, 10 ml, 25 ml, 50 ml serological pipettes Sarstedt, Nümbrecht, Germany 

75 cm2 cell culture flasks Sarstedt, Nümbrecht, Germany 

25 cm2 cell culture flasks Sarstedt, Nümbrecht, Germany 

96-well PCR plates, white Roche, Basel, Switzerland  

96-well V-bottom plates Greiner Bio-One GmbH, Frickenhausen, 

Germany 

BD Discardit II syringe 5 ml BD Bioscience, Franklin Lakes, NJ, USA 
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BD Eclipse Needle 30G x 1/2 BD Bioscience, Franklin Lakes, NJ, USA 

BD Plastipak U-40 Insulin 1 ml  BD Bioscience, Franklin Lakes, NJ, USA 

BIOFLOATä 96-well U-bottom plates - Ultra-low 

attachment plates (ULA) 

faCellitate, Mannheim, Germany 

Cell scraper 25 cm  Sarstedt, Nümbrecht, Germany 

Coverslip 18 mm diameter  Eprediaä, Kalamazoo, MI, USA 

CryoPure tube, 1.5 ml, white Sarstedt, Nümbrecht, Germany 

Disposal bag Sarstedt, Nümbrecht, Germany 

Fluoro-Gel (with Tris Buffer) Electron Microscopy Sciences, Hatfield, PA, USA 

LightCyclerâ 480 Sealing Foil  Roche, Basel, Switzerland 

MACS LD Coloumns Miltenyi Biotec GmbH, Bergisch Gladbach, 

Germany 

Micro-Touch nitrile examination gloves Ansell GmbH, München, Germany 

Parafilm M sealing film Brand GmbH & Co. KG, Wertheim, Germany 

Scalpel Feather, Osaka, Japan 

Starfrostâ Slides 76 x 26 mm Waldemar Knittel Glasbearbeitungs GmbH, 

Braunschweig, Germany  

Transfer pipettes 3.5 ml  Sarstedt, Nümbrecht, Germany 

 

2.7 Kit systems 

Consumable Manufacturer 

Alexa Fluorä 488 Tyramide SuperBoost goat, 

anti-rabbit kit 

ThermoFisher Scientific, Waltham, MA, USA 

CD8+ T cell isolation kit, human Miltenyi Biotec GmbH, Bergisch Gladbach, 

Germany 

LEGENDplexä, CD8/NK panel, human BioLegend, San Diego, CA, USA 

LEGENDplexä, CD8/NK Mix and Match panel, 

human 

BioLegend, San Diego, CA, USA 

LEGENDplexä, TGF panel, human  BioLegend, San Diego, CA, USA 

MycoAlert™ PLUS Mycoplasma Detection Kit Lonza Group, Basel, Swiss 

M30 CytoDeathä ELISA VLV bio, Nacka, Sweden   

peqGOLD total RNA Kit VWR International, Radnor, PA; USA 

RevertAird First Strand cDNA Synthesis Kit ThermoFisher Scientific, Waltham, MA, USA 
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2.8 Laboratory Devices 

Device Manufacturer 

Centrifuges 

Heraeus Fresco 17 centrifuge ThermoFisher Scientific, Waltham, MA, USA  

Heraeus Pico 17 centrifuge ThermoFisher Scientific, Waltham, MA, USA 

JE-5.0 Elutriator Rotor Backmann Coulter GmbH, Krefeld, Germany 

Mega Star 1.6 VWR International, Radnor, PA; USA 

Mini-Centrifuge   Sustainable Lab Instruments, Mannheim, 

Germany 

Rotina 420 R  Hettich, Tuttlingen, Germany 

Incubators/Shaker 

BBD 6220 CO2 incubator ThermoFisher Scientific, Waltham, MA, USA 

HERA Cell 240 incubator ThermoFisher Scientific, Waltham, MA, USA 

PCMT Thermoshaker  Grant Instruments, Cambridge, UK 

PMS-1000i Micorplate shaker  Grant Instruments, Cambridge, UK  

Measuring devices 

BD FACSCaliburä flow cytometer BD Bioscience, Franklin Lakes, NJ, USA 

BD FACSymphonyä A1 flow cytometer  BD Bioscience, Franklin Lakes, NJ, USA 

BD FACSverseä flow cytometer BD Bioscience, Franklin Lakes, NJ, USA 

Infinite 200 PRO Microplate Reader  Tecan Group AG, Männedorf, Switzerland 

LightCyclerâ 480 Roche, Basel, Switzerland  

MACSQuantâ X flow cytometer Miltenyi Biotec GmbH, Bergisch Gladbach, 

Germany 

Neubauer counting chamber Marienfeld Superior GmbH & Co. KG, Lauda-

Königshofen, Germany 

pH 7110 pH-meter inoLab, Weilheim, Germany 

Microscopes 

AE2000 Motic, Wetzlar, Germany 

Evos XL Core Cell Imaging System AMG, Bothell, USA 

Lionheart FX Automated Microscope BioTek, Bad Friedrichshall, Germany 

NYONEâ Scientific  Synentec GmbH, Elmshorn, Germany  
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Other devices 

ARPEGE 110, liquid nitrogen tank Air Liquide GmbH, Düsseldorf, Germany 

BOND-MAX automated IHC/ISH stainer Leica Biosystems, Wetzlar, Germany 

Clamping plate with clamping ring Hettich, Tuttlingen, Germany 

Freezer Liebherr, Ochsenhausen, Germany 

Fridge Liebherr, Ochsenhausen, Germany 

Hamamatsu NanoZoomer S6 digital slide scanner Hamamatsu Photonics, Shizuoka Prefecture, 

Japan 

HERAfreeze basic freezer (-80°C) ThermoFisher Scientific, Waltham, MA, USA 

Laboport vacuum pump KNF Neuberger, Freiburg, Germany 

MACS MultiStand Miltenyi Biotec GmbH, Bergisch Gladbach, 

Germany 

Masterflex L/S tubing pump Cole Parmer Instruments, Novodirect GmbH, 

Kehl/Rhein, Germany 

Mr. Frosty Freezing Container  ThermoFisher Scientific, Waltham, MA, USA 

NanoQuant Plateä Tecan Group AG, Männedorf, Switzerland 

VORTEX Genius 3 vortex shaker IKA-Werke, Staufen, Germany 

W12 water bath  Labortechnik medingen, Dresden, Germany  

Pipettes 

Finnpipette F1 0.2 – 2 µl ThermoFisher Scientific, Waltham, MA, USA 

Finnpipette F1 1 – 10 µl ThermoFisher Scientific, Waltham, MA, USA 

Finnpipette F1 2 – 20 µl ThermoFisher Scientific, Waltham, MA, USA 

Finnpipette F1 20 – 200 µl ThermoFisher Scientific, Waltham, MA, USA 

Finnpipette F1 100 – 1000 µl ThermoFisher Scientific, Waltham, MA, USA 

Multichannel Finnpipette F1 30 – 300 µl ThermoFisher Scientific, Waltham, MA, USA 

Multichannel Finnpipette F1 5 – 50 µl ThermoFisher Scientific, Waltham, MA, USA 

PIPETBOY acu Integra Biosciences, Fernwald, Germany 

Ripette Ritter, Schwabmünchen, Germany 

Scales 

Precisa BJ 2100D Precisa Gravimetrics AG, Dietikon, Switzerland 

Precisa XB120A Precisa Gravimetrics AG, Dietikon, Switzerland 

Sterile benches 

HERA Safe ThermoFisher Scientific, Waltham, MA, USA 

HERA Safe KS ThermoFisher Scientific, Waltham, MA, USA 
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2.9 Software 

Software Manufacturer 

BD FACSDivaä Software BD Bioscience, Franklin Lakes, NJ, USA 

BD CellQuestä Pro Software BD Bioscience, Franklin Lakes, NJ, USA 

BioRender Toronto, Ontario, Canada  

FlowJo 10.8.1 BD Bioscience, Franklin Lakes, NJ, USA 

Gen5 Data Analysis Software BioTek, Bad Friedrichshall, Germany 

GraphPad Prism 9.2 GraphPad Software, San Diego, USA 

i-control 2.0 for infinite reader   Tecan Group AG, Männedorf, Switzerland 

LEGENDplex Data Analysis software v8 VigeneTech Inc., Carlisle, USA 

LightCyclcerâ 480 Software  Roche, Basel, Switzerland 

MACSQuantifiyä Software  Miltenyi Biotec GmbH, Bergisch Gladbach, 

Germany 

Mendeley Desktop Version 1.19.8 Elsevier, Amsterdam, Netherlands 

Microsoftâ 365Version 16.66.1 Microsoft Corporation, Redmond, USA 

NDP.view2 software Hamamatsu Photonics, Shizuoka Prefecture, 

Japan 

YT-SOFTWAREâ Synentec GmbH, Elmshorn, Germany 
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3 Methods 

3.1 Cell biological methods  

3.1.1 Thawing cells  

Cells were stored in liquid nitrogen at –180 °C for long-term storage. To take cells into cultivation, cells 

were resuspended with 1 ml prewarmed medium in the cyro tube. The cell suspension was then 

transferred into a 50 ml tube containing 10 ml of the respective medium. Afterwards, the tube was 

centrifuged for 5 minutes (min) at 300 xg at room temperature (RT). The supernatant was aspirated, 

cells were resuspended in 10 ml of their respective medium and transferred into a new 75 cm2 cell 

culture flask. On the next day, the medium was removed and fresh prewarmed medium was added.  

 

3.1.2 Cell cultivation 

The cultivation of the cells was performed under sterile conditions under a sterile bench. All cell lines 

were cultivated in a 75 cm2 cell culture flask with 10 ml of their respective medium (section 2.3.2) at 

37 °C, 5 % CO2, and 86 % humidity. When a confluence of 70 – 90 % was reached, cells were passaged 

at a ratio between 1:3 and 1:8. For this purpose, medium was discarded, and cells were washed with 

5 ml of prewarmed PBS. To detach the cells, 5 ml of either trypsin/EDTA (PDECs) or Accutase (HSteCs) 

were added to the cell culture flask for 10 – 15 min at 37 °C. To stop the reaction, 5 ml of respective 

prewarmed medium were added. The cell suspension was transferred into a 50 ml tube and then 

centrifuged for 5 min at 300 xg at RT. After centrifugation, the supernatant was removed, and the cells 

were resuspended in 10 ml of their medium. Depending on the cell turnover the respective amount of 

the cell suspension was transferred to a new cell culture flask and filled up with medium to 10 ml. If 

needed, additional factors were pipetted into the medium (section 2.3.2.) All cell lines were cultured 

a maximum of 15 – 20 passages. The cells were regularly examined with a MycoAlert™ PLUS 

Mycoplasma Detection Kit to assure mycoplasma-free conditions.  

 

3.1.3 Freezing cells  

For a longer time periods, cells were stored in liquid nitrogen. Therefore, cells were detached as 

described in section 3.1.2. After centrifugation, cells were resuspended in prewarmed FCS. Afterwards, 

10 % of DMSO were added and the cell suspension was transferred into a cryotube, with a maximum 

of 1 ml. The cryotubes were placed in a Mr. Frosty freezing container and stored at –80 °C to ensure a 

slow freezing process. After two days, the cryotubes were transferred into liquid nitrogen.  
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3.1.4 Counting cells 

In order to seed the correct number of cells, cells were counted with the help of a Neubauer counting 

chamber. For this purpose, the cells were detached, centrifuged, and resuspended as described in 

section 3.1.2. Ten µl of the cell suspension were filled into the counting chamber. To determine the 

vital cell number, trypan blue was used at a ratio of 1:10. Trypan blue stains dead cells blue. The 

following formula determines the number of vital cells per ml: 

 

counted	cell	number
number	of	counted	squares

	×	10! 	= 	
cell	number

ml	
 

 

3.1.5 Isolation of peripheral mononuclear blood cells  

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy blood donations provided by 

the Institute of Transfusion Medicine in Kiel. Written informed consents from all donors were 

obtained. For isolation, a density gradient centrifugation was performed. The leukocyte concentration 

was transferred into a 75 cm2 cell culture flask with 20 ml PBS. The leukocyte concentration was diluted 

with PBS to 70 ml. The suspension was mixed carefully by shaking. Two 50 ml tubes were prepared 

with 15 ml of Pancoll each. For the next step, 35 ml of the diluted blood suspension were slowly 

overlaid on top of the Pancoll, forming two phases. Afterwards, samples were centrifuged for 25 min 

at 350 xg with slow acceleration and no mechanical deceleration. After centrifugation, erythrocytes 

and granulocytes were located at the bottom and PBMCs in the interphase (Figure 8). To reach the 

interphase, the supernatant was discarded up to 1 cm above the interphase. The interphase rings 

containing the PBMCs, were transferred to a new 50 ml tube. The tube was filled up to 50 ml with cold 

elutriation buffer and centrifuged for 10 min at 300 xg and 4 °C. Afterwards, the cell pellet was 

resuspended in 10 ml of prewarmed erythrocyte lysis buffer and incubated for 6 min in the dark at RT 

to remove remaining erythrocytes. After incubation, the tubes were filled up to 50 ml with cold 
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elutriation buffer and centrifuged for 10 min at 300 xg and 4 °C. In the end, the cell sediment was 

resuspended in 50 ml cold elutriation buffer and the cell number was determined as described in 3.1.4.  

 
Figure 8: Isolation of peripheral blood mononuclear cells (PBMCs). PBMCs were isolated from healthy blood 

donations provided by the Institute of Transfusion Medicine in Kiel. The leukocyte concentration was diluted and 

slowly overlaid on Pancoll. Density gradient centrifugation was performed to separate PBMCs from plasma, 

erythrocytes, and granulocytes. PBMCs consist of lymphocytes (T cells, B cells, NK cells) and monocytes.  

 

3.1.6 Counterflow centrifugation elutriation 

Isolated PBMCs (section 3.1.5) were separated into lymphocytes and monocytes by performing a 

counterflow centrifugation elutriation (Figure 9). The cell number was adjusted to a maximum of 

1.2x109 PBMC/50 ml. First, the tubing system and the elutriation chamber were washed with 70 % 

ethanol, ddH2O, and finally with cold elutriation buffer. Afterwards, the PBMC were loaded into the 

system at 3500 xg, 4°C and a flow rate of 26 ml/min. After loading and washing with 100 ml of 

elutriation buffer, the different fractions were collected. Fractions 26 A, B, and C were collected with 

a flow rate of 26 ml/min. For the following fractions, the flow rate was increased in 2 ml/min steps up 

to 32 ml/min. After fraction 32 (32ml/min), the flow rate was only increased by 1 ml/min steps until a 

maximum of 42 ml/min. With low flow rates small lymphocytes were pushed out of the elutriation 

chamber, followed by larger monocytes with increased flow rates. The purity of the fractions was 

tested by flow cytometry. Monocytes and lymphocytes differ in size and granularity (Supplementary 

Figure 1). For the assessment of purity, cells were washed once with MACS Buffer and then fixed in 

fixation solution.  

Lymphocyte fractions with a purity higher than 80 % were centrifuged for 10 min at 200 xg and 4 °C to 

remove dead cells. The cell number was determined (section 3.1.4), followed by centrifugation for 

10 min at 300 xg and 4 °C. Afterwards, lymphocytes were resuspended in 900 µl FCS per 30x106 cells 
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and then 100 µl DMSO were added. The cell suspension was transferred into cryotubes for freezing 

(section 3.1.3).  

 
Figure 9: Counterflow centrifugation elutriation. Peripheral blood mononuclear cells (PBMCs) were separated 

into lymphocytes and monocytes. For this purpose, a counterflow centrifugation elutriation was performed at 

3500 xg with an increasing flow rate. Due to the buffer flow, the cells were pushed out of the elutriation chamber. 

Small cells (lymphocytes) were pushed out at low flow rates, followed by larger cells (monocytes) with increasing 

flow rates.  

 

3.1.7 Isolation of primary human naïve CD8+ T cells  

Naïve CD8+ T cells were isolated from lymphocytes, which were obtained after density gradient 

centrifugation and counterflow centrifugation (sections 3.1.5 and 3.1.6). The lymphocytes were 

thawed by adding prewarmed culture medium and the cell suspension was directly diluted in 10 ml 

prewarmed fresh medium. The cell suspension was centrifuged for 10 min at 300 xg and RT. The cells 

were resuspended in cold MACS buffer and the total cell number including the dead cells was 

determined (section 3.1.4). In order to obtain untouched CD8+ T cells, magnetic cell sorting (MACS) 

using a negative selection strategy with the CD8+ T cell isolation kit from Miltenyi Biotec was 

performed.  

For this purpose, lymphocytes were centrifuged for 10 min at 300 xg and 4 °C and resuspended in 40 µl 

MACS buffer per 107 cells. Afterwards, 5 µl of the biotin-conjugated antibody cocktail per 107 cells were 

added and incubated for 7 min at 4 °C. Here, all non-CD8 positive cells were bound. Then, 30 µl of 
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MACS buffer and 10 µl of CD8+ T cell MicroBead Cocktail per 107 cells were added and resuspended. 

This was followed by incubation for 15 min at 4 °C. The MicroBeads bind to the biotin-conjugated 

antibodies. During incubation, MACS LD columns were placed into a magnetic MultiStand and were 

prepared by rinsing them with 3 ml of MACS buffer. After incubation, the cell suspension was equally 

distributed onto the LD columns. Per LD column a maximum of 108 cells can be added. After the cell 

suspension ran into the matrix, 3 ml of MACS buffer were added. All non-CD8 positive cells were 

retained in the column and CD8 positive cells passed through. In the end, all collected unlabeled cells 

were pooled and the cell number was determined (section 3.1.4). To check the purity of the CD8+ T 

cells, immunofluorescence staining with antibodies against α/β T cell receptor (TCR), CD4, and CD8a 

was performed and analyzed by flow cytometry. 

 

3.1.8 Activation and cultivation of primary human naïve CD8+ T cells  

To activate primary CD8+ T cells with absence of APC or an antigen, anti-CD3 and anti-CD28 antibodies 

were used. The TCR complexes on the T cells bind to the CD3 antibodies leading to a first activation 

signal. For proper activation, a co-stimulatory signal is needed. Normally CD80 or CD86 expressed by 

APC binds to CD28 on the T cells leading to an activation cascade. Here, anti-CD28 antibodies were 

used to provide the second activation signal. For T cell proliferation, IL-2 is needed, which is normally 

secreted by CD4+ T cells [69]. 

To activate isolated human CD8+ T cells, a 24-well plate was coated with 200 µl anti-CD3 antibody 

diluted at a concentration of 1.5 µg/ml in PBS per well. The plate was incubated for at least 2 h at 37 °C 

in the incubator. After the incubation, the plate was washed twice with PBS to remove all unbound 

antibodies. In the next step, 1.5x106 CD8+ T cells were seeded in 1 ml T cell medium into each well. To 

each well, 1.5 µg/ml anti-CD28 antibodies were added. Furthermore, CD8+ T cells were stimulated with 

60 ng/ml recombinant human IL-2, directly after seeding and again after 72 h.  

On day 4 (96 h), CD8+ T cells were collected and seeded in a direct coculture setting with H6c7-kras or 

PancTu1 cells or either HSC or HMF (sections 3.1.11.2 and 3.1.11.3). For 3D coculture experiments, 

CD8+ T cells were collected on day 3 (72 h) without a second IL-2 stimulation (section 3.1.11.7). 

 

3.1.9 Dissociation of spheroids  

For flow cytometry analysis, cocultured spheroids needed to be dissociated into a single-cell 

suspension. For this purpose, the supernatant was discarded after 72 h and 100 µl of Accutase were 

added and incubated for 30 min at 37 C°. Every 10 min, the spheroids were mechanically dissociated 

with a 30 G needle. After the incubation, 100 µl of TCM were added to stop the reaction. Afterwards, 

the cells were stained for flow cytometry analysis (section 3.2.1).  
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3.1.10 Labeling cells with CellTracker Green or CellTrace Violet  

For microscopic analysis cells were labeled with CTG or CTV. Therefore, CTG was diluted 1:2000 in 

staining medium. The cells were resuspended in 1 ml CTG working solution per 5x105 cells and 

incubated for 30 min at 37 °C. For complete and consistent labeling, cells were gently shaken after 

15 min. After incubation, the cells were centrifuged at 300 xg for 5 min and resuspended in their 

respective medium. 

CellTrace Violet was diluted 1:2000 in PBS and then the cells were resuspended in 1 ml CellTrace Violet 

working solution per 2x105 cells. The cell suspension was gently shaken after 15 min for accurate cell 

labeling. After another 15 min of incubation, the cell suspension was quenched with 5 ml of TCM. Then, 

the cells were centrifuged at 300 xg for 5 min and resuspended in their respective medium. 

 

3.1.11 In vitro coculture settings  

All cocultures were kept in the incubator at 37 °C, 5 % CO2, and 86 % humidity. 

 

3.1.11.1  Stimulation of PDECs 

To examine the PD-L1 expression and the inducibility of PD-L1 expression, H6c7-kras, Panc89, PancTu1, 

Panc1, Colo357, BxPc3, A818-6, and PT-45 cells were stimulated and PD-L1 expression was analyzed.  

Therefore, the cells were seeded at a density of 5x104 in 2 ml of the respective medium on day 0. On 

the next day, the medium was changed to TCM and the cells were either left untreated or were 

stimulated with 20 ng/ml TGF-β1, 10 ng/ml IL-6, 1 ng/ml Gemcitabine, or 10 ng/ml IFNg. After 72 h, 

cells were stained for PD-L1 and analyzed by flow cytometry analysis (section 3.2.1). 

 

3.1.11.2 2D Coculture of PDECs and CD8+ T cells 

To determine the influence of CD8+ T cells on H6c7-kras cells and PancTu1 cells, and vice versa, a direct 

coculture in a 12-well plate was conducted. To represent an early stage of progression the pre-

malignant cell line H6c7-kras and for later progression, the malignant cell line PancTu1 were used. 

Further, both cell lines exhibit different cell surface levels of PD-L1. 

On day 0, CD8+ T cells were activated (section 3.1.8). On day 3, H6c7-kras and PancTu1 cells were 

seeded with a density of 5x104 in 2 ml of their respective medium. On the next day (day 4), activated 

CD8+ T cells (AC: 4 days) were collected by carefully resuspending them in the well of the activation 

culture and transferring them into warm PBS. Afterwards, the cells were centrifuged at 300 xg for 

10 min at RT and then the cells were counted (section 3.1.4). The medium of the PDECs was discarded 

and 2 ml of TCM were added to the monocultured H6c7-kras and PancTu1 cells. To the other wells 

containing H6c7-kras and PancTu1 cells, 1x106 CD8+ T cells were added in 2 ml TCM. In parallel, CD8+ T 
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cells were seeded in monoculture under identical conditions. After 72 h, mono- and cocultures ended 

(day 7). The experimental setting is depicted in Figure 10. 

 
Figure 10: 2D coculture of pancreatic ductal epithelial cells (PDECs) and CD8+ T cells. On day 0, CD8+ T cells were 

isolated by magnetic cell separation from lymphocytes and then activated with anti-CD3 and anti-CD28 

antibodies, as well as IL-2 for 4 days. On day 3, H6c7-kras and PancTu1 cells were seeded with a density of 5x104 

in 2 ml of their respective medium. On the next day, activated CD8+ T cells were added to the PDECs at a ratio of 

1:20 in 2 ml T cell medium (TCM). In parallel, all cells were cultured in monoculture. After 72 h (day 7), mono- 

and cocultures ended. The supernatants were taken for Legendplex analysis. Further, the confluence of PDECs 

was measured. Finally, PDECs and CD8+ T cells were analyzed by flow cytometry.  

 

3.1.11.3 2D coculture of human hepatic stromal cells and CD8+ T cells 

To determine the influence of the hepatic microenvironment on CD8+ T cells, a direct coculture in a 

12-well plate was performed. HSC were used to represent a physiological, uninflamed liver 

microenvironment and small metastases, while HMF were used representative for an inflamed liver 

microenvironment and large metastases [160–162].  

On day 0, CD8+ T cells were activated (section 3.1.8). On day 3, HSC and HMF were seeded with a 

density of 3x104 in 2 ml of their respective medium. On the next day, the medium of the hepatic 

stromal cells was discarded and replaced by 2 ml TCM in monocultured HSC and HMF. Further, 

activated CD8+ T cells (AC: 4 days) were collected as described above and 1x106 T cells in 2 ml TCM 
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were added to HSC and HMF, respectively. In parallel, CD8+ T cells were seeded in monoculture. After 

72 h, mono- and cocultures ended (day 7). Figure 11 shows the experimental setting.  

 
Figure 11: 2D coculture of human hepatic stromal cells and CD8+ T cells. On day 0, CD8+ T cells were isolated by 

magnetic cell separation from lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies as well 

as IL-2 for 4 days. On day 3, hepatic stellate cells (HSC) and hepatic myofibroblasts (HMF) were seeded with a 

density of 3x104 in 2 ml of their respective medium. On the next day, activated CD8+ T cells were added to the 

hepatic stromal cells at a ratio of 1:33 in 2 ml T cell medium (TCM). All cells were also cultured in monoculture. 

After 72 h (day 7), mono- and cocultures ended. The supernatants were taken for Legendplex analysis. Further, 

a PD-L1 immunofluorescence staining of hepatic stromal cells was performed. Finally, hepatic stromal cells and 

CD8+ T cells were analyzed by flow cytometry. 

 

Durvalumab treatment  

To investigate the effect of PD-L1 inhibition on the hepatic microenvironment and CD8+ T cells and 

their interaction, PD-L1 was blocked with Durvalumab.  

As described above, CD8+ T cells were activated on day 0 (section 3.1.8). On day 3, HSC and HMF were 

seeded and one day later, the medium was discarded. Afterwards, 1x106 activated CD8+ T cells (AC: 4 

days) were added in 2 ml TCM. In parallel, all cells were seeded in monoculture. Further, monocultured 

and cocultured cells were treated with 10 µg/ml Durvalumab or the respective isotype control (hIgG1). 

The cultures were maintained for 72 h. The experimental settings are displayed in Figure 12.  
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Figure 12: 2D direct coculture of human hepatic stromal cells with CD8+ T cells and treatment with Durvalumab. 

On day 0, CD8+ T cells were isolated by magnetic cell separation from lymphocytes and then activated with anti-

CD3 anti-CD28 antibodies as well as IL-2 for 4 days. On day 3, hepatic stellate cells (HSC) and hepatic 

myofibroblasts (HMF) were seeded with a density of 3x104 in 2 ml of their respective medium. On the next day, 

activated CD8+ T cells were added to the hepatic stromal cells at a ratio of 1:33 in 2 ml T cell medium (TCM). All 

cells were also cultured in monoculture. Further, mono- and cocultured cells were treated with 10 µg/ml 

Durvalumab or the respective isotype control (hIgG1). After 72 h (day 7), mono- and cocultures ended. The 

supernatants were taken for Legendplex analysis. Further, a PD-L1 immunofluorescence staining of hepatic 

stromal cells was performed. Finally, hepatic stromal cells and CD8+ T cells were analyzed by flow cytometry. 

 

IFNg blockade  

As described above, on day 0, CD8+ T cells were activated (section 3.1.8). On day 3, hepatic stromal 

cells were seeded. On the next day, the medium of the HSC and HMF was discarded and 1x106 activated 

CD8+ T cells (4 days) were added in 2 ml TCM. In parallel, all cells were cultured in monoculture. To 

block IFNg-mediated activities, mono- and cocultured cells were treated with 10 µg/ml ultra-LEAFä 

IFNg antibody or the respective ultra-LEAFä isotype control. After 72 h, mono- and cocultures ended. 

Cell surface levels of PD-L1 were analyzed on hepatic stromal cells by immunofluorescence (IF) staining 

and flow cytometry.  
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3.1.11.4 2D coculture of PDECs and CD8+ T cells after pre-coculture with hepatic stromal cells 

To investigate the influence of the hepatic microenvironment on the killing efficacy of CD8+ T cells, 

PDEC death was determined after coculture of CD8+ T cells that had been pre-cocultured with hepatic 

stromal cells. First, H6c7-kras and PancTu1 cells were stained with CTG (section 3.1.10). Afterwards, 

H6c7-kras and PancTu1 cells were seeded at a density of 5x104 in 200 µl of the respective medium in 

a 96-well plate (day 6). On the next day, CD8+ T cells were collected from the direct coculture with 

hepatic stromal cells (section 3.1.11.3). CD8+ T cells were either left untreated in coculture with hepatic 

stromal cells or were treated with Durvalumab or the respective isotype control. The pre-mono- and 

cocultured CD8+ T cells were added at a ratio of 1:20 (1x106) to H6c7-kras and PancTu1 cells in 200 µl 

TCM (day 7). After 24 h, CD8+ T cells were carefully removed and PDECs were stained with Hoechst 

33528 (1:500) in imaging medium. Cell confluence and cell count were measured on the NYONEâ 

Scientific microscope and analyzed with the YT-SOFTWAREâ. For cell confluence analysis, the YT-

SOFTWAREâ only considered the cells with a green-fluorescence signal (CTG) for the cell confluence 

calculation and for cell count analysis, only cells with a green-fluorescence signal (CTG) and blue-

fluorescence signal (Hoechst) were counted, leaving CD8+ T cells out of the calculations.  

The experimental setup of the coculture of PDECs and CD8+ T cells after pre-coculture with hepatic 

stromal cells is shown in Figure 13. Further, the experimental setup of PDECs and CD8+ T cells after 

pre-mono and coculture combined with Durvalumab treatment is shown in Figure 14.  
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Figure 13: 2D coculture of pancreatic ductal epithelial cells (PDECs) and CD8+ T cells after pre-coculture with 

either hepatic stellate cells (HSC) or hepatic myofibroblasts (HMF). On day 0, CD8+ T cells were isolated by 

magnetic cell separation from lymphocytes and activated with anti-CD3 and anti-CD28 antibodies as well as IL-2 

for 4 days. On day 3, HSC and HMF were seeded with a density of 3x104 in 2 ml of their respective medium. On 

the next day, activated CD8+ T cells were added to the hepatic stromal cells at a ratio of 1:33 in 2 ml T cell medium 

(TCM). On day six, H6c7-kras and PancTu1 cells were labeled with CellTracker Green and were then seeded at a 

density of 5x104 in 200 µl of their respective medium in a 96-well plate. On the next day, CD8+ T cells were 

collected from the direct coculture with HSC or HMF. CD8+ T cells pre-monocultured or pre-cocultured with either 

HSC or HMF were added to PDECs at a ratio of 1:20 in TCM. After 24 h (day 8), CD8+ T cells were removed and 

the PDECs were stained with Hoechst. The cell confluence and cell number were determined.  
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Figure 14: 2D coculture of pancreatic ductal epithelial cells (PDECs) and CD8+ T cells after pre-coculture with 

hepatic stellate cells (HSC) or hepatic myofibroblasts (HMF) and Durvalumab treatment. On day 0, CD8+ T cells 

were isolated by magnetic cell separation from lymphocytes and activated with anti-CD3 and anti-CD28 

antibodies as well as IL-2 for 4 days. On day 3, HSC and HMF were seeded with a density of 3x104 in 2 ml of their 

respective medium. On the next day, activated CD8+ T cells were added to the hepatic stromal cells at a ratio of 

1:33 in 2 ml T cell medium (TCM) and were treated with 10 µg/ml Durvalumab or the respective isotype control. 

On day six, H6c7-kras and PancTu1 cells were labeled with CellTracker Green and were then seeded at a density 

of 5x104 in 200 µl of their respective medium in a 96-well plate. On the next day, CD8+ T cells were collected from 

the direct coculture with HSC or HMF. CD8+ T cells pre-monocultured or pre-cocultured with either HSC or HMF 

were added to PDECs at a ratio of 1:20 in TCM. After 24 h (day 8), CD8+ T cells were removed and the PDECs were 

stained with Hoechst. The cell confluence and cell number were determined. 

 

3.1.11.5 Spheroid monoculture of human PDECs  

In order to determine which PDECs can form spheroids with viable cells, H6c7-kras, PancTu1, Panc89, 

Panc1, Colo357, BxPc3, A818-6, and PT-45 cells were labeled with CTG (section 3.1.10) seeded at a 

density of 2x104 in 200 µl of TCM in a 96-well ULA plate. After seeding, the plate was centrifuged at 

300 xg for 5 min at RT. After 72 h, the spheroids were stained with PI (1:400) for 30 min in imaging 

medium. The measurement of PDECs was performed on the Lionheart FX Automated microscope.  
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3.1.11.6 Spheroid coculture of human PDAC cells and human hepatic myofibroblasts  

In order to mimic small and large PDAC metastases in the liver, different ratios of PancTu1 or Panc89 

cells, and HMF were seeded for spheroid formation. Here, a PDAC cell:HMF ratio of 3:1 mimics a large 

and a ratio of 5:1 a small metastasis. HMF and either PancTu1 or Panc89 cells were seeded together in 

different ratios with a total cell number of 2x104 in 150 µl TCM in a 96-well ULA plate. As control, 

PancTu1 and Panc89 cells were seeded as monoculture spheroids, respectively. After seeding, the 

plate was centrifuged at 300 xg for 5 min and spheroids were cultured for 72 hours. The different 

culture settings are shown in Figure 15.  

 
Figure 15: 3D spheroid coculture of human PDAC cells and human hepatic myofibroblasts (HMF). On day 0, 

HMF and either PancTu1 or Panc89 cells were seeded together at different ratios with a total cell number of 

2x104 in 150 µl T cell medium (TCM) in a 96-well ultra-low attachment (ULA) plate. As control, PancTu1 and 

Panc89 cells were seeded in monoculture. After seeding, the plate was centrifuged at 300 xg for 5 min. On day 3 

pictures were taken with the Lionheart FX automated microscope and afterwards the spheroids were dissociated 

for flow cytometry analysis.  

Microscopic analysis  

To analyze the distribution of PDAC cells and HMF in the spheroids, PDAC cells were stained with CTG 

and HMF with CTV (section 3.1.10). 

After labeling the cells, they were seeded at different ratios, as mentioned above, in ULA plates. After 

72 h, pictures were taken with the Lionheart FX automated microscope.  

To determine the size of the spheroids, phase contrast z-stack pictures were taken and the diameter 

from top to bottom and left to right was measured. Then, the mean of both measurements was 

calculated. The measurement is shown in Supplementary Figure 2.  
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3.1.11.7 Culture of CD8+ T cells with mono- and coculture PDAC spheroids 

To determine the effect of PDAC cells and different amounts of HMF on the activation and cytotoxic 

phenotype of CD8+ T cells, medium from spheroid cultures was removed after 48 h and 20x104 

activated CD8+ T cells (AC: 3 days) (section 3.1.8) were added in 150 µl of TCM/well for further 24 h. A 

schematic illustration of PDAC mono- and coculture spheroids cultured with CD8+ T cells is shown in 

Figure 16.  

 
Figure 16: Culture of CD8+ T cells with mono- and coculture PDAC spheroids. On day 0, CD8+ T cells were isolated 

by magnetic cell separation from lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies as well 

as IL-2 for 3 days. On day 1, hepatic myofibroblasts (HMF) and either PancTu1 or Panc89 cells were seeded 

together in different ratios with a total cell number of 2x104 in 150 µl T cell medium (TCM) in a 96-well ultra-low 

attachment (ULA) plate. As control, PancTu1 and Panc89 cells were seeded in monoculture. After seeding, the 

plate was centrifuged at 300 xg for 5 min. On day 3, the medium was changed and activated CD8+ T cells (20x104) 

were added in 150 µl TCM/well. After 24 h, supernatants were taken for Legendplex and M30 analysis. Further, 

CD8+ T cells were analyzed by flow cytometry. 

 

 

Durvalumab and Pembrolizumab treatment  

To investigate whether ICI treatment enhances the effector phenotype of CD8+ T cells along with 

enhanced PDAC cell death, PD-L1 and PD-1 were blocked by Durvalumab and Pembrolizumab, 

respectively. For this purpose, activated CD8+ T cells were added at a ratio of 1:10 (20x104) to the 
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different spheroid cocultures on day 3 (section 3.1.11.6) and were either treated with 10 µg/ml 

Durvalumab, 10 µg/ml Pembrolizumab, or their respective isotype control (10 µg/ml hIgG1 or hIgG4) 

for 24 h. A schematic illustration of PDAC spheroids cultures settings with CD8+ T cells and treatment 

is shown in Figure 17. 

 
Figure 17: Effect of immune checkpoint inhibition on mono- and coculture PDAC spheroids. On day 0, CD8+ T 

cells were isolated by magnetic cell separation from lymphocytes and then activated with anti-CD3 and anti-

CD28 antibodies as well as IL-2 for 3 days. On day 1, hepatic myofibroblasts (HMF) and either PancTu1 or Panc89 

cells were seeded together at different ratios with a total cell number of 2x104 in 150 µl T cell medium (TCM) in 

a 96-well ultra-low attachment (ULA) plate. As control, PancTu1 and Panc89 cells were seeded in monoculture. 

After seeding, the plate was centrifuged at 300 xg for 5 min. On day 3, the medium was changed and activated 

CD8+ T cells (20x104) were added in 150 µl TCM/well. Further, spheroid cocultures were either treated with 

10 µg/ml Durvalumab, 10 µg/ml Pembrolizumab, or their respective isotype control antibodies (hIgG1 or hIgG4). 

After 24 h, supernatants were taken for Legendplex and M30 analysis. Further, CD8+ T cells were analyzed by 

flow cytometry. 

 

Gemcitabine treatment  

Since treatment with Gemcitabine represents the most frequent first-line therapy of PDAC patients 

[25], it was investigated whether Gemcitabine impacts PD-L1 and PD-1 expression, as well as the 

effector phenotype of CD8+ T cells in the context of the PDAC cell-HMF interplay. For this purpose, 

seeded cocultured spheroids (section 3.1.11.6) were either left untreated or treated with 10 µg/ml 
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Gemcitabine 24 h after seeding (day 2). On the next day, the medium was removed and activated CD8+ 

T cells were added for another 24 h (see above). A schematic illustration of Gemcitabine pretreated 

PDAC spheroids cocultured with CD8+ T cells is shown in Figure 18.  

 

 
Figure 18: Effect of pretreatment with Gemcitabine of mono- and coculture PDAC spheroids coculture with 

CD8+ T cells. On day 0, CD8+ T cells were isolated by magnetic cell separation from lymphocytes and then 

activated with anti-CD3 and anti-CD28 antibodies as well as IL-2 for 3 days. On day 1, hepatic myofibroblasts 

(HMF) and either PancTu1 or Panc89 cells were seeded together at different ratios with a total cell number of 

2x104 in 150 µl T cell medium (TCM) in a 96-well ultra-low attachment (ULA) plate. As control, PancTu1 and 

Panc89 cells were seeded in monoculture. After seeding, the plate was centrifuged at 300 xg for 5 min. On the 

next day (day 2), spheroids were either left untreated or were treated with 10 µg/ml Gemcitabine. On day 3, the 

medium was changed and activated CD8+ T cells (20x104) were added in 150 µl TCM/well. After 24 h, 

supernatants were taken for Legendplex and M30 analysis. Further, CD8+ T cells were analyzed by flow 

cytometry.  

 

Combinational treatment  

To evaluate whether a combinational treatment with Gemcitabine and ICIs enhances the effector 

phenotype of CD8+ T cells and PDAC cell death, seeded spheroids (see above) were treated with 

10 µg/ml Gemcitabine 24 h after seeding (day 2). On day 3, the medium was removed, activated CD8+ 

T cells were added and treated with either 10 µg/ml Durvalumab, or 10 µg/ml Pembrolizumab, or the 
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respective control antibodies (10 µg/ml hIgG1 or hIgG4), for 24 h. The experimental setup is shown in 

Figure 19. 

 
Figure 19: Effect of pretreatment with Gemcitabine on immune checkpoint inhibition of mono- and coculture 

PDAC spheroids cultured with CD8+ T cells. On day 0, CD8+ T cells were isolated by magnetic cell separation from 

lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies as well as IL-2 for 3 days. On day 1, 

hepatic myofibroblasts (HMF) and either PancTu1 or Panc89 cells were seeded together at different ratios with 

a total cell number of 2x104 in 150 µl T cell medium (TCM) in a 96-well ultra-low attachment (ULA) plate. As 

control, PancTu1 and Panc89 cells were seeded in monoculture. After seeding, the plate was centrifuged at 

300 xg for 5 min. On the next day, spheroids were either left untreated or were treated with 10 µg/ml 

Gemcitabine. On day 3, the medium was changed and activated CD8+ T cells (20x104) were added in 150 µl 

TCM/well. Further, spheroid cocultures were either treated with 10 µg/ml Durvalumab, 10 µg/ml 

Pembrolizumab, or with 10 µg/ml of their respective isotype control (hIgG1 or hIgG4), After 24 h, supernatants 

were taken for Legendplex and M30 analysis. Further, CD8+ T cells were analyzed by flow cytometry.  

 

3.2 Immunobiological methods  

3.2.1 Flow cytometry  

To investigate the expression of cell surface proteins on CD8+ T cells, PDECs, and hepatic stromal cells, 

an immunofluorescence staining was performed on ice and the analysis was conducted with a flow 

cytometer. In 2D cultures, CD8+ T cells were first removed by gently pipetting up and down. PDECs and 
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hepatic stromal cells were detached as described in section 3.1.2. In 3D cultures, first CD8+ T cells were 

removed from the spheroid cultures, by gently pipetting the medium up and down in the well and then 

the spheroids were dissociated (section 3.1.9). Afterwards, all cells were counted (section 3.1.4) and 

0.5x106 to 1.5x106 cells were resuspended in 100 µl of MACS buffer and 5 µl of human Fc receptor 

blocking solution, followed by an incubation for 10 min at RT. Afterwards, 2x105 cells per staining were 

pipetted into a 96-well V-bottom plate. The wells were filled up to 200 µl with MACS buffer. The cell 

suspension was mixed by resuspension and then centrifuged for 10 min at 300 xg and 4 °C. The 

supernatant was discarded and the staining was conducted. The respective antibody concentration 

(section 2.4.2) was mixed in 25 µl MACS buffer. The cells were resuspended in the MACS 

buffer/antibody solution and incubated for 30 min at 4 °C. Thereafter, the cells were washed twice 

with 200 µl of cold MACS buffer. Between each washing step, the cells were centrifuged for 10 min at 

300 xg and 4 °C. In the end, the cells were resuspended in 150 µl fixation buffer. The plates were sealed 

with parafilm and aluminum foil for storage at 4 °C. The analysis was performed on a BD FACSCaliburä 

or MACSQuantâ X flow cytometer. For each measurement between 2x104 and 3x104 cells were 

measured. The final analysis was done with the FlowJo 10 software. To exclude unspecific binding and 

autofluorescence, an isotype control staining was performed in parallel for every specific staining. To 

evaluate the specific cell expression of each protein, the median fluorescence intensity (MFI) ratio was 

calculated by dividing the MFI of the specific staining by the MFI of the isotype control. 

 

3.2.2 Multiplex analysis of supernatants  

The supernatants from mono- and cocultured CD8+ T cells with PDECs or hepatic stromal cells were 

analyzed to determine concentration of cytokines and effector molecules in cell culture supernatants 

by using “LEGENDplexä, CD8/NK panel, human”, “LEGENDplexä, CD8/NK Mix and Match panel, 

human” or “LEGENDplexä, TGFb panel, human”. The different beads are conjugated with a specific 

antibody, binding to the particular analyte in the supernatant. The beads differ in size and fluorescence 

intensities. For this purpose, the supernatants were taken and centrifuged for 10 min at 15,000 xg and 

at 4 °C to remove all remaining cells. Then, the reagents were prewarmed at RT and were prepared. 

Afterwards, the 20x wash buffer was diluted with ddH2O. The standard cocktail was diluted and mixed 

in 250 µl of assay buffer, yielding the standard with the highest concentration. The top standard 

concentration differs from analyte to analyte and from kit to kit. Further, 1:4 dilutions were performed 

to gain 6 standards and a negative control containing only assay buffer. The assay was performed in a 

96-well V-bottom plate by pipetting 62.5 µl of the assay buffer in each standard and sample well. 

Thereafter, 12.5 µl of the standard dilutions and 12.5 µl of the samples (supernatants) were added to 

the respective well. Then, 12.5 µl of the mixed beads were added. The beads need to be vortexed for 

1 min before use. In case of a mix and match panel the amount of the different beads needed to be 
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mixed and diluted to 1x with assay buffer. The plate was sealed with a plate sealer, covered with 

aluminum foil to protect it from light, and incubated on a plate shaker (800 rpm) for 2 h at RT. After 

incubation, the plate was centrifuged at 250 xg for 5 min at RT. Afterwards, the supernatants were 

dumped by quickly inverting and flicking the plate. The plate was washed with 200 µl of wash buffer. 

This washing step was repeated twice. Then, 12.5 µl of the detection antibodies were added to each 

well. The biotinylated detection antibodies then bind to the beads. Again, the plate was sealed with a 

plate sealer, covered with aluminum foil, and incubated on a plate shaker (800 rpm) for 1 h at RT. 

Directly after the incubation, 12.5 µl of streptavidin-phycoerythrin were added to each well, which 

binds to the biotinylated detection antibody, leading to different fluorescence signal intensities 

depending on the number of analytes. Then, the plate was sealed with a plate sealer, covered with 

aluminum foil, and incubated on a plate shaker (800 rpm) for 30 min at RT. After incubation, the plate 

was centrifuged at 250 xg for 5 min at RT. Afterwards, the supernatants were dumped and 200 µl of 

wash buffer was added to each well. The plate was shaken for 1 min on a plate shaker to resuspend 

the beads. This washing step was repeated twice. For measuring with the BD FACSverseä flow 

cytometer, the standards and samples were resuspended in 300 µl and 150 µl of wash buffer, 

respectively, and transferred into 1.5 ml Eppendorf tubes. In case the measurement was performed 

on the BD FACSymphonyä A1 flow cytometer, standards and samples were resuspended in 150 µl and 

50 µl of wash buffer, respectively. The evaluation was conducted with the help of the LEGENDplex Data 

Analysis software.  

 

3.2.3 M30 CytoDeathä ELISA 

To specifically determine the apoptosis induction of PDAC cells in spheroid cocultures, a M30 

CytoDeathä ELISA was performed. Here, the amount of caspase-cleaved keratin 18 (ccK18) was 

measured in the supernatants. The supernatants were taken and centrifuged for 10 min at 15,000 xg 

and 4 °C to remove all remaining cells. All reagents were prewarmed at RT and vortexed before use. 

The wash tablet was dissolved in 500 ml ddH2O. Further, the M30 CytoDeath HRP conjugate (0.4 ml) 

was diluted with 9.2 ml of M30 CytoDeath conjugate dilution buffer. First, 25 µl of the standards (zero, 

low, medium, and high) and the samples were pipetted into the provided 96 well plate, which was 

coated with mouse monoclonal keratin 18 antibody M6. Directly afterwards, 75 µl of the diluted M30 

CytoDeath HRP Conjugate were added. The plate was sealed with a plate sealer and incubated on a 

plate shaker (600 rpm) for 4 h at RT. Afterwards, the plate was washed 5 times with 250 µl of wash 

buffer. Then, 200 µl of the TMB substrate were added for 20 min at RT in the dark. Next, 50 µl of the 

stop solution were added to each well. To mix the TMB substrate with the stop solution, the plate was 

shaken for a few seconds and incubated for 5 min. In the end, the absorbance was determined at a 
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wavelength of 450 nm using Infinite 200 PRO Microplate Reader. All samples were normalized to the 

seeded cell number of PDAC cells.  

 

3.2.4 Immunofluorescence staining of PD-L1 on coverslips  

For IF staining of PD-L1, the cells (PDECs and hepatic stromal cells) were seeded onto an 18 mm 

coverslip. After cultivation (sections 3.1.11.2 and 3.1.11.3), the medium was removed and the cells 

were washed twice with PBS. Then, the cells were fixed with 4 % PFA for 10 min at RT. Afterwards, the 

cells were washed three times with PBS. The staining was conducted with the Alexa Fluorä 488 

Tyramide SuperBoost goat, anti-rabbit kit by ThermoFisher Scientific. All incubation steps were 

performed in a humidified chamber. First, the cells were incubated with 3 % hydrogen peroxidase 

solution for 60 min. Then, the cells were washed three times with PBS, 2-3 drops of blocking buffer 

were added, and cells were incubated for 60 min at RT. Then, the cells were incubated with the anti-

PD-L1 antibody, diluted 1:200 in 1 % BSA/PBS overnight at 4 °C. On the next day, the cells were washed 

three times with PBS for 5 min. Next, the cells were incubated with the poly-HRP conjugated secondary 

antibody for 60 min at RT. Then, the cells were washed twice with PBS and Hoechst 33528, diluted 

1:500 in PBS, was added for 30 min. Afterwards, the cells were washed three times with PBS for 5 min. 

The tyramide working solution was prepared by adding the 100X tyramide stock solution, 100X H2O2 

solution, and 1X reaction buffer. Then, 100 µl tyramide working solution were added onto the cells for 

10 min at RT. To stop the reaction, 100 µl of reaction stop reagent were added. Afterwards, the cells 

were rinsed three times with PBS and once with H2O before the coverslips were sealed upside down in 

a drop of Fluro-Gel onto an object slide with clear nail polish. The slides were stored at 4 °C. The IF 

staining was evaluated using the Lionheart FX Automated Microscope.  

 

3.3 Molecular biological methods  

3.3.1 RNA Isolation  

Ribonucleic acid (RNA) was isolated from hepatic stromal cells and CD8+ T cells with the peqGOLD total 

RNA kit from VWR International. The cells were washed with PBS, lyzed in 300 µl of RNA lysis buffer 

and transferred into a 1.5 ml tube. With the help of the lysis buffer, all RNAses and other enzymes 

were inhibited. Lysates were transferred into the DNA removing column, which was stacked in a 2 ml 

tube. Afterwards, the lysates were centrifuged at 12,000 xg for 2 min. The flow-through was 

transferred into a new 1.5 ml tube and 300 µl of 70 % ethanol were added and vortexed. The lysates 

were pipetted onto the membrane of the PrefectBind RNA column and centrifuged at 12,000 xg for 

1 min. The PerfectBind RNA column was washed once with 500 µl of RNA wash buffer I and afterwards 

with 600 µl of RNA wash buffer II. After washing, the columns were centrifuged at 10,000 xg for 2 min, 
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to dry the membrane. Then, 40 µl of RNAse free water were added onto the membrane and incubated 

for 2 min. The column was centrifuged at 10,000 xg for 2 min to elute the RNA. The RNA samples were 

stored at -80 °C. Nucleic acid concentration was measured using the Infinite 200 PRO Microplate 

Reader with the help of the NanoQuant Plate.  

 

3.3.2 cDNA synthesis  

Complementary desoxyribonucleic acid (cDNA) was generated from the isolated RNA (section 3.3.1) 

using the RevertAid First Strand cDNA Synthesis kit. Between 100 ng and 500 ng RNA were used, mixed 

with 1 µl oligo dT primer, and filled up to 12.5 µl with nuclease-free water. The solution was incubated 

at 65 °C for 5 min. Afterwards, the solution was cooled down on ice and spun down. The components 

written below (Table 3) were added to the solution, mixed, and first incubated at 42 °C for 60 min and 

then at 70 °C for 5 min to stop the reaction. cDNA was stored at -20 °C.  

 

Table 3: Master Mix composition for cDNA synthesis of RNA 

Component Volume (µl) 

5x Reaction buffer  4 µl 

RiboLock RNase inhibitor (20 U/µl) 0.5 µl 

10 mM dNTP Mix 2 µl 

RevertAid M-MuLV Reverse Transcriptase (200 U/µl) 1 µl 

                                                                          Total volume: 7.5 µl 

 

3.3.3 Quantitative real-time polymerase chain reaction  

Quantitative real-time polymerase chain reaction (qPCR) was performed to analyze the gene 

expression of different markers of hepatic stromal cells and CD8+ T cells. The generated cDNA (section 

3.3.2) was diluted at a ratio of 1:3 with nuclease-free water and 2.5 µl were pipetted into a well of a 

96-well PCR plate. All samples were pipetted in duplicates. Afterwards, 7.5 µl of the master mix 

containing the following components (Table 4) were added. The PCR plate was centrifuged at 300 xg 

at 4 °C for 2 min.  
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Table 4: Maxter Mix composition per sample for qPCR 

Component Volume (µl) 

RealTime Primer 

Volume (µl) 

Eurofins Primer 

Volume (µl) 

Biometra Primer 

Light Cycler SYBR Green I 

Master  

5 5 5 

Forward Primer - 1 0.0375 

Reverse Primer - 1 0.0375 

Forward/Reverse Primer 

Mix 

1 - - 

Nuclease free H2O 1.5 0.5 2.425 

 

The measurement was performed using a LightCyclerâ 480 applying the protocol below (Table 5).  

 

Table 5: LightCycler program for qPCR 

Step No.  Step Time Temperature (°C) 

1 Pre-Incubation 5 min 95 °C 

2 Denaturation 10 s 95 °C 

3 Annealing 20s Section 2.4.1 

4 Elongation 30 s 72 °C 

5 Steps 2 - 4 (40 – 50 cycles) 

6 Melting curve   

7 Cooling  40 °C 

 

After each run, a melting curve analysis of the different samples was performed for quality control. 

The evaluation was performed with the help of the LightCycler480 software and excel. The relative 

gene expression was determined using the respective Ct value of the housekeeper gene (GAPDH) and 

by the ∆𝐶𝑡 method. 

 

3.4 Microscopic analysis  

Formalin-fixed and paraffin embedded (FFPE) biopsy samples or diagnostic resection specimens from 

liver metastases of 15 PDAC patients were used for immunohistochemical analyses. Thirteen patients 

were male and two female. The median age at diagnosis was 70 (range: 59-82). The histopathological 

diagnosis had been confirmed by board certified surgical pathologists. 
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The serial FFPE sections were stained for PanCK, α-SMA, CD3, CD8, CD68 and PD-L1. The 

immunohistochemical staining of the sections was carried out on the autostainer BONDä RX system 

in the Institute of Pathology at the University Hospital Schleswig-Holstein in Kiel with the kind support 

of Prof. Dr. med. Christoph Röcken and Sandra Krüger. The respective concentrations of the antibodies 

are depicted in section 2.4.2. 

Afterwards, the sections were scanned on the Hamamatsu NanoZoomer S6 digital slide scanner and 

analyzed with the NDP.view2 software. 

To perform the analysis by two independent investigators, examination of all stainings was conducted 

in collaboration with Leon Aldag.  

 

3.4.1 Localization of aSMA, CD3, CD8, CD68 and PD-L1 staining in tissue sections with liver 

metastases from PDAC patients  

To explore potential changes of different cell populations and PD-L1 during metastatic outgrowth, 

metastases were categorized into small (£ 1500 µm) and large (> 1500 µm). Afterwards, the 

localization of aSMA, CD3, CD8, CD68, and PD-L1 staining was determined by differentiating between 

its presence mostly in the tumor center, mostly at the invasion front, evenly distributed between both 

tumor regions, and absent. This analysis was performed at a magnification of 50- or 100-fold.  

 

3.4.2 The abundance of aSMA, CD8, and PD-L1 staining in tissue sections with liver metastases 

from PDAC patients  

For further analysis of the liver metastases of PDAC patients, the extent of aSMA, CD8, and PD-L1 

staining was scored. The extent of aSMA+ cells was scored, differentiating between low (+), medium 

(++), or high (+++) abundance considering the whole metastases. For CD8 and PD-L1 staining, a 

maximum of 10 Fields of View (FoV) were scored at the invasion front of the metastases and in the 

metastases center at 100-fold magnification, comparing small and large metastases. The number of 

FoV depended on the size of the metastases and the localization were chosen randomly. For CD8 and 

PD-L1, the same scoring was applied. Each FoV was scored with a score from 0 to 2. Score 0 was 

classified as no CD8+ cells were present or no PD-L1 staining was detectable, score 1 as less than or 

equal 1 % of the present cells were CD8+ or PD-L1+, and score 2 as more than 1 % of the cells were CD8+ 

or PD-L1+. Further, the intensity of PD-L1 staining was analyzed by comparing absent, low, and high for 

each FoV.  
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3.5 Statistical analysis  

Statistical analysis was performed with the GraphPad Prism 9.2.0 program. First, data were tested for 

normal distribution and equal variances using Shapiro-Wilk test. Two-tailed t-test was performed for 

analysis of two normally distributed data sets. Groups of data sets that did not pass the test for normal 

distribution and equal variances were analyzed using the Mann-Whitney Rank Test. Parametric data 

sets including more than two groups were analyzed using one-way analysis of variance (one-way 

ANOVA). For multiple comparisons, the Tukey Test was used. Non-parametric data sets comprising 

more than two groups were analyzed using Kruskal-Wallis one-way-ANOVA on Ranks and the Dunn’s 

Test intensities of. Grouped data sets were analyzed using two-way ANOVA and for multiple 

comparison, the Tukey test was used. Normally distributed data were displayed as the mean ± SD and 

not normally distributed data were displayed as the median with interquartile range in both directions. 

Statistical significance was defined at a p-value of < 0.05, according to the Student-Newman-Keuls test 

for parametric and Dunn method for non-parametric data. The significance is indicated by asterisks as 

follows: p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***. 
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4 Results 

4.1 In situ characterization of the presence of myofibroblasts, CD3+ T cells, 

CD8+ T cells, macrophages, and the expression of PD-L1 in liver metastases 

of PDAC patients 

Since PDAC patients with liver metastases have an even worse prognosis, it is of outmost importance 

to better understand the mechanisms underlying metastatic progression in the liver and to identify 

effective treatment options [150]. 

Since metastases are not routinely resected in PDAC patients, tissue samples from PDAC metastases 

are rare and the expression of immune regulatory molecules such as PD-L1 within liver metastases is 

rarely characterized. Hence, this study intended to elucidate the role of PD-L1 in the interplay of PDAC 

cells, the hepatic microenvironment, and immune cells, such as macrophages, CD3+ and CD8+ T 

lymphocytes in order to provide novel insight into the mechanisms contributing to immune escape of 

PDAC liver metastases. Primary tumor tissues of PDAC patients staged T3N1MO showed PD-L1 

expression but only in 20 % of the analyzed tissues [35]. Therefore, it was examined whether PD-L1 is 

expressed in liver metastases, and how this relates to defined stroma compositions. 

For this purpose, serial sections of liver metastases from 15 PDAC patients were stained for PanCK, 

aSMA, CD68, CD3, CD8, and PD-L1.  

Since previous studies reported that stroma composition markedly differs with regard to metastasis 

size and the number of tumor cells [57], metastases were categorized into small (≤ 1500 µm) and large 

(> 1500 µm) metastases (Figure 20A). In general, more small (122) than large (19) metastases were 

detected in the liver sections (Figure 20B).  
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Figure 20: Small and large liver metastases in a liver tissue section of a PDAC patient. (A) Representative image 

of PanCK and hematoxylin-stained liver tissue sections obtained from a PDAC patient showing small and large 

metastatic lesions. (B) The number of small (white) and large (grey) metastases in the analyzed liver sections. 

(published in [163]). 

 

4.1.1 Immune cells and PD-L1 expression were mostly present in the tumor center of small 

metastases and at the invasion front of large metastases  

Here, the localization of aSMA, CD68, CD3, CD8, and PD-L1 staining within small and large metastases 

was scored (section 3.4.1). First, desmoplasia was assessed by evaluating the abundance of 

myofibroblasts. Small and large metastases clearly differ with respect to the spatial distribution of 

aSMA+ myofibroblasts. While in small metastases, aSMA staining was detectable in the tumor center 

or evenly distributed between the tumor center and the invasion front, aSMA staining was 

predominantly located inside of large metastases (Figure 21A). In small metastases, CD68 staining was 

mainly located in the tumor center or was evenly distributed, whole in large metastases CD68 staining 

was also generally evenly distributed or at the invasion front (Figure 21B). Moreover, also the spatial 

distribution of CD3+ and CD8+ T cells clearly differed between small and large metastases. CD3 staining 

was evenly distributed (74 %) in small metastases, whereas in large metastases most CD3+ T cells were 

found at the invasion front (75 %) (Figure 21C).  

While CD8+ T cells were predominantly located inside or evenly distributed in small metastases, in large 

metastases the majority of CD8+ T cells were almost exclusively found at the invasion front (84 %) 

(Figure 21D). Finally, histoanatomical localization of PD-L1 staining was analyzed. Here, 35 % of small 

metastases showed no PD-L1 staining and if present, staining was predominantly observed in the 
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tumor center. In contrast, PD-L1 staining in large metastases was either evenly distributed or localized 

predominantly at the invasion front (Figure 21E). 

 
Figure 21: Different spatial distribution of myofibroblasts, macrophages, CD3+ T cells, CD8+ T cells, and PD-L1 

expression in small and large liver metastases of PDAC patients. The main localization of (A) aSMA, (B) CD68, 

(C) CD3, (D) CD8, and (E) PD-L1 staining was scored by comparing absent staining and staining in the tumor 

center, at the invasion front or evenly distributed between tumor center and invasion front in small (white) and 

large (grey) liver metastases. Data represent the mean of 15 independent liver tissue sections of PDAC patients. 

(partially published in [163]). 

Figure 22 shows representative images of the staining of (A) PanCK, (B) aSMA, (C) CD68, (D) CD3, (E) 

CD8, and (F) PD-L1 at the invasion front and in the tumor center of large and small metastases.  
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Figure 22: Different spatial distribution of myofibroblasts, macrophages, CD3+ T cells, CD8+ T cells, and PD-L1 

staining in small and large liver metastases of PDAC patients. Representative images of the staining of (A) 

PanCK, (B) aSMA, (C) CD68, (D) CD3, (E) CD8, and (F) PD-L1 at the invasion front or in the tumor center of a large 

and small liver metastasis of one PDAC patients. (partially published in [163]). 
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In summary, IHC analyses revealed that immune cells (CD3, CD8, and CD68) were primarily present in 

the tumor center of small metastases while in large metastases especially CD3+ T cells and CD8+ T cells 

were predominantly located at the invasion front. In addition, PD-L1 staining was absent or in the 

tumor center in small metastases, while in large metastases it was mainly found at the invasion front 

or evenly distributed. 

 

4.1.2 Myofibroblasts were more present in large compared to small metastases  

Further, the number of myofibroblasts was rated and compared (+ = low number, ++ = medium 

number, or +++ = high number of myofibroblasts). Small metastases were mostly characterized by low 

and medium numbers of myofibroblasts (low: 57 % vs. medium: 42 % vs. high: 0.4 %). In contrast, 

~50 % of large metastases exhibited high numbers and only ~15 % low numbers (Figure 23).  

 
Figure 23: Higher abundance of myofibroblasts were more present in large metastases compared to small 

metastases of PDAC patients. The abundance of aSMA was rated as low number (+), medium number (++), or 

high number (+++) of myofibroblasts in small (white) and large (grey) liver metastases. Data represent the mean 

± SD. N=11 for small metastases and N=13 for large metastases. * = p < 0.05. (published in [163]). 

 

Overall, large metastases showed a higher abundance of myofibroblasts compared to small 

metastases.  

 

4.1.3 High numbers of CD8+ T cells were present in the tumor center of small metastases and at 

the invasion front of large metastases  

In line with the previous findings showing that CD8+ T cells were predominantly present at the invasion 

front of large metastases (Figure 21D), 15 % of all examined FoV in large metastases exhibited no CD8+ 

T cells (Figure 24A). These FoV were only scored in the tumor center (Figure 24B). However, within the 

majority of FoV more than 1 % of these cells were stained for CD8 in both small and large metastases, 
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albeit in small metastases over 60 % of FoV contained higher proportions of CD8+ T cells (Figure 24A). 

FoV containing more than 1 % CD8+ T cells were mainly at the tumor center of small metastases or at 

the invasion front of large metastases (Figure 24B). Further, only 23 % of FoV with more than 1 % CD8+ 

T cells were in the tumor center of large metastases, showing again that CD8+ T cells were mainly 

present at the invasion front of large metastases (Figure 24B).  

 
Figure 24: High numbers of CD8+ T cells were present in the tumor center of small metastases and at the 

invasion front of large metastases of PDAC patients. A maximum of 10 microscopic Fields of View (FoV) in the 

tumor center and at the invasion front were analyzed and the proportion of CD8+ T cells was determined. The 

proportion was ranked as 0 %, ≤ 1 %, or > 1 %. (A) First, the number of CD8+ T cells was determined in each FoV 

and further (B) their (tumor center or invasion front) localization in small (white) and large (grey) liver metastases 

was analyzed. Data represent the mean ± SD. N=11 for small metastases and N=13 for large metastases. * = p < 

0.05, ** = p < 0.01, *** = p < 0.001. (published in [163]). 

 

In summary, small metastases exhibited more CD8+ T cells, which were mainly located in the tumor 

center. In contrast to large metastases, where FoV with high numbers of CD8+ T cells were mainly 

located at the invasion front.  
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4.1.4 Large metastases exhibit more PD-L1+ cells and stronger PD-L1 staining intensity  

Next, the abundance of PD-L1+ cells (Figure 25A+B) and the intensity of PD-L1 staining (Figure 25C+D) 

were analyzed. In small metastases, 33 % of FoV showed no PD-L1+ cells (Figure 25A). In contrast, only 

7 % of FoV in large metastases exhibited no PD-L1+ cells, and these FoV were scored in the tumor center 

(Figure 25A+B). Of note, FoV in large metastases exhibited significantly more PD-L1+ cells compared to 

small metastases (small: 16 % vs. large: 53 %) (Figure 25A) and FoV with more than 1 % of PD-L1+ cells 

were mainly located at the invasion front (Figure 25B).  

In small and large metastases PD-L1 staining was mostly scored as low (small: 57 % vs. large: 55 %). 

Here, no clear trend was observable concerning the main location of these FoV (Figure 25D). In line 

with the high number of PD-L1+ cells in large metastases compared to small metastases, the staining 

intensity was also stronger (small: 10 % vs. large: 38 %) (Figure 25C). Interestingly, strong PD-L1 

staining was mostly found at the invasion front in large metastases (Figure 25D).  
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Figure 25: Large metastases exhibit more PD-L1+ cells, which were mainly found at the invasion front and 

stronger PD-L1 staining intensity. A maximum of 10 microscopic Fields of View (FoV) in the tumor center and at 

the invasion front in small (white) and large (grey) liver metastases were analyzed and the proportion of PD-L1+ 

cells was determined. The proportion was ranked as 0 %, <1 %, or >1 %. (A) First, the number of PD-L1+ cells was 

determined in each FoV and further (B) the localization was analyzed (tumor center or invasion front). (C) 

Further, intensity of PD-L1 staining was ranked for each FoV, comparing absent, low, or strong and then (D) the 

localization was analyzed (tumor center or invasion front). Data represent the mean ± SD. N=11 for small 

metastases and N=13 for large metastases. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (published in [163]). 
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4.1.5 PD-L1 was rather expressed by stromal cells than tumor cells 

The next aim was to analyze which cell populations in the TME mainly express PD-L1. In the primary 

tumor, it was already shown that PD-L1 is predominantly expressed by stromal cells rather than PDAC 

cells [35].  

Here, comparing the spatial distribution of PD-L1, PanCK, CD68, CD8, and aSMA in serial liver sections 

demonstrated that PD-L1 staining was mainly colocalized with aSMA staining and CD68 staining and 

to some extent with CD8 staining rather than PanCK staining, indicating that PD-L1 is mainly expressed 

by myofibroblasts and macrophages in PDAC liver metastases (Figure 22). Accordingly, IHC double 

stainings of PanCK/PD-L1, aSMA/PD-L1, and CD68/PD-L1 were performed for validation showing that 

PD-L1 was expressed more by myofibroblasts and macrophages rather than PanCK+ tumor cells (Figure 

26A-C).  
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Figure 26: PD-L1 was rather expressed by stromal cells than tumor cells. Representative images of double 

immunohistochemical staining of (A) PanCK/PD-L1, (B) aSMA/PD-L1, and (C) CD68/PD-L1 in large liver 

metastases. PanCK, aSMA, and CD68 staining are displayed in red and PD-L1 staining in brown. Arrows indicate 

respective PD-L1 staining on myofibroblasts or macrophages. (published in [163]). 
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4.2 2D in vitro cocultures of different cell populations in the tumor 

microenvironment  

4.2.1 Characterization of CD8+ T cells before and after activation culture  

As revealed by the in situ staining, the localization and abundance of CD8+ T cells changed during 

metastatic outgrowth from small to large liver metastases. In small metastases, CD8+ T cells were 

present inside while in large metastases, CD8+ T cells were mainly at the margin. To mimic the situation 

in liver metastases in vitro, CD8+ T cells were isolated from blood derived lymphocytes (sections 3.1.5 

and 3.1.6) by negative magnetic cell sorting (section 3.1.7). After magnetic cell sorting, the purity of 

CD8+ T cells was checked by flow cytometry. Therefore, the cells were stained for α/β TCR (FITC), CD8a 

(PE), and CD4 (APC). In Figure 27, the gating strategy is displayed. First, living cells (here called CD8) 

were gated (Figure 27A), continuing with the gating of single cells (Figure 27B). Afterwards, all α/β TCR 

positive cells were determined as the gate was set above the respective isotype control (Figure 27C), 

showing that around 95 % of the isolated cells were α/β TCR positive. Further, the number of CD8a 

positive cells and CD4 positive cells was determined (Figure 27D+E), revealing that 96 % of the α/β TCR 

positive cells were CD8a positive and under 1 % CD4 positive. Overall, 92 % of the isolated cells were 

α/β TCR and CD8a positive (Figure 27F), indicating a high purity of CD8+ T cells for further cultures.  
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Figure 27: Gating strategy of T lymphocytes and determination of CD8+ T cells purity. Lymphocytes were 

isolated by density gradient centrifugation and by counterflow centrifugation. CD8+ T cells were isolated by 

magnetic cell separation. Gating strategy of T lymphocytes to determine the purity after negative magnetic cell 

sorting was as follows: (A) First, living cells were gated (here called CD8), followed by the gating of (B) single cells. 

(C) Afterwards, all α/β TCR positive cells (blue) were determined as the gate was set above the respective isotype 

control (grey). Among all α/β TCR positive cells, (D) CD8a+ and (E) CD4+ cells were gated, always regarding the 

respective isotype control. (F) Percentage of α/β TCR and CD8a positive cells. Data represent the mean ± SD. 

N=4. 
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4.2.1.1 Activated CD8+ T cells showed elevated PD-1 and PD-L1 cell surface expression levels and 

an elevated activation phenotype 

Next, isolated CD8+ T cells were activated for 4 days with anti-CD3 and anti-CD28 antibodies as well as 

IL-2 (section 3.1.8) and CD8+ T cells were characterized directly after isolation (post MACS) on days 3 

and 4 of the activation culture.  

On days 3 and 4, PD-1 cell surface expression levels on CD8+ T cells as well as the number of PD-1 

positive cells were elevated compared to post MACS (Figure 28A+B).  

The maximum of PD-1 cell surface expression levels on CD8+ T cells as well as the number of PD-1 

positive cells was on day 4. In addition, the PD-L1 cell surface expression levels became significantly 

elevated during the activation culture (Figure 28C), in line with a significantly higher number of PD-L1 

positive CD8+ T cells (p < 0.001). However, between 3 and 4 days almost no further increase was 

observed (Figure 28C+D). Interestingly more CD8+ T cells were PD-L1 positive than PD-1 positive (78 % 

vs. 66 % on day 4).  

 
Figure 28: Activated CD8+ T cells show elevated PD-1 and PD-L1 cell surface expression levels. CD8+ T cells were 

isolated by magnetic cell separation (MACS) from human blood derived lymphocytes. Cells were characterized 

directly after isolation (post MACS), as well as on days 3 and 4 of activation culture. Here, CD8+ T cells were 

activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for a maximum of 4 days. (A) Cell surface 



  Results 
 

 77 

expression levels of PD-1, (B) percentage of PD-1 positive CD8+ T cells, (C) cell surface expression levels of PD-L1, 

and (D) percentage of PD-L1 positive CD8+ T cells. Median fluorescence intensity (MFI) ratio was calculated by 

dividing the MFI of the specific staining by the MFI of the isotype control. Data represent the mean ± SD (normally 

distributed). N=4. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 

 

Further, the cell surface expression levels of the early activation marker CD69 increased on CD8+ T cells 

during activation culture, with the difference between post MACS and 4 days being significant (p < 

0.05) (Figure 29A). In line, the percentage of CD69 positive CD8+ T cells increased during activation 

culture compared to post MACS, with 93 % of the CD8+ T cells showing cell surface expression of CD69 

on day 4 (Figure 29B). Cell surface expression levels of CD25 were also elevated during activation 

culture, in line with an increase in the percentage of CD25 positive CD8+ T cells comparing 3 and 4 days 

with post MACS (Figure 29C+D).  

 
Figure 29: Activated CD8+ T cells show elevated CD69 and CD25 cell surface expression levels. CD8+ T cells were 

isolated by magnetic cell separation (MACS) from human blood derived lymphocytes. Cells were characterized 

directly after isolation (post MACS), as well as on days 3 and 4 of activation culture. Here, CD8+ T cells were 

activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for a maximum of 4 days. (A) Cell surface 

expression levels of CD69, (B) percentage of CD69 positive CD8+ T cells, (C) cell surface expression levels of CD25, 

and (D) percentage of CD25 positive CD8+ T cells. Median fluorescence intensity (MFI) ratio was calculated by 

dividing the MFI of the specific staining by the MFI of the isotype control. Data represent the mean ± SD (normally 



  Results 
 

 78 

distributed) or the median with interquartile range (not normally distributed). N=3. * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001. 

 

In addition, the concentration of different cytokines and effector molecules released in the 

supernatant of CD8+ T cells was measured on days 3 and 4 of the activation culture using 

LEGENDplexä. Upon activation, the concentration levels of IL-6, IFNg, Granzyme A, Perforin, and 

Granulysin were elevated on day 4 compared to day 3 (Figure 30A-C+E-F). Granzyme B concentrations 

were almost comparable at both days (Figure 30D).  

 

 
Figure 30: Elevated concentration levels of effector molecules in supernatants of activation culture. CD8+ T 

cells were isolated by magnetic cell separation (MACS) from human blood derived lymphocytes. Cells were 

characterized directly after isolation (post MACS), as well as on days 3 and 4 of activation culture. Here, CD8+ T 

cells were activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for a maximum of 4 days. On day 3 

(light grey) and day 4 (dark grey) the concentration of (A) IL-6, (B) IFNg, (C) Granzyme A, (D) Granzyme B, (E) 

Perforin, and (F) Granulysin were measured in the supernatants of CD8+ T cells. Data represent the mean ± SD 

(normally distributed). N=3.  

 

Overall, the cell surface expression of PD-1, PD-L1, and the activation markers CD69 and CD25 of CD8+ 

T cells rose continuously during the activation culture. Further, concentrations of the effector 

molecules were higher in supernatants of CD8+ T cells on day 4 compared to day 3.  
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4.2.2 Heterogenous cell surface expression levels of PD-L1 on PDECs and stromal cells  

In contrast to primary PDAC [35], IHC of PDAC liver metastases revealed that PD-L1 staining is 

detectable in each tissue liver section. Of note, PD-L1 staining was mostly found on aSMA+ 

myofibroblasts and the staining intensity was quite heterogeneous. 

For this purpose, cell surface expression levels of PD-L1 were analyzed by flow cytometry on PDECs, 

hepatic stromal cells, and CD8+ T cells after 72 h in monoculture.  

First, PD-L1 was stained on PDECs, comparing H6c7-kras and PancTu1 cells. H6c7-kras cells showed 

higher cell surface expression levels of PD-L1 compared to PancTu1 cells (MFI ratio: 16.7 vs. 10.8) 

(Figure 31A). Next, cell surface expression of PD-L1 was compared between HSC and HMF, with HMF 

showing a slightly higher expression level of PD-L1 (MFI ratio: 1.5 vs. 2.1) (Figure 31B). CD8+ T cells also 

showed cell surface expression of PD-L1 after 72 h of monoculture (Figure 31C). This level was lower 

compared to day 4 at the activation culture (Figure 28C).  

 
Figure 31: Heterogenous PD-L1 cell surface levels on PDECs, hepatic stromal cells, and CD8+ T cells. H6c7-kras 

cells, PancTu1 cells, hepatic stellate cells (HSC), hepatic myofibroblasts (HMF), and activated CD8+ T cells were 

seeded in a 12-well plate in monoculture. After 72 h, PD-L1 was stained and cell surface expression levels were 

analyzed by flow cytometry on (A) H6c7-kras and PancTu1 cells, (B) HSC and HMF, and (C) CD8+ T cells. Median 

fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the 

isotype control. Data represent the mean ± SD (normally distributed). N=3. 

 

Overall, different cells of the tumor microenvironment exhibit heterogeneous cell surface levels of PD-

L1.  

 

4.2.3 Impact of the interplay of PDECs and CD8+ T cells on PD-L1 expression and the effector 

phenotype of CD8+ T cells  

IHC staining of liver tissue sections showed that the presence of CD8+ T cells changes during metastatic 

progression. While CD8 staining was only found inside or evenly distributed in small liver metastases, 

in large metastases CD8 staining was predominantly at the invasion front. Therefore, CD8+ T cells were 
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closer to PanCK positive cells in small compared to large metastases, raising the question of whether 

these two cell populations might impact PD-L1 expression on each other. The pre-malignant cell line 

H6c7-kras and the malignant cell line PancTu1 were used, respectively, to represent early and late 

stages of progression. Further, both cell lines are used as cell models with different PD-L1 cell surface 

expression levels (Figure 31A). H6c7-kras and PancTu1 cells were seeded in a 12-well plate and on the 

next day, activated CD8+ T cells were added for 72 h (section 3.1.11.2). 

 

4.2.3.1 Coculture with PD-L1 expressing PDECs did not significantly impact the effector phenotype 

of CD8+ T cells  

CD8+ T cells were analyzed after coculture with PDECs regarding the cell surface expression levels of 

PD-1 and PD-L1, the activation status, and the effector phenotype.  

Cell surface expression levels of PD-1 were slightly lower on CD8+ T cells after coculture with H6c7-kras 

and PancTu1 cells compared to monoculture (Figure 32A). Furthermore, the number of PD-1 positive 

CD8+ T cells was slightly lower after coculture with either PDEC line (Figure 32B). Cell surface levels of 

PD-L1 were slightly higher after coculture with H6c7-kras and PancTu1 cells (Figure 32C), in line with a 

slightly increased number of PD-L1 positive cells after coculture with H6c7-kras cells (Figure 32D). 

 
Figure 32: Cell surface levels of PD-1 and PD-L1 were almost unaffected after coculture with PDECs. CD8+ T cells 

were isolated by magnetic cell separation from human blood derived lymphocytes and then activated with anti-

CD3 and anti-CD28 antibodies, as well as IL-2 for 4 days. Afterwards, CD8+ T cells were seeded in mono- (white) 

or coculture with either H6c7-kras (light grey) or PancTu1 cells (dark grey) for 72 h. Cell surface levels of (A) PD-
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1 and (C) PD-L1 were analyzed by flow cytometry. Further, the percentage of (B) PD-1 positive and (D) PD-L1 

positive CD8+ T cells was determined. Median fluorescence intensity (MFI) ratio was calculated by dividing the 

MFI of the specific staining by the MFI of the isotype control. Data represent the mean ± SD (normally 

distributed). N=3. 

 

Further, the activation status of CD8+ T cells was analyzed after 72 h of mono- or coculture with PDECs. 

The expression of the early activation marker CD69 was not affected by coculture with either PDEC line 

(Figure 33A) and the number of CD69 positive was also not altered (Figure 33B). After coculture with 

H6c7-kras cells, CD25 cell surface expression on CD8+ T cells was not altered but slightly decreased 

after coculture with PancTu1 cells (Figure 33C). Changes in the number of CD25 positive CD8+ T cells 

were not seen after either coculture (Figure 33D).  

 
Figure 33: Cell surface levels of the activation markers CD69 and CD25 were almost unaffected after coculture 

with PDECs. CD8+ T cells were isolated by magnetic cell separation from human blood derived lymphocytes and 

then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 4 days. Afterwards, CD8+ T cells were 

seeded in mono- (white) or coculture with either H6c7-kras (light grey) or PancTu1 cells (dark grey) for 72 h. Cell 

surface levels of (A) CD69 and (C) CD25 were analyzed by flow cytometry. Further, the percentage of (B) CD69 

positive and (D) CD25 positive CD8+ T cells was determined. Median fluorescence intensity (MFI) ratio was 

calculated by dividing the MFI of the specific staining by the MFI of the isotype control. Data represent the mean 

± SD (normally distributed) or the median with interquartile range (not normally distributed). N=3. 
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Next, the secretion of different effector molecules was determined in the supernatants of 

monocultured and cocultured CD8+ T cells after 72 h. The concentration of IFNg was not affected by 

coculture with either H6c7-kras or PancTu1 cells (Figure 34A). CD8+ T cells secreted slightly higher 

amounts of the effector molecules Granulysin, Granzyme A, Granzyme B, and Perforin when 

cocultured with H6c7-kras cells (Figure 34B-E). After coculture with PancTu1 cells, levels of effector 

molecules were not affected (Figure 34B-E).  

 
Figure 34: In supernatants of CD8+ T cells concentration levels of effector molecules were slightly higher after 

coculture with H6c7-kras cells and not affected by coculture with PancTu1 cells. CD8+ T cells were isolated by 

magnetic cell separation from human blood derived lymphocytes and then activated with anti-CD3 and anti-

CD28 antibodies, as well as IL-2 for 4 days. Afterwards, CD8+ T cells were seeded in mono- (white) or coculture 

with either H6c7-kras (light grey) or PancTu1 cells (dark grey) for 72 h. Concentrations of (A) IFNg, (B) Granulysin, 

(C) Granzyme A, (D) Granzyme B, and (E) Perforin were measured in the supernatant of monocultured and 

cocultured CD8+ T cells. Data were normalized to the concentrations in monoculture. Data represent the mean 

± SD (normally distributed) or the median with interquartile range (not normally distributed). N=3. 
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Overall, coculture with either H6c7-kras or PancTu1 cells did almost not impact cell surface levels of 

PD-1, PD-L1, CD69, and CD25. Further, concentrations of effector molecules were not altered in 

supernatants of CD8+ T cells cocultured with H6c7-kras and PancTu1 cells.  

 

4.2.3.2 Coculture with CD8+ T cells led to enhanced PD-L1 cell surface expression on PDECs and less 

cell proliferation 

Next, H6c7-kras and PancTu1 cells were analyzed after coculture with CD8+ T cells regarding the cell 

surface expression of PD-L1 and proliferation.  

PD-L1 expression was significantly elevated on H6c7-kras cells after coculture with CD8+ T cells (MFI 

ratio: 6.9 vs. 11.4) (Figure 35A), which was confirmed by IF staining of PD-L1 on H6c7-kras cells after 

coculture with CD8+ T cells (Figure 35C+D). Likewise, PD-L1 cell surface expression was higher on 

PancTu1 cells after coculture with CD8+ T cells (MFI ratio: 5.9 vs. 11.6) (Figure 35B), which was also 

seen in IF staining (Figure 35E+F).  



  Results 
 

 84 

 
Figure 35: Coculture with CD8+ T cells led to enhanced PD-L1 cell surface expression on H6c7-kras and PancTu1 

cells. H6c7-kras and PancTu1 cells were seeded either in mono- (white) or coculture with CD8+ T cells (grey). 

After 72 h, cell surface expression of PD-L1 on (A) H6c7-kras and (B) PancTu1 cells were determined by flow 

cytometry. Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining 

by the MFI of the isotype control. Immunofluorescence staining of PD-L1 (green) was performed of (C) H6c7-kras 

in monoculture, (D) H6c7-kras cells after coculture with CD8+ T cells, (E) monocultured PancTu1 cells, and (F) 

PancTu1 cells after CD8+ T cell coculture. Nuclei were stained with Hoechst (blue). The scale bar represents 
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1000 µm. Data represent the mean ± SD (normally distributed). N=4 for H6c7-kras cells and N=3 for PancTu1 

cells. * = p < 0.05. 

Next, it was investigated whether CD8+ T cells impact cell growth and proliferation of PDECs.  

First, the cell number, as well as the cell confluence were determined of H6c7-kras and PancTu1 cells 

after mono- and coculture with CD8+ T cells. Coculture with CD8+ T cells led to a significantly lower vital 

cell number of H6c7-kras cells compared to monoculture (p < 0.001) (Figure 36A). In addition, the cell 

confluence of H6c7-kras cells was lower due to coculture with CD8+ T cells (Figure 36C). The vital cell 

number was also lower in PancTu1 cells (Figure 36B), however, the cell confluence was only slightly 

reduced (Figure 36D).  

After coculture with CD8+ T cells, intracellular Ki67 expression was significantly downregulated in H6c7-

kras (MFI ratio: 32.2 vs. 14.7) and in PancTu1 cells (MFI ratio: 34.8 vs. 14.9) (Figure 36E+G), indicating 

less proliferation, in line with lower cell numbers. However, nearly all cells were still Ki67 positive 

(Figure 36F+H). 
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Figure 36: Coculture of CD8+ T cells led to a lower number of vital H6c7-kras and PancTu1 cells. H6c7-kras and 

PancTu1 cells were seeded either in mono- (white) or coculture with CD8+ T cells (grey). After 72 h, the vital cell 

number of (A) H6c7-kras and (B) PancTu1 cells were counted. The cell confluence was measured of (C) H6c7-kras 

and (D) PancTu1 cells on the NYONE Scientific. Further, intracellular Ki67 was measured in (E) H6c7-kras and (G) 

PancTu1 cells, and the percentage of Ki67 positive (F) H6c7-kras and (H) PancTu1 cells was determined. Median 

fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the 

isotype control. Data represent the mean ± SD (normally distributed). N=5 for vital cell number, N=4 for cell 

confluence and Ki67 of H6c7-kras cells, and N=3 for cell confluence and Ki67 of PancTu1 cells. * = p < 0.05, *** = 

p < 0.001. 
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Overall, coculture with CD8+ T cells led to enhanced cell surface expression of PD-L1 on both PDEC 

lines. Furthermore, the presence of CD8+ T cells led to reduced cell growth and proliferation, which is 

in line with the reduced intracellular expression of Ki67. 

 

4.2.4 Impact of hepatic stromal cells on CD8+ T cells  

As shown in Figure 21 and Figure 22, localization of aSMA+ myofibroblasts and CD8+ T cells along with 

PD-L1 expression changed during outgrowth of liver metastases. While in small metastases, aSMA 

staining was detectable in the tumor center or evenly distributed between the tumor center and at 

the invasion front, aSMA staining was predominantly located inside of large metastases. Further, 

higher numbers of myofibroblasts were detected in large metastases. CD8+ T cells were predominantly 

located inside or evenly distributed in small metastases. In contrast in large metastases the majority 

of CD8+ T cells were almost exclusively found at the invasion front, indicating that immune cells are 

unable to infiltrate. In addition, more cells were PD-L1 positive in large metastases and showed a 

stronger PD-L1 staining. To investigate how the liver microenvironment impacts the PD-1/PD-L1 axis 

and the effector phenotype of CD8+ T cells, a direct coculture with CD8+ T cells and HSC or HMF was 

performed (section 3.1.11.3). In this context, HSC represent an uninflamed physiological and HMF an 

inflamed liver microenvironment [160,162].  

First, HSC and HMF were characterized to ensure that the cells showed their typical phenotype. While 

HSC showed a characteristic stellate cell morphology, HMF exhibited a typical spindle shape 

morphology (Figure 37A+B). In line with this observation, mRNA levels of TGF-b1 and Fibroblast-

specific protein 1 (FSP1) were significantly higher in HMF compared to HSC (TGF-b1: 0.0001 vs. 0.0002, 

p < 0.05 and FSP1: 0.00005 vs. 0.0001, p < 0.05) (Figure 37C+D). IL-6 mRNA levels were not different in 

HSC and HMF (Figure 37E). These results confirm the typical phenotype of HMF and HSC.  
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Figure 37: Characterization of hepatic stellate cells (HSC) and hepatic myofibroblasts (HMF). To generate 

human hepatic stromal cells with an HSC- and HMF-like phenotype, HSteCs were either cultured with 2.5 µm 

ATRA or 1 ng/ml TGF-b1. Representative images of (A) HSC and (B) HMF. Cells were characterized by qPCR, 

analyzing the mRNA levels of (C) TGF-b, (D) FSP1, and (E) IL-6 in HSC (white) and HMF (grey). The mRNA levels 

were normalized to the housekeeper gene GAPDH. Data represent the mean ± SD (normally distributed) or the 

median with interquartile range (not normally distributed). N=7 for TGF-b1, N=6 for IL-6, and N=4 for FSP1. * = p 

< 0.05. 

 

4.2.4.1 Coculture with CD8+ T cells led to significantly enhanced PD-L1 expression on HSC and HMF 

First, the impact of CD8+ T cells on the PD-L1 status of HSC and HMF was analyzed. Higher PD-L1 mRNA 

levels were detected in monocultured HMF compared to HSC (Figure 38A). After coculture with CD8+ 

T cells, PD-L1 mRNA expression was significantly elevated in HSC and HMF (Figure 38A). After 72 h of 

coculture with CD8+ T cells, also cell surface expression levels of PD-L1 were significantly higher on 

protein level in both HSC and HMF, as revealed by flow cytometry. The MFI ratio was around 4.8 on 

both hepatic stromal cells compared to 1.4 and 1.8 in monocultured HSC and HMF, respectively (p < 

0.001) (Figure 38B). 

Finally, IF staining of PD-L1 confirmed these results (Figure 38C-F). Here, the heterogenous expression 

of PD-L1 is seen. HSC expressed less PD-L1 compared to HMF in monoculture (Figure 38C+E). After 
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coculture with CD8+ T cells, more HSC and HMF expressed PD-L1 and further the PD-L1 staining was 

more intense (Figure 38D+F).  

 
Figure 38: Coculture with CD8+ T cells led to significantly enhanced PD-L1 expression on hepatic stellate cells 

(HSC) and hepatic myofibroblasts (HMF). HSC and HMF were either cultured alone or together with CD8+ T cells. 

After 72 h, (A) mRNA levels of PD-L1 were analyzed by qPCR and (B) the cell surface expression of PD-L1 by flow 

cytometry. The mRNA levels were normalized to the housekeeper gene GAPDH. Median fluorescence intensity 

(MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the isotype control. Further, 
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an immunofluorescence staining of PD-L1 (green) was performed. Nuclei were stained with Hoechst (blue). 

Representative images of (C) monocultured HSC or (D) cocultured with CD8+ T cells and (E) HMF in monoculture 

or after (F) coculture with CD8+ T cells. The scale bar represents 200 µm. Data represent the mean ± SD (normally 

distributed). N=4 for flow cytometry analysis and N=3 for qPCR. * = p < 0.05, *** = p < 0.001. 

 

Overall, these data indicate that coculture with CD8+ T cells enhanced PD-L1 cell surface expressions 

on HSC and HMF to the same extent.  

 

4.2.4.2 CD8+ T cells enhanced PD-L1 cell surface expression on HSC and HMF by IFNg  

IFNg is known to be the main inducer of PD-L1 on tumor cells [79] and IFNg was highly secreted by CD8+ 

T cells during activation culture (Figure 30B). The question rose whether CD8+ T cells upregulate PD-L1 

expression on HSC and HMF by IFNg. For this purpose, the same culture settings as above were used 

and cells were treated with 10 µg/ml ultra-LEAFä IFNg antibody, to neutralize IFNg bioactivity, or the 

respective ultra-LEAFä isotype control (section 3.1.11.3, IFNg blockade). After 72, h the cell surface 

expression of PD-L1 was analyzed by flow cytometry and IF staining.  

Here, the cell surface expression of PD-L1 was not affected in monocultured HSC and HMF treated with 

anti-IFNg antibody, as the n-fold MFI was around 1.0 (Figure 39A). In contrast, treatment with anti-

IFNg antibody during coculture with CD8+ T cells led to a significantly lower cell surface expression of 

PD-L1 on HSC and HMF (HSC co CD8+: n-fold 0.35 and HMF co CD8+: n-fold 0.44 (Figure 39A).  

This decreased PD-L1 expression upon IFNg blockade during coculture with CD8+ T cells was also seen 

in the IF staining, where treatment led to less PD-L1 staining in both hepatic stromal cell populations 

(Figure 39B-E). These data indicate that CD8+ T cells enhance the cell surface expression of PD-L1 on 

HSC and HMF by IFNg.  
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Figure 39: CD8+ T cells enhance PD-L1 cell surface expression on hepatic stellate cells (HSC) and hepatic 

myofibroblasts (HMF) by IFNg. HSC and HMF were seeded in mono- or coculture with CD8+ T cells. Further, the 

cells were treated with 10 µg/ml ultra-LEAFä IFNg antibody to neutralize IFNg bioactivity or the respective ultra-

LEAFä isotype control (mIgG1). After 72 h, (A) the cell surface expression of PD-L1 was analyzed by flow 

cytometry. Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining 

by the MFI of the isotype control. Data were normalized to the respective isotype control. Further, an 

immunofluorescence staining of PD-L1 (green) was performed. Nuclei were stained with Hoechst (blue). 
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Representative images of (B) HSC cocultured with CD8+ T cells treated with (B) the isotype control or with (C) 

anti-IFNg antibody, or HMF cocultured with CD8+ T cells treated with (D) the isotype control or with (E) anti-IFNg 

antibody. The scale bar represents 200 µm. Data represent the median with interquartile range (not normally 

distributed). N=3. *** = p < 0.001. 

To summarize, CD8+ T cells enhanced PD-L1 cell surface levels on HSC and HMF by IFNg.  

 

4.2.4.3 Coculture with HSC and HMF led to a more activated phenotype of CD8+ T cells  

Next, the impact of HSC and HMF on CD8+ T cells was analyzed considering the cell surface expression 

of PD-1 and PD-L1, the activation status, and the effector phenotype.  

Cell surface expression levels of PD-1 and PD-L1 were not altered on CD8+ T cells after coculture with 

HSC or HMF compared to monoculture (Figure 40A+C). The MFI ratio of PD-1 was around 1.9 and of 

PD-L1 around 1.5. In addition, the number of PD-1 positive and PD-L1 positive CD8+ T cells was not 

affected by coculture with HSC or HMF (Figure 40B+D). 

 
Figure 40: Coculture with hepatic stellate cells (HSC) and hepatic myofibroblasts (HMF) did not affect cell 

surface expression of PD-1 or PD-L1 on CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation from 

blood derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 4 days. 

Afterwards, they were seeded in mono- (white) or coculture with either HSC (light grey) or HMF (dark grey) for 

72 h. Cell surface levels of (A) PD-1 and (C) PD-L1 were analyzed by flow cytometry. Further, the percentage of 

(B) PD-1 positive and (D) PD-L1 positive CD8+ T cells was determined. Median fluorescence intensity (MFI) ratio 
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was calculated by dividing the MFI of the specific staining by the MFI of the isotype control. Data were normalized 

to the respective isotype control. Data represent the mean ± SD (normally distributed). N=4.  

 

The levels of the early activation marker CD69 were significantly higher on the cell surface of CD8+ T 

cells after coculture with HSC and HMF (MFI ratio: mono: 2.3 vs. co HSC: 6.3 vs. co HMF: 6.4). There 

was no difference of the cell surface expression of CD69 comparing coculture with HSC or HMF (Figure 

41A). Moreover, coculture with HSC or HMF led to a significantly higher number of CD69 positive CD8+ 

T cells (p < 0.001) (Figure 41B). The cell surface levels of CD25 were only slightly higher after coculture 

with HSC and HMF compared to monocultured CD8+ T cells, while the number of CD25 positive CD8+ T 

cells was almost unaffected (Figure 41D).  

 

 

Figure 41: Coculture with hepatic stellate cells (HSC) and hepatic myofibroblasts (HMF) led to a higher cell 

surface expression of CD69 but not CD25 on CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation 

from blood derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 4 

days. Afterwards, they were seeded in mono- (white) or coculture with either HSC (light grey) or HMF (dark grey) 

for 72 h. Cell surface levels of (A) CD69 and (C) CD25 were analyzed by flow cytometry. Further, the percentage 

of (B) CD69 positive and (D) CD25 positive CD8+ T cells was determined. Median fluorescence intensity (MFI) 

ratio was calculated by dividing the MFI of the specific staining by the MFI of the isotype control. Data represent 
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the mean ± SD (normally distributed) or the median with interquartile range (not normally distributed). N=4. * = 

p < 0.05, *** = p < 0.001. 

 

Next, the release of effector molecules by CD8+ T cells was analyzed after mono- or coculture with 

either HSC or HMF. The IFNg concentrations were slightly lower after coculture with HMF which was 

on the same level after coculture with HSC compared to monoculture (Figure 42A). Coculture with HSC 

and HMF led to slightly higher concentrations of Granulysin in the supernatants of CD8+ T cells (Figure 

42B). After HMF coculture, Granzyme A concentrations were slightly higher and after HSC slightly lower 

in the supernatant compared to monoculture. In contrast, Granzyme B and Perforin concentration 

levels were elevated after coculture with HSC or HMF (Figure 42D+E). Here, Granzyme B 

concentrations were slightly lower comparing HMF and HSC coculture Figure 42D).  

 

Figure 42: Elevated concentration of CD8+ T cells effector molecules after coculture with hepatic stellate cells 

(HSC) or hepatic myofibroblasts (HMF). CD8+ T cells were isolated by magnetic cell separation from blood 

derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 4 days. 

Afterwards, they were seeded in mono- (white) or coculture with either HSC (light grey) or HMF (dark grey) for 

72 h. Concentrations of (A) IFNg, (B) Granulysin, (C) Granzyme A, (D) Granzyme B, and (E) Perforin were measured 

in the supernatants of mono- and cocultured CD8+ T cells. Data were normalized to the concentrations in 

monoculture. Data represent the mean ± SD (normally distributed) or the median with interquartile range (not 

normally distributed). N=3. 
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Overall, hepatic stromal cells (HSC and HMF) did not impact the cell surface expression of PD-L1 on 

CD8+ T cells. Further, coculture with HSC and HMF led to a higher activation level, as cell surface 

expression of CD69 was enhanced on CD8+ T cells. The concentration of the effector molecule 

Granzyme A was slightly lower and those of Granulysin, Granzyme B, and Perforin were slightly higher 

after coculture with HSC or HMF.  

 

4.2.4.4 Pre-coculture of CD8+ T cells with HSC or HMF did not enhance the induction of PDECs death 

Previous results showed that CD8+ T cells exhibited an enhanced activation phenotype and higher 

concentrations of some effector molecules, such as Granulysin, Granzyme B, and Perforin after 

coculture with HSC or HMF. The question rose whether these pre-cocultured CD8+ T cells were more 

effective to induce cell death in PDECs.   

For this purpose, H6c7-kras and PancTu1 cells were labeled with CTG. Twenty-four hours after seeding 

the labeled PDECs, CD8+ T cells were collected from mono- or coculture with HSC or HMF. Then, CD8+ 

T cells were added to H6c7-kras and PancTu1 cells at a ratio of 1:20. After 24 h, CD8+ T cells were 

removed, and the confluence was measured. Further, PDECs were stained with Hoechst and the nuclei 

count was performed using the NYONE Scientific. The setting is pictured in Figure 13. 

The cell confluence of H6c7-kras cells was reduced after coculture with CD8+ T cells, which had been 

monocultured before (H6c7-kras: n-fold 0.84 vs. H6c7-kras co CD8+ pre-monoculture: n-fold: 0.59) 

(Figure 43A). If the CD8+ T cells had been pre-cultured with HSC or HMF, the cell confluence of H6c7-

kras cells was less reduced compared to pre-monoculture, but still lower than confluence of H6c7-kras 

cells in monoculture (Figure 43A). Figure 43B+C shows representative images, comparing the cell 

confluence of H6c7-kras cells in monoculture and coculture with pre-monocultured CD8+ T cells.  

Next, the cell number of H6c7-kras cells was determined after cocultures. The cell count was reduced 

after coculture with pre-monocultured CD8+ T cells (Figure 43D). After coculture with pre-HSC or HMF 

cocultured CD8+ T cells, the cell count was also lower compared to H6c7-kras cells in monoculture. The 

reduced cell count was in line with lower cell confluence. Representative images show the reduced 

number of Hoechst positive cells after coculture with pre-monocultured CD8+ T cells (Figure 43E+F).  

Next, the cell confluence of PancTu1 cells after coculture with different pre-cultured CD8+ T cells was 

analyzed. After coculture with pre-monocultured CD8+ T cells, the cell confluence of PancTu1 cells was 

reduced (Figure 43G). Pre-HSC or HMF cocultured CD8+ T cells also led to a slightly reduced cell 

confluence of PancTu1 cells, however, the reduction was not as strong as in coculture with pre-

monocultured CD8+ T cells (PancTu1 mono: n-fold 0.87 vs. PancTu1 cells co CD8+ pre-monoculture: 

0.68 vs. PancTu1 cells co CD8+ pre-HSC culture: 0.76 vs. PancTu1 cells co CD8+ pre-HMF culture: 0.8) 

(Figure 43G). Figure 43H+I show representative images, comparing the cell confluence of PancTu1 cells 

in monoculture and coculture with pre-monocultured CD8+ T cells.  
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Further, the cell number of PancTu1 cells was not altered after coculture with CD8+ T cells, either pre-

monocultured or pre-HSC or HMF cocultured (Figure 43J). Representative images of the cell count are 

shown in Figure 43K+L.  
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Figure 43: Pre-coculture of CD8+ T cells with hepatic stellate cells (HSC) and hepatic myofibroblasts (HMF) did 

not enhance cell death of H6c7-kras and PancTu1 cells. H6c7-kras and PancTu1 cells were labeled with 

CellTracker Green (CTG). Twenty-four hours after seeding the labeled H6c7-kras and PancTu1 cells, CD8+ T cells 
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were collected from mono- or coculture with HSC or HMF. Then, CD8+ T cells were added to H6c7-kras and 

PancTu1 cells at a ratio of 1:20. After 24 h, CD8+ T cells were removed and the cell confluence of (A) H6c7-kras 

and (G) PancTu1 cells was measured. Data were normalized to the cell confluence before the coculture with CD8+ 

T cells (= t0). Representative images of the cell confluence (B) H6c7-kras cells in monoculture, (C) H6c7-kras cells 

after coculture with pre-monocultured CD8+ T cells, (H) PancTu1 cells in monoculture, and (I) PancTu1 cells after 

coculture with pre-monocultured CD8+ T cells. Further, PDECs were stained with Hoechst (blue) and the cell 

number was determined of (D) H6c7-kras and (J) PancTu1 cells. Data were normalized to the cell number of 

H6c7-kras cells in monoculture. Representative images of the cell count of (E) H6c7-kras cells in monoculture, (F) 

H6c7-kras cells after coculture with pre-monocultured CD8+ T cells, (K) PancTu1 cells in monoculture, and (L) 

PancTu1 cells after coculture with pre-monocultured CD8+ T cells. The scale bar represents 200 µm. Data 

represent the mean ± SD (normally distributed). N=5 for cell confluence and N=3 for cell count.   

 

Overall, the cell confluence of H6c7-kras and PancTu1 cells was lower after coculture with pre-

monocultured CD8+ T cells. This effect was not enhanced if the CD8+ T cells were pre-cocultured with 

either HSC or HMF, even though CD8+ T cells were more activated and released higher amounts of 

Granulysin, Granzyme B, and Perforin.  

 

4.2.5 Impact of hepatic stromal cells on CD8+ T cells under blockade of PD-L1 with Durvalumab  

Previous results showed that hepatic stromal cells and CD8+ T cells influence each other. Due to 

coculture with CD8+ T cells, the cell surface expression of PD-L1 was enhanced on HSC and HMF by 

IFNg. Besides, CD8+ T cells were more activated after coculture with HSC and HMF, and additionally, 

some effector molecules (Granulysin, Granzyme B, and Perforin) were released to a higher extent by 

CD8+ T cells after coculture with hepatic stromal cells. However, pre-coculture with HSC or HMF did 

not enhance CD8+ T cell mediated PDEC death. Therefore, the question rose whether the PD-L1/PD-1 

axis impairs the effector phenotype of CD8+ T cells and whether blocking of PD-L1 increases PDEC 

death. For this purpose, a direct coculture with CD8+ T cells and HSC or HMF was performed. As a 

control, HSC, HMF, and CD8+ T cells were each seeded in monoculture. The cultures were either treated 

with 10 µg/ml of Durvalumab or 10 µg/ml of the respective isotype control (hIgG1) for 72 h (section 

3.1.11.3). After 72 h, pre-mono- or cocultured CD8+ T cells were added to either H6c7-kras or PancTu1 

cells.  
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4.2.5.1 Cell surface expression of PD-L1 was decreased on HSC and HMF after treatment with 

Durvalumab which was intensified by coculture with CD8+ T cells  

First, the impact of Durvalumab treatment on cell surface expression of PD-L1 on HSC and HMF was 

analyzed. 

The cell surface expression of PD-L1 was significantly lower after Durvalumab treatment in 

monocultured HSC and HMF (HSC and HMF mono + isotype control: n-fold 1.0 vs. HSC mono + Durva: 

n-fold: 0.3 vs. HMF mono + Durva: n-fold 0.2) (Figure 44A). This observation can be explained by the 

fact that by binding to PD-L1, Durvalumab prevented the binding of the staining antibody, confirming 

the successful inhibition of PD-L1 by the treatment antibody. Cell surface expression of PD-L1 was 

reduced even more on HSC and HMF after coculture with CD8+ T cells and treatment with Durvalumab. 

This reduction was slightly more pronounced in HMF compared to HSC (HSC co CD8+: n-fold 0.09 vs. 

HMF co CD8+: n-fold 0.07) (Figure 44A). The decrease of the cell surface expression of PD-L1 comparing 

HSC and HMF in coculture with CD8+ T cells and treated with Durvalumab was also seen in the IF 

staining (Figure 44B-E). However, as some cells were still PD-L1 positive the staining antibody seemed 

to bind to a different binding site compared to Durvalumab.  
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Figure 44: PD-L1 cell surface expression was decreased on hepatic stellate cells (HSC) and hepatic 

myofibroblasts (HMF) after treatment with Durvalumab and by coculture with CD8+ T cells. HSC and HMF were 

seeded in mono- or coculture with CD8+ T cells. Cells were treated with 10 µg/ml Durvalumab (blocking PD-L1) 

or the respective isotype control (hIgG1). After 72 h, (A) the cell surface expression of PD-L1 by flow cytometry 

was analyzed. Data were normalized to the respective isotype control. Further, an immunofluorescence staining 

of PD-L1 (green) was performed. Nuclei were stained with Hoechst (blue). Representative images of (B) HSC 

cocultured with CD8+ T cells treated with (B) the isotype control or (C) Durvalumab, and HMF cocultured with 
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CD8+ T cells treated with (D) the isotype control or (E) Durvalumab. The scale bar represents 200 µm. Data 

represent the median with interquartile range (not normally distributed). N=3. *** = p < 0.001. 

 

Overall, cell surface expression of PD-L1 was decreased on HSC and HMF after treatment with 

Durvalumab, which was more pronounced after coculture with CD8+ T cells. 

 

4.2.5.2 Durvalumab hardly impacts activation status and effector phenotype of CD8+ T cells in 

coculture with HSC or HMF 

Next, it was investigated whether Durvalumab treatment impacts the cell surface expression of PD-1 

and PD-L1, the activation status, and the effector phenotype of CD8+ T cells in coculture with HSC or 

HMF.  

Durvalumab treatment did not affect cell surface levels of PD-1 and percentage of PD-1 positive CD8+ 

T cells in monoculture (Figure 45A+B). 

In coculture with HSC and HMF, Durvalumab treatment led to a slightly higher cell surface expression 

of PD-1 on CD8+ T cells, however, the percentage of PD-1 positive CD8+ T cells was not altered (Figure 

45A+B). As shown above, Durvalumab prevented binding of the PD-L1 staining antibody, causing a 

significant reduction of PD-L1 cell surface levels on CD8+ T cells as well as a reduction of PD-L1 positive 

CD8+ T cells (Figure 45C+D). 
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Figure 45: Durvalumab treatment led to a slight enhancement of cell surface expression of PD-1 on CD8+ T cells 

under hepatic stellate cells (HSC) and hepatic myofibroblasts (HMF) coculture. CD8+ T cells were isolated by 

magnetic cell separation from human blood derived lymphocytes and then activated with anti-CD3 and anti-

CD28 antibodies, as well as IL-2 for 4 days. Afterwards, CD8+ T cells were seeded in mono- (white) or coculture 

with either HSC (light grey) or HMF (dark grey) for 72 h. Further, the cultures were treated with 10 µg/ml of 

Durvalumab or 10 µg/ml of the respective isotype control (hIgG1). Cell surface levels of (A) PD-1 and (C) PD-L1 

were analyzed by flow cytometry. Further, the percentage of (B) PD-1 positive and (D) PD-L1 positive CD8+ T cells 

was determined. Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific 

staining by the MFI of the isotype control. Data were normalized to the hIgG1 isotype control treated sample. 

Data represent the mean ± SD (normally distributed) or the median with interquartile range (not normally 

distributed). N=4. * = p < 0.05, *** = p < 0.001. 

 

Next, the activation status of CD8+ T cells was analyzed. Durvalumab treatment did not alter the cell 

surface levels of CD69 and the percentage of CD69 positive CD8+ T cells after mono- or coculture with 

either HSC or HMF (Figure 46A+B). Moreover, cell surface expression of CD25 was not affected by 

Durvalumab treatment in either culture setting, in line with no change in CD25 positive CD8+ T cells 

(Figure 46C+D).  
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Figure 46: Durvalumab treatment hardly impacted activation of CD8+ T cells in monoculture and coculture with 

hepatic stellate cells (HSC) and hepatic myofibroblasts (HMF). CD8+ T cells were isolated by magnetic cell 

separation from human blood derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, 

as well as IL-2 for 4 days. Afterwards, CD8+ T cells were seeded in mono- (white) or coculture with either hepatic 

stellate cells (HSC) (light grey) or HMF (dark grey) for 72 h. Further, the cultures were treated with 10 µg/ml of 

Durvalumab or 10 µg/ml of the respective isotype control (hIgG1). Cell surface levels of (A) CD69 and (C) CD25 

were analyzed by flow cytometry. Further, the percentage of (B) CD69 positive and (D) CD25 positive CD8+ T cells 

was determined. Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific 

staining by the MFI of the isotype control. Data were normalized to the hIgG1 isotype control treated sample. 

Data represent the mean ± SD (normally distributed) or the median with interquartile range (not normally 

distributed). N=3.  

 

Afterwards, the concentrations of effector molecules were analyzed in the supernatants. Durvalumab 

treatment led to significantly higher concentrations of IFNg (p<0.01), Granulysin (p<0.01), and Perforin 

in supernatants of monocultured CD8+ T cells (Figure 47A+B+E). In addition, concentrations of 

Granzyme A and Granzyme B were higher in supernatants of monocultured CD8+ T cells and after 

Durvalumab treatment (Figure 47C+D). While concentrations of IFNg and Perforin were not affected in 

supernatants of cocultured CD8+ T cells with HSC after Durvalumab treatment (Figure 47A+E). 
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However, coculture with HSC and treatment with Durvalumab led to slightly lower concentrations of 

Granulysin, Granzyme A, and Granzyme B in the supernatants of CD8+ T cells (Figure 47B-D). After 

coculture with HMF, the concentrations of IFNg, Granzyme A, Granzyme B, and Perforin were slightly 

higher after treatment with Durvalumab compared to the isotype control (Figure 47A+C-E).  

 

Figure 47: Durvalumab treatment led to higher concentrations of effector molecules in monocultured CD8+ T 

cells. CD8+ T cells were isolated by magnetic cell separation from human blood derived lymphocytes and then 

activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 4 days. Afterwards, CD8+ T cells were seeded 

in monoculture (white) or in coculture with either hepatic stellate cells (HSC) (light grey) or hepatic 

myofibroblasts (HMF) (dark grey) for 72 h. Further, the cultures were treated with 10 µg/ml of Durvalumab or 

10 µg/ml of the respective isotype control (hIgG1). Concentrations of (A) IFNg, (B) Granulysin, (C) Granzyme A, 

(D) Granzyme B, and (E) Perforin were measured in the supernatant of monocultured and cocultured CD8+ T 

cells. Data were normalized to the concentrations of the hIgG1 isotype control treated sample. Data represent 

the mean ± SD (normally distributed) or the median with interquartile range (not normally distributed). N=4. * = 

p < 0.05, ** = p < 0.01.  

 

Overall, Durvalumab treatment did not affect the cell surface expression of PD-1 on CD8+ T cells. In 

addition, levels of the activation markers CD69 and CD25 were not affected by Durvalumab treatment 
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on CD8+ T cells. In contrast, secretion of effector molecules was higher in monocultured and HMF-

cocultured CD8+ T cells after Durvalumab treatment.  

 

4.2.5.3 Pre-coculture of CD8+ T cells with HSC or HMF and Durvalumab treatment did not enhance 

cell death induction of PDECs  

Previous results showed that pre-cocultured CD8+ T cells with HSC and HMF did not impact cell death 

induction of PDECs. After Durvalumab treatment, the concentrations of effector molecules in mono- 

and cocultured CD8+ T cells were slightly higher. CD8+ T cells in coculture with HSC and HMF were 

treated with Durvalumab as mentioned above and afterwards cocultured with PDECs to investigate 

whether this increased induction of cell death of PDECs. 

For this purpose, H6c7-kras and PancTu1 cells were labeled with CTG. Twenty-four hours after seeding 

PDECs, CD8+ T cells were collected from treated mono- or coculture with HSC or HMF. Then, CD8+ T 

cells were added to H6c7-kras and PancTu1 cells at a ratio of 1:20. After 24 h, CD8+ T cells were 

removed and the confluence of PDECs was measured. Further, PDECs were stained with Hoechst and 

the cell number was determined. Both methods were performed on the NYONE Scientific. The setting 

is pictured in Figure 14.  

The cell confluence of H6c7-kras cells was not affected by pre-Durvalumab treated mono- or coculture 

with either HSC or HMF (Figure 48A). Moreover, the number of counted H6c7-kras cells remained 

unchanged, if CD8+ T cells were pre-mono- or cocultured with either HSC or HMF and treated with 

Durvalumab (Figure 48B). 

The cell confluence of PancTu1 cells was not altered after coculture with pre-mono and pre-HMF 

cultured CD8+ T cells and slightly higher after coculture with pre-HSC cocultured CD8+ T cells (Figure 

48C). Treatment of CD8+ T cells with Durvalumab in pre-culture did not alter these effects (Figure 48C). 

This was in line with the counted cell number of PancTu1 cells. The difference in the cell number was 

minimally lower, if pre-cultured CD8+ T cells were treated with Durvalumab compared to the isotype 

control (Figure 48D).  
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Figure 48: Pre-coculture of CD8+ T cells with hepatic stellate cells (HSC) or hepatic myofibroblasts (HMF) and 

Durvalumab treatment did not enhance cell death of H6c7-kras and PancTu1 cells. PancTu1 cells were labeled 

with CellTracker Green (CTG) and were seeded one day before the coculture of CD8+ T cells with HSC and HMF 

and further isotype or Durvalumab treatment ended. Twenty-four hours after seeding the PDECS, CD8+ T cells 

were collected from the mono- or coculture with either HSC or HMF. Then CD8+ T cells were added onto the 

H6c7-kras and PancTu1 cells at a ratio of 1:20. After 24 h, the CD8+ T cells were removed, and the confluence of 

(A) H6c7-kras cells and (C) PancTu1 cells was measured. Data were normalized to the cell confluence before the 

coculture with CD8+ T cells started (=t0). Further, PDAC cells were stained with Hoechst (blue) and the cell 

number of (B) H6c7-kras cells and (D) PancTu1 cells was determined. Data were normalized to the cell number 

of H6c7-kras and PancTu1 cells cocultured with pre-mono or pre-cocultured CD8+ T cells treated with the isotype 

control (hIgG1). Data represent the mean ± SD (normally distributed) or the median with interquartile range (not 

normally distributed). N=3 for coculture with pre-monocultured CD8+ T cells, N=4 for coculture with pre-

HSC/HMF cocultured CD8+ T cells.  

 

Overall, these data showed that Durvalumab treatment during pre-mono- or coculture of CD8+ T cells 

with HSC or HMF did not enhance PDEC death.  
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4.3 3D in vitro cocultures of different cell populations in the tumor 

microenvironment 

Previous experiments were performed using traditional 2D monolayer cell culture models. In order to 

better mimic the physiological tumor microenvironment and investigate its impact on cytotoxic T cells 

and their efficacy to induce tumor cell death under different treatments, a stroma enriched 3D 

spheroid model was established.  

 

4.3.1 Formation of spheroids by different PDEC lines  

First of all, it was investigated which PDEC lines are able to form spheroids. For this purpose, H6c7-

kras, PancTu1, Panc89, BxPc3, Panc1, Colo357, A818-6, and PT-45 cells were labeled with CTG and 

seeded in a 96-well ULA plate. After 72 h, the PDEC spheroids were additionally stained with PI to 

analyze the abundance of dead cells within the spheroid and measured on the Lionheart FX Automated 

Microscope (section 3.1.11.5). 

Panc1 cells did not form an intact spheroid, as the cells were not clustered together (Figure 49A+B). 

H6c7-kras and PT-45 cells formed the smallest spheroids compared to the other cell lines but did not 

form compact spheroids as the spheroids were dissociated by only pipetting up and down in the well 

(Figure 49C+E). Further, PI staining showed a lot of dead cells surrounding the spheroid (Figure 49D+F). 

This might explain the smaller size of spheroids, as not all of the seeded cells were integrated into the 

spheroid. It is known that cells with a more mesenchymal phenotype do not form compact spheroids 

[164]. H6c7-kras cells showed a more mesenchymal phenotype compared to PancTu1 and Panc89 cells 

(Supplementary Figure 3). BxPc3, A818-6, Colo357, PancTu1, and Panc89 cells formed compact and 

“round” spheroids (Figure 49G-P). However, in BxPc3 and A818-6 cell spheroids, many cells around the 

spheroid were PI positive (Figure 49H+J). Further, A818-6 cell spheroids showed a PI signal in the 

center, which was an indication of a necrotic chore (Figure 49J). In Colo357 cell spheroids, many cells 

were PI positive throughout the spheroid (Figure 49L). The number of PI positive cells was lower in 

PancTu1 and Panc89 cell spheroids, compared to the other cell lines (Figure 49N+P). Dissociating the 

spheroids and counting vital and dead cells with trypan blue revealed that PancTu1 and Panc89 cell 

spheroids had the lowest vital-to-dead cell ratio (Supplementary Figure 4).  
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Figure 49: Formation of spheroids by different PDEC lines. H6c7-kras, PancTu1, Panc89, BxPc3, Panc1, Colo357, 

A818-6, and PT-45 cells were labeled with CellTracker Green (CTG) and seeded in a 96-well ultra-low attachment 

plate. After 72 h, PDECs were measured on the Lionheart FX Automated Microscope. Representative images of 

CTG labeled (A) Panc1, (C) H6c7-Kras, (E) PT-45, (G) BxPc3, (I) A818-6, (K) Colo357, (M) PancTu1, and (O) Panc89 

cells. Further, the spheroids were stained with Propidium Iodide (PI) and representative images are shown of (B) 

Panc1, (D) H6c7-kras, (F) PT-45, (H) BxPc3, (J) A818-6, (L) Colo357, (N) PancTu1, and (P) Panc89 cells.  

These results revealed that the spheroid formation differs between the various PDEC lines. Overall, 

PancTu1 and Panc89 cells formed compact spheroids with the lowest number of PI positive cells.  
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4.3.2 Heterogenous cell surface expression levels of PD-L1 on different PDEC lines  

For 3D experiments, it was necessary that PDECs exhibit basal cell surface expression of PD-L1, which 

can be enhanced in order to investigate the impact of stromal cells and immune cells on cell surface 

expression of PD-L1 on PDECs.  

Therefore, H6c7-kras, PancTu1, Panc89, BxPc3, Panc1, Colo357, A818-6, and PT-45 cells were seeded 

and were either left untreated or treated with TGF-β1 (20 ng/ml), IL-6 (10 ng/ml), Gemcitabine 

(1 ng/ml), or IFNg (10 ng/ml). These cytokines were used as they were already described in the 

literature to induce PD-L1 [165] and in further experiments, spheroids will be treated with the 

cytostatic drug Gemcitabine. After 72 h, the cell surface expression of PD-L1 was analyzed by flow 

cytometry (section 3.1.11.1). H6c7-kras and PT-45 cells exhibited the highest cell surface expression of 

PD-L1 (H6c7-kras: MFI ratio 12 + PT-45: MFI ratio 11.2), followed by PancTu1 cells (MFI ratio 5.5) and 

A818-6 cells (MFI ratio 5.2). BxPc3 cells showed a moderate cell surface level of PD-L1 (MFI ratio 3.0). 

Cell surface expression of PD-L1 was low to moderate on Panc89 cells (MFI ratio 1.8) and Colo357 cells 

(MFI ratio 1.9). Finally, Panc1 cells showed the lowest cell surface expression of PD-L1 (MFI ratio: 1.3). 

Treatment with IFNg led to a strong enhancement of cell surface expression of PD-L1 on H6c7-kras, 

PancTu1, Panc89, BxPc3, Colo357, and A818-6 cells (Figure 50B-E+G-H), while in Panc1 cells, this effect 

was only minor (Figure 50F) and on PT-45 cells, levels of PD-L1 were not altered compared to untreated 

cells (Figure 50I). Gemcitabine treatment also increased PD-L1 cell surface expression on H6c7-kras, 

PancTu1, Panc89, and BxPc3 cells. 
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Figure 50: Heterogenous cell surface expressions of PD-L1 on different PDEC lines. (A) H6c7-kras, PancTu1, 

Panc89, BxPc3, Panc1, Colo357, A818-6, and PT-45 cells were seeded and basal cell surface expression of PD-L1 

was analyzed by flow cytometry. Further, (B) H6c7-kras, (C) PancTu1, (D) Panc89, (E) BxPc3, (F) Panc1, (G) 

Colo357, (H) A818-6, and (I) PT-45 cells were treated with 20 ng/ml TGF-β1, 10 ng/ml IL-6, 1 ng/ml Gemcitabine, 

or 10 ng/ml IFNg for 72 h, and PD-L1 cell surface expression was analyzed by flow cytometry. Median 

fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the 

isotype control. Data represent the mean ± SD (normally distributed). N=3 for untreated H6c7-kras cells, N=5 for 

untreated PancTu1, Panc89, and BxPc3 cells, N= 4 for untreated Colo357 cells, N=2 for untreated Panc1, A818-6, 

and PT-45 cells.  

Basal cell surface expression levels of PD-L1 were heterogeneous in analyzed PDEC lines. Besides Panc1 

and PT-45 cells, treatment with IFNg led to an enhanced cell surface expression of PD-L1 in all cell lines. 

 

4.3.3 In 3D cultures, cell surface expression of PD-L1 was lower compared to 2D cultures on 

PancTu1 and Panc89 cells 

As PancTu1 and Panc89 cells were able to form compact spheroids with a low live-to-dead cell ratio 

and exhibited basal cell surface expression of PD-L1, which differed between both cell lines and could 

be enhanced by Gemcitabine and IFNg, these cell lines were chosen for stroma-enriched 3D spheroid 

cultures.  
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Next, it was analyzed whether PD-L1 cell surface expression of PancTu1 and Panc89 cells changes when 

seeded in a 3D culture. Therefore, PancTu1 and Panc89 cells were seeded either in a 12-well plate (2D) 

or in a 96-well ULA plate (3D). After 72 h, cell surface expression levels of PD-L1 were analyzed. Cell 

surface expression of PD-L1 was significantly lower on 3D cultured compared to 2D cultured PancTu1 

cells (MFI ratio 2D: 12.3 vs. 3D: 4.8) and also slightly decreased on 3D cultured Panc89 cells (MFI ratio 

2D: 2.4 vs. 3D: 1.5) (Figure 51A). This was in line with fewer PD-L1 positive PancTu1 and Panc89 cells 

in 3D culture compared to 2D culture (Figure 51B).  

 
Figure 51: Cell surface expression of PD-L1 was lower in 3D cultured PancTu1 and Panc89 cells compared to 2D 

culture. PancTu1 (white) and Panc89 (grey) cells were seeded either in a 12-well plate (2D) or in a 96-well ultra-

low attachment plate (3D). After 72 h, the cell surface expression of (A) PD-L1 and the percentage of (B) PD-L1 

positive cells were determined by flow cytometry. Median fluorescence intensity (MFI) ratio was calculated by 

dividing the MFI of the specific staining by the MFI of the isotype control. Data represent the mean ± SD (normally 

distributed). N=8. * = p < 0.05, *** = p < 0.001. 

 

Overall, PD-L1 cell surface expression was lower on PancTu1 and Panc89 cells in 3D cultures compared 

to 2D cultures, however, PancTu1 cells still exhibited higher PD-L1 expression compared to Pan89 cells.  

 

4.3.4 Spheroid coculture of PDAC cells and HMF mimic hepatic PDAC metastases 

IHC analysis of PDAC liver metastases revealed differences with respect to PD-L1 staining and number 

of HMF in small and large metastases. In large metastases, more cells were PD-L1 positive and showed 

a stronger PD-L1 staining. To investigate whether the PD-1/PD-L1 axis and HMF contribute to immune 

escape of PDAC liver metastases, a stroma enriched spheroid coculture model was established in vitro 

(section 3.1.11.6). First, it was already shown that PancTu1 and Panc89 cells exhibit different cell 

surface levels of PD-L1. To mimic small and large hepatic PDAC metastases, PancTu1 or Panc89 cells 

and HMF were seeded at different ratios (PDAC:HMF 5:1 = small metastases; PDAC:HMF 3:1 = large 

metastases). As control, PancTu1 and Panc89 cell spheroids were seeded in monoculture.  
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In line with the in situ findings of small and large liver metastases, less HMF were present in the 5:1 

ratio (small metastases) compared to the 3:1 ratio (large metastases) in both PDAC cell models after 

spheroid formation. In addition, it seems that HMF were evenly distributed in the spheroids at a 5:1 

ratio and predominantly localized in the center at a 3:1 ratio (Figure 52A). In general, monoculture 

spheroids of PancTu1 cells were larger (~800 µm) compared to Panc89 cell spheroids (~500 µm) (Figure 

52B+C). The diameter of the PancTu1 spheroids was slightly larger after coculture with HMF (Figure 

52B). Panc89 cocultured spheroids, independent of the ratio, also showed significantly larger spheroids 

(mono: 505 µm vs. 5:1: 630 µm vs. 3:1: 640 µm) (Figure 52C).  

In line, less cells were PI positive in PancTu1 HMF-enriched spheroids compared to monocultured 

PancTu1 spheroids (Supplementary Figure 5). In Panc89 spheroids, fewer cells were PI positive when 

HMF were present at a 3:1 ratio. At a ratio 5:1 more cells were PI positive (Supplementary Figure 5). 
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Figure 52: Spheroid coculture of PDAC cells and hepatic myofibroblasts (HMF) mimicked hepatic PDAC 

metastases. PancTu1 and Panc89 cells were either seeded in mono- or coculture with HMF at different ratios 

(mono = white, 5:1 = light grey, 3:1 = dark grey) in ultra-low attachment plates for 3 days. (A) Representative 

images of PancTu1 and Panc89 cells in mono- or coculture with HMF after 3 days of forming spheroids. In green 

(CellTracker green) PDAC cells and in blue (CellTrace violet) HMF. Further, the size of mono- or cocultured (B) 

PancTu1 and (C) Panc89 spheroids was determined. Data represent the mean ± SD (normally distributed). N=4. 

*** = p < 0.001. (partially published in [163]). 
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Next, cell surface levels of PD-L1 on PDAC cells and HMF were analyzed by flow cytometry. To 

discriminate both cell populations, dissociated single cell suspensions were stained with anti-human 

CD326 (EpCam), which is only expressed by epithelial cells [166]. The gating strategy is shown in Figure 

53. First, living cells were gated, followed by the exclusion of doublets. Afterwards, EpCam positive 

cells, indicating tumor cells (blue) were determined. EpCam negative cells indicate HMF. Among both 

cell populations, the percentage of PD-L1 positive cells was determined.  

 
Figure 53: Gating strategy to determine cell surface expression of PD-L1 on tumor cells and hepatic 

myofibroblasts (HMF). PancTu1 and Panc89 cells were either seeded in mono- or coculture with HMF at different 

ratios in ultra-low attachment plates. After 3 days, the spheroids were mechanically dissociated for flow 

cytometry analysis of PD-L1 and EpCam staining. (A) First, living cells were gated (here called PancTu1), followed 

by the gating of (B) single cells. (C) Afterwards, EpCam positive cells, indicating tumor cells (blue) were 

determined as the gate was set above the respective isotype control (grey). Here, EpCam negative cells indicate 

HMF. Among all EpCam positive cells (tumor cells), (D) PD-L1 positive cells were gated. Further, among all EpCam 

negative cells (HMF), (E) PD-L1 positive cells were gated.  
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Monocultured PancTu1 cells exhibited higher PD-L1 cell surface levels compared to Panc89 cells, well 

reflecting the heterogeneity regarding PD-L1 expression on PDAC cells observed in hepatic PDAC 

metastases (Figure 22). After coculture, PD-L1 cell surface levels were significantly increased on 

PancTu1 cells in the presence of HMF independent of the coculture ratio (MFI ratio mono: 3.6 vs. 5:1: 

4.7 vs. 3:1: 4.8) (Figure 54A). On Panc89 cells, cell surface expression of PD-L1 was slightly enhanced 

when cocultured with HMF (Figure 54B). Monocultured HMF exhibited considerable PD-L1 cell surface 

levels which were slightly downregulated by coculture with PancTu1 cells but slightly upregulated by 

coculture with Panc89 cells (Figure 54C+D). 

 

Figure 54: Coculture with hepatic myofibroblasts (HMF) led to elevated cell surface expression levels of PD-L1 

on PancTu1 and Panc89 cells. PancTu1 and Panc89 cells were either seeded in mono- or coculture with HMF at 

different ratios (mono = white, 5:1 = light grey, 3:1 = dark grey) in ultra-low attachment plates for 3 days. For 

flow cytometry analysis, the spheroids were mechanically dissociated and the MFI ratio of PD-L1 on (A) PancTu1, 

(B) Panc89 cells, (C) HMF cocultured with PancTu1 cells, and (D) HMF cocultured with Panc89 cells was 

determined. Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining 

by the MFI of the isotype control. Data represent the mean ± SD (normally distributed) or the median with 

interquartile range (not normally distributed). N=5. * = p < 0.05, ** = p < 0.01. (partially published in [163]). 
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Overall, the spheroid coculture model containing PDAC cells and HMF at different ratios adequately 

mimicked the proportion and distribution of PDAC cells and HMF as well as their PD-L1 expression 

observed in small and large hepatic PDAC metastases.  

 

4.3.5 Impact of coculture spheroids on the effector phenotype of CD8+ T cells and the efficacy to 

induce PDAC cell death  

After having established a stroma enriched 3D PDAC cell model, which simulates small and large liver 

metastases, it was examined whether the effector phenotype of CD8+ T cells is affected by these 

coculture conditions. For this purpose, CD8+ T cells were pre-activated for 72 h and then seeded in the 

different spheroid cultures for 24 h (section 3.1.11.7). At this time point, CD8+ T cells exhibited high 

cell surface expression of CD25 and the early activation marker CD69 along with considerable 

expression levels of PD-1 (Figure 28+Figure 29).  

In order to discriminate CD8+ T cells from tumor cells and HMF after coculture for flow cytometry 

analysis, the cell suspension was stained for CD8a. The gating strategy is shown in Figure 55. First, living 

cells were gated, followed by the gating of single cells. Afterwards, all CD8a positive cells were 

determined and among this population the percentage of PD-1, PD-L1, CD69, and CD25 positive cells 

was determined.  
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Figure 55: Gating strategy of CD8+ T cells to analyze expression of PD-1, PD-L1, and their activation markers 

after spheroid coculture. CD8+ T cells were isolated by magnetic cell separation from human blood derived 

lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies as well as IL-2 for 3 days. PancTu1 and 
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Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at different ratios in 

ultra-low attachment plates for 3 days. After 48 h, activated CD8+ T cells were added at a ratio of 1:10. After 

further 24 h, CD8+ T cells were analyzed by flow cytometry regarding the cell surface levels of PD-1, PD-L1, CD69, 

and CD25. (A) First, living cells were gated (here called CD8), followed by the gating of (B) single cells. (C) 

Afterwards, all CD8a positive cells (blue) were determined as the gate was set above the respective isotype 

control (grey). Among all CD8a positive cells, cells positive for (D) PD-1, (E) PD-L1, (F) CD69, or (G) CD25 were 

gated, always regarding the respective isotype control. Moreover, the median fluorescence intensity of PD-1, PD-

L1, CD69, and CD25 was determined within the CD8a positive cell population.  

 

4.3.5.1 Effector phenotype of CD8+ T cells was hardly affected by PancTu1 coculture spheroids and 

slightly reduced by Panc89 coculture spheroids  

Cell surface levels of PD-1, as well as PD-L1 on CD8+ T cells were hardly affected by different PancTu1 

spheroid coculture conditions (Figure 56A+C). Independent of the ratio, coculture with Panc89 HMF 

spheroids slightly decreased cell surface levels of PD-1 and PD-L1 on CD8+ T cells (Figure 56B+D).  

 
Figure 56: Cell surface levels of PD-1 and PD-L1 were not altered on CD8+ T cells by mono- or coculture PDAC 

cell spheroids. CD8+ T cells were isolated by magnetic cell separation from human blood derived lymphocytes 

and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 3 days. PancTu1 and Panc89 cells 

were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at different ratios (mono = white, 

5:1 = light grey, 3:1 = dark grey) in ultra-low attachment plates for 3 days. After 48 h, activated CD8+ T cells were 

added at a ratio of 1:10. After further24 h, the CD8+ T cells were stained for (A+B) PD-1 and (C+D) PD-L1 for flow 

cytometry analysis and the MFI ratio was determined. Median fluorescence intensity (MFI) ratio was calculated 
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by dividing the MFI of the specific staining by the MFI of the isotype control. Data were normalized to the cell 

surface expression of CD8+ T cells cultured with monocultured PDAC spheroids. Data represent the mean ± SD 

(normally distributed). N=4. (partially published data [163]) 

 

Next, the activation phenotype of CD8+ T cells was analyzed. Cell surface expression of CD69 was not 

altered after coculture of PancTu1 HMF spheroids (ratio 5:1) and slightly lower at the 3:1 ratio on CD8+ 

T cells (Figure 57A). In addition, CD25 levels were slightly lower on CD8+ T cells after coculture with 

PancTu1 HMF spheroids compared to coculture with monoculture PancTu1 spheroids (Figure 57C). 

Coculture with Panc89 HMF spheroids also reduced levels of CD69 and CD25 on CD8+ T cells (Figure 

57B+D).  

 
Figure 57: CD8+ T cells were less activated after coculture with Panc89 HMF spheroids. CD8+ T cells were isolated 

by magnetic cell separation from human blood derived lymphocytes and then activated with anti-CD3 and anti-

CD28 antibodies, as well as IL-2 for 3 days. PancTu1 and Panc89 cells were either seeded in mono- or coculture 

with hepatic myofibroblasts (HMF) at different ratios (mono = white, 5:1 = light grey, 3:1 = dark grey) in ultra-low 

attachment plates for 3 days. After 48 h, activated CD8+ T cells were added at a ratio of 1:10. After 24 h, cell 

surface expression of (A+B) CD69 and (C+D) CD25 was analyzed on CD8+ T cells by flow cytometry. Median 

fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the 

isotype control. Data were normalized to the cell surface expression of CD8+ T cells cultured with monocultured 

PDAC spheroids. Data represent the mean ± SD (normally distributed) or the median with interquartile range 

(not normally distributed). N=4. (published in [163]). 
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Further, the concentration of effector molecules was determined in supernatants derived from CD8+ T 

cells cocultured with different PDAC cell spheroids (Figure 58). Levels of Granzyme A and B, Perforin, 

Granulysin, and IFNg were not altered in supernatants obtained from CD8+ T cells cultured with HMF-

enriched PancTu1 spheroids compared to supernatants from PancTu1 monoculture spheroids (Figure 

58A+C+E+G+I). However, levels of Granzyme A, Granulysin, and IFNg were decreased in supernatants 

from CD8+ T cells after culture with Panc89 HMF spheroids compared to culture with Panc89 

monoculture spheroids being even more reduced in the presence of higher amounts of HMF 

(PDAC:HMF ratio 3:1) resembling large metastases (Figure 58B+H+J). 

Interestingly, concentrations of effector molecules, especially IFNg, Granulysin, Granzyme A, and 

Granzyme B were strongly elevated in supernatants of CD8+ T cells cocultured with PancTu1 and 

Panc89 spheroids compared to CD8+ T cells in monoculture (Supplementary Figure 6).  
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Figure 58: Concentrations of effector molecules were slightly lower in the supernatants derived from CD8+ T 

cells cultured with Panc89 HMF enriched spheroids. CD8+ T cells were isolated by magnetic cell separation from 

human blood derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 

3 days. PancTu1 and Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) 

at different ratios (mono = white, 5:1 = light grey, 3:1 = dark grey) in ultra-low attachment plates for 3 days. After 

48 h, activated CD8+ T cells were added at a ratio of 1:10. The concentrations of (A+B) Granzyme A, (C+D) 

Granzyme B, (E+F) Perforin, (G+H) Granulysin, and (I+J) IFNg were analyzed in the supernatants. Data were 

normalized to the concentrations in supernatants of CD8+ T cells in coculture with monocultured PDAC spheroids. 

Data represent the mean ± SD (normally distributed). N=4. * = p < 0.05. (published in [163]). 

 

To sum up, cell surface expression levels of PD-1 and PD-L1 on CD8+ T cells were not altered after 

culture with either PancTu1 or Panc89 monoculture and HMF-enriched spheroids. However, HMF-
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enriched spheroids led to lower levels of CD69 and CD25. Moreover, concentrations of effector 

molecules were lower, especially in Panc89 HMF-enriched spheroid coculture. 

 

4.3.5.2 Coculture with CD8+ T cells led to higher ccK18 levels in both PancTu1 and Panc89 spheroids  

Finally, it was analyzed whether the effector phenotype of CD8+ T cells correlates with PDAC cell death 

induction. Therefore, supernatants of mono- and coculture spheroids were analyzed for the presence 

of ccK18 as an indicator of CD8+ T cell-mediated induction of PDAC cell death. As shown in Figure 59, 

only little ccK18 was detectable in monocultured PancTu1 and Panc89 cells. Significantly higher ccK18 

levels were measured in supernatants of both PancTu1 and Panc89 spheroids devoid of HMF but 

cultured with CD8+ T cells (PancTu1 mono without CD8+ T cells: 202 U/l vs. PancTu1 mono with CD8+ T 

cells: 832 U/l and Panc89 mono without CD8+ T cells: 184 U/l vs. Panc89 mono with CD8+ T cells: 342 

U7/l) (Figure 59A+B). PDAC cell death was significantly induced by CD8+ T cells. Notably, a clear 

reduction of ccK18 levels was observed in HMF-cocultured spheroids of either PDAC cell line, with the 

strongest reduction observed in supernatants of spheroids containing higher amounts of HMF (3:1) 

(p<0.001). The ccK18 levels were lower in the Panc89 HMF spheroids compared to PancTu1 spheroids 

after coculture with CD8+ T cells (Figure 59A+B). This was in line with lower concentrations of effector 

molecules in the supernatant.  

 
Figure 59: Coculture with CD8+ T cells led to higher caspase-cleaved keratin 18 (ccK18) levels in both PancTu1 

and Panc89 spheroids. CD8+ T cells were isolated by magnetic cell separation from human blood derived 

lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 3 days. PancTu1 and 

Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblast (HMF) at different ratios 

(mono = white, 5:1 = light grey, 3:1 = dark grey) in ultra-low attachment plates for 3 days. After 48 h, activated 

CD8+ T cells were added at a ratio of 1:10 for 24 h. The levels of ccK18 were measured in supernatants after 

coculture with (A) PancTu1 and (B) Panc89 spheroids. Data were normalized to the seeded PDAC cell number. 

Data represent the mean ± SD (normally distributed) or the median with interquartile range (not normally 

distributed). N=5 for PancTu1 spheroids without CD8+ T cells and Panc89 spheroids, N=4 for PancTu1 spheroids 

with CD8+ T cells. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (published in [163]).  
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Overall, coculture with CD8+ T cells induced cell death in PDAC cell spheroids. This effect was 

diminished when PDAC cells were cocultured with HMF.  

 

4.3.6 Impact of treatment with Durvalumab and Pembrolizumab on the effector phenotype of 

CD8+ T cells and the efficacy to induce PDAC cell death in 3D spheroid cultures 

After having shown that the PDAC HMF interplay impairs the effector phenotype of CD8+ T cells, it was 

investigated whether ICI treatment is able to restore the effector phenotype and leads to enhanced 

induction of PDAC cell death. For this purpose, CD8+ T cells were pre-activated for 72 h and then added 

to the different spheroid cultures and further PD-L1 or PD-1 were blocked by Durvalumab and 

Pembrolizumab, respectively for 24 h (section 3.1.11.7, Durvalumab and Pembrolizumab Treatment). 

 

4.3.6.1 Treatment with Pembrolizumab slightly enhanced concentrations of effector molecules in 

supernatants of CD8+ T cells after spheroid coculture 

Successful blocking of cell surface-located PD-L1 and PD-1 by either Durvalumab or Pembrolizumab 

treatment on each cell population within the coculture setting was validated by flow cytometry. Cell 

surface levels of PD-1 on CD8+ T cells were significantly lower after Pembrolizumab treatment (Figure 

60A+B) and cell surface levels of PD-L1 on CD8+ T cells, PDAC cells, and HMF were also significantly 

lower after Durvalumab treatment (Figure 60C+D and Supplementary Figure 7). PD-1 cell surface 

expression was not altered on CD8+ T cells after Durvalumab treatment with negligible differences 

between the coculture settings (Figure 60A+B). Pembrolizumab treatment did also not affect PD-L1 

cell surface levels on CD8+ T cells (Figure 60C+D).  
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Figure 60: Cell surface levels of PD-1 and PD-L1 were not altered on CD8+ T cells after coculture with PancTu1 

or Panc89 spheroids when treated with either Durvalumab or Pembrolizumab. CD8+ T cells were isolated by 

magnetic cell separation from human blood derived lymphocytes and then activated with anti-CD3 and anti-

CD28 antibodies, as well as IL-2 for 3 days. PancTu1 and Panc89 cells were either seeded in mono- or coculture 

with hepatic myofibroblasts (HMF) at different ratios in ultra-low attachment plates for 3 days. After 48 h, 

activated CD8+ T cells were added at a ratio of 1:10 and were treated with 10 µg/ml Durvalumab (white) or 

Pembrolizumab (grey) or with 10 µg/ml of the respective isotype (hIgG1 or hIgG4). After 24 h, the CD8+ T cells 

were stained for (A+B) PD-1 and (C+D) PD-L1 for flow cytometry analysis and the MFI ratio was determined. 

Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI 

of the isotype control. Data were normalized to the respective isotype control. Data represent the mean ± SD 

(normally distributed) or the median with interquartile range (not normally distributed). N=4. ** = p < 0.01, *** 

= p < 0.001. (partially published in [163]). 

 

In order to examine potential effect of Durvalumab and Pembrolizumab treatment on the effector 

phenotype of CD8+ T cells within the coculture system, cell surface expression levels of T cell activation 

markers CD25 and CD69 were analyzed after coculture. However, no considerable effects were 

observed on the cell surface expression levels of CD69 and CD25 on CD8+ T cells by Durvalumab 

treatment, except for coculture with Panc89 monoculture spheroids, cell surface levels of CD69 were 

higher (Figure 61A-D). However, treatment with Pembrolizumab led to a slight decrease of the 

expression of CD25 on CD8+ T cells cultured with PancTu1 coculture spheroids but not with Panc89 
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coculture spheroids, while the expression of CD69 was only decreased in CD8+ T cells when cultured 

with PancTu1 coculture spheroids at a ratio of 3:1 (Figure 61A-D).  

 
Figure 61: Durvalumab treatment did not affect the activation phenotype and Pembrolizumab slightly reduced 

the activation phenotype of CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation from human 

blood derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 3 days. 

PancTu1 and Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at 

different ratios in ultra-low attachment plates for 3 days. After 48 h, activated CD8+ T cells were added at a ratio 

of 1:10 and were treated with 10 µg/ml Durvalumab (white) or Pembrolizumab (grey) or with 10 µg/ml of the 

respective isotype (hIgG1 or hIgG4). After 24 h, of coculture, the cell surface expression of (A+B) CD69 and (C+D) 

CD25 on CD8+ T cells was analyzed by flow cytometry. Median fluorescence intensity (MFI) ratio was calculated 

by dividing the MFI of the specific staining by the MFI of the isotype control. Data were normalized to the 

respective isotype control. Data represent the mean ± SD (normally distributed) or the median with interquartile 

range (not normally distributed). N=4. * = p < 0.05. (published in [163]). 

 

Next, the concentration of effector molecules in the supernatants of the different cocultures and 

treatments was analyzed. Durvalumab treatment did almost not affect levels of Granzyme A, 

Granzyme B, Perforin, Granulysin, and IFNg in supernatants of CD8+ T cells cultured with either PDAC 

cell spheroids (Figure 62A-J), except Granulysin levels which were diminished after coculture with 

PancTu1 HMF spheroids (5:1 ratio) (Figure 62G). In contrast, Granzyme B and IFNg levels were elevated 

in supernatants from CD8+ T cells cultured with Panc89 coculture spheroids but not with Panc89 

monoculture spheroids after Durvalumab treatment (Figure 62D+J). Notably, no decrease in Granzyme 

A, Granulysin, and IFNg concentration was detectable anymore in supernatants from Panc89 HMF-
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enriched spheroids (mainly at 3:1 ratio) (Figure 62B+H+J), indicating a compensation of the HMF 

mediated inhibitory effect by the PD-L1 inhibitor. Pembrolizumab treatment did almost not affect 

levels of Granzyme A, Perforin, and Granulysin in supernatants of CD8+ T cells cultured with mono- or 

coculture spheroids of either PDAC cell line (Figure 62A+B+E+F+G+H), while levels of Granzyme B and 

IFNg were enhanced in supernatants of HMF enriched spheroids of PancTu1 and Panc89 cells (Figure 

61C+D+I+J). 

 

Figure 62: Pembrolizumab treatment slightly enhanced concentrations of effector molecules in supernatants 

of CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation from human blood derived lymphocytes 

and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 3 days. PancTu1 and Panc89 cells 

were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at different ratios in ultra-low 

attachment plates for 3 days. After 48 h, activated CD8+ T cells were added at a ratio of 1:10 and were treated 

with 10 µg/ml Durvalumab (white) or Pembrolizumab (grey) or with 10 µg/ml of the respective isotype control 
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(hIgG1 or hIgG4) for 24 h. The concentrations of (A+B) Granzyme A, (C+D) Granzyme B, (E+F) Perforin, (G+H) 

Granulysin, and (I+J) IFNg was analyzed in the supernatants. Data were normalized to the respective isotype 

control. Data represent the mean ± SD (normally distributed) or the median with interquartile range (not 

normally distributed). N=4. * = p < 0.05, ** = < 0.01. (published in [163]). 

 

Overall, treatment of Durvalumab and Pembrolizumab did not affect PD-1 or PD-L1 cell surface levels 

on CD8+ T cells. Durvalumab treatment did not alter the activation or effector phenotype of CD8+ T 

cells after coculture with mono- or coculture spheroids. However, Pembrolizumab treatment led to 

less activation of CD8+ T cells but higher concentrations of effector molecules in the supernatants.  

 

4.3.6.2 Durvalumab and Pembrolizumab treatment hardly impacted PDAC cell death under 

coculture with CD8+ T cells  

Finally, it was analyzed whether ICI treatment increased PDAC cell death by CD8+ T cells under different 

culture conditions. Overall, no considerable effect of PD-L1 or PD-1 blockade on PDAC cell death was 

detectable in either spheroid condition (Figure 63A+B) and Durvalumab treatment even led to 

decreased ccK18 levels in supernatants of CD8+ T cells and HMF-enriched PancTu1 spheroids (at 5:1 

ratio, Figure 63A).  

 
Figure 63: Durvalumab and Pembrolizumab treatment hardly affected PDAC cell death under coculture with 

CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation from human blood derived lymphocytes and 

then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 3 days. PancTu1 and Panc89 cells were 

either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at different ratios in ultra-low 

attachment plates for 3 days. After 48 h, activated CD8+ T cells were added at a ratio of 1:10 and were treated 

with 10 µg/ml Durvalumab (white) or Pembrolizumab (grey) or with 10 µg/ml of the respective isotype control 

(hIgG1 or hIgG4) for 24 h. The levels of caspase-cleaved keratin18 (ccK18) were measured in supernatants after 

coculture with (A) PancTu1 and (B) Panc89 spheroids. Data were normalized to the respective isotype control. 

Data represent the mean ± SD (normally distributed) or the median with interquartile range (not normally 

distributed). N=4. ** = p < 0.01. (published in [163]). 
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Here, ICI treatment did not enhance PDAC cell death by CD8+ T cells.  

 

4.3.7 Impact of coculture spheroids pre-treated with Gemcitabine on the effector phenotype of 

CD8+ T cells and PDAC cell death 

Since treatment with Gemcitabine still represents the most frequent first-line therapy for PDAC 

patients with reduced general health condition [25], it was investigated whether Gemcitabine impacts 

PD-L1 and PD-1 expression as well as the effector phenotype of CD8+ T cells in the context of the PDAC 

cell-HMF interplay. For this purpose, monocultured and HMF-enriched PancTu1 and Panc89 spheroids 

were either left untreated or treated with Gemcitabine for 24 h, and then cocultured with CD8+ T cells 

for another 24 h (section 3.1.11.7, Gemcitabine Treatment). 

 

4.3.7.1 The release of effector molecules of CD8+ T cells was lower after coculture with pre-treated 

Gemcitabine spheroids  

Monocultured PancTu1 cells treated with Gemcitabine for 24 h showed slightly higher cell surface 

levels of PD-L1 than untreated PancTu1 cells, while PD-L1 cell surface expression levels on Panc89 cells 

and HMF treated with Gemcitabine were not altered (Figure 64).  

 
Figure 64: Gemcitabine treatment slightly enhanced cell surface expression of PD-L1 on PancTu1 cells but not 

on Panc89 cells and hepatic myofibroblasts (HMF). PancTu1 cells, Panc89 cells, and HMF were seeded in 

monoculture in ultra-low attachment plates. On the next day, cells were left untreated or treated with 10 µg/ml 

Gemcitabine. After 24 h, the spheroids were dissociated and stained for PD-L1 for flow cytometry analysis. MFI 

ratio of PD-L1 cell surface expression on PancTu1 cells, Panc89 cells, and HMF. Median fluorescence intensity 

(MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the isotype control. Data 

represent the mean ± SD (normally distributed). N=3. (published in [163]). 

 

PD-1 cell surface levels were significantly lower on CD8+ T cells derived from any culture with mono- 

or cocultured PDAC cell spheroids, which were pre-treated with Gemcitabine (Figure 65A+B). Cell 
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surface levels of PD-L1 on CD8+ T cells were slightly higher after coculture with Gemcitabine pre-

treated PancTu1 spheroids (Figure 65C). After coculture with mono- or HMF cocultured at a ratio of 

3:1 Panc89 spheroids, PD-L1 cell surface expression was slightly enhanced on CD8+ T cells if spheroids 

were pre-treated with Gemcitabine (Figure 65D).  

 
Figure 65: Coculture with Gemcitabine pre-treated PancTu1 and Panc89 spheroids led to lower cell surface 

expression of PD-1 on CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation from human blood 

derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 3 days. 

PancTu1 and Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at 

different ratios in ultra-low attachment plates for 3 days. After 24 h, the PancTu1 and Panc89 spheroids were 

either left untreated (white) or were treated with 10 µg/ml Gemcitabine (grey). On the next day, the medium 

was changed and activated CD8+ T cells were added at a ratio of 1:10. After 24 h, the CD8+ T cells were stained 

for (A+B) PD-1 and (C+D) PD-L1 for flow cytometry analysis and the MFI ratio was determined. Median 

fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the 

isotype control. Data were normalized to the coculture of CD8+ T cells with monocultured and untreated 

spheroids. Data represent the mean ± SD (normally distributed) or the median with interquartile range (not 

normally distributed). N=4. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (partially published in [163]). 

 

As shown in Figure 66, Gemcitabine pre-treatment led to diminished CD25 cell surface expression 

levels on CD8+ T cells derived from Panc89 mono- and coculture spheroids (Figure 66B), while CD25 

cell surface expression on CD8+ T cells was not altered after coculture with PancTu1 spheroids (Figure 
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66C) and cell surface expression of CD69 was almost not altered on CD8+ T cells obtained from either 

PDAC cell spheroid culture (Figure 66A+B). 

 
Figure 66: Coculture with Gemcitabine pre-treated PancTu1 and Panc89 spheroids led to lower activation of 

CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation from human blood derived lymphocytes and 

then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 3 days. PancTu1 and Panc89 cells were 

either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at different ratios in ultra-low 

attachment plates for 3 days. After 24 h, the PancTu1 and Panc89 spheroids were either left untreated (white) 

or were treated with 10 µg/ml Gemcitabine (grey). On the next day, the medium was changed and activated 

CD8+ T cells were added at a ratio of 1:10. After 24 h of coculture, the cell surface expression of (A+B) CD69 and 

(C+D) CD25 on CD8+ T cells was analyzed by flow cytometry. Median fluorescence intensity (MFI) ratio was 

calculated by dividing the MFI of the specific staining by the MFI of the isotype control. Data were normalized to 

the coculture with monocultured and untreated spheroids. Data represent the mean ± SD (normally distributed) 

or the median with interquartile range (not normally distributed). N=4. * = p < 0.05. (published in [163]). 

 

Next, the secretion of effector molecules into the supernatant by CD8+ T cells was analyzed.  

Levels of Granzyme B and IFNg  coculture supernatants were almost not affected by Gemcitabine pre-

treatment in supernatants of CD8+ T cells cultivated together with mono- and cocultured PancTu1 and 

Panc89 spheroids (Figure 67B+G+E+J). Levels of Granzyme A, Granzyme B, Perforin, and Granulysin 

were reduced – either by trend or significantly - in all supernatants of CD8+ T cells and Gemcitabine 

pre-treated PDAC mono- and coculture spheroids (Figure 67A+F+C+H+D+I). 
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Figure 67: Coculture with Gemcitabine pre-treated PancTu1 and Panc89 spheroids led to lower concentrations 

of effector molecules in supernatants of CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation from 

human blood derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 

3 days. PancTu1 and Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) 

at different ratios in ultra-low attachment plates for 3 days. After 24 h, the PancTu1 and Panc89 spheroids were 

either left untreated (white) or were treated with 10 µg/ml Gemcitabine (grey). After 24 h, the medium was 

changed and activated CD8+ T cells were added at a ratio of 1:10. The concentrations of (A+B) Granzyme A, (C+D) 

Granzyme B, (E+F) Perforin, (G+H) Granulysin, and (I+J) IFNg was analyzed in the supernatants. Data were 

normalized to the coculture of CD8+ T cells with monocultured and untreated spheroids. Data represent the mean 

± SD (normally distributed) or the median with interquartile range (not normally distributed). N=4. * = p < 0.05, 

** = < 0.01, *** = p < 0.001. (published in [163]). 
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Overall, CD8+ T cells cocultured with Gemcitabine pre-treated PancTu1 and Panc89 spheroids showed 

lower cell surface expression of PD-1 and activation markers. Further, the concentration of effector 

molecules in the supernatants of CD8+ T cells was reduced.  

 

4.3.7.2 Gemcitabine affects PDAC cell death by CD8+ T cells  

Finally, it was analyzed how Gemcitabine affects PDAC cell death in dependence on the presence of 

HMF and CD8+ T cells. Treatment with Gemcitabine hardly impacted cell death of mono- and cocultured 

PancTu1 spheroids. Levels of ccK18 were only slightly lower when HMF were present at a ratio of 3:1 

(Figure 68A). However, ccK18 levels were markedly lower in supernatants of mono- and cocultured 

PancTu1 cells together with CD8+ T cells after Gemcitabine treatment compared to respective 

untreated cultures. This effect was enhanced when more HMF were present in PancTu1 spheroids. 

Here, ccK18 levels were lower compared to monoculture and 5:1 PancTu1 HMF coculture (mono + 

CD8+/Gem: 504 U/l vs. 3:1 + CD8+/Gem: 368 U/l vs. 3:1 + CD8+/Gem: 255 U/l) (Figure 68A). 

In mono- and cocultured Panc89 spheroid, ccK18 levels were slightly higher when treated with 

Gemcitabine (Figure 68B). After coculture with CD8+ T cells, elevated ccK18 levels were noted in 

supernatants of Panc89 mono- and cocultured spheroids, especially after pretreatment with 

Gemcitabine (Figure 68B).  

 
Figure 68: Levels of caspase-cleaved keratin18 (ccK18) were lower in Gemcitabine pre-treated PancTu1 

spheroids and higher in Panc89 spheroids after additional coculture with CD8+ T cells. CD8+ T cells were isolated 

by magnetic cell separation from human blood derived lymphocytes and then activated with anti-CD3 and anti-

CD28 antibodies, as well as IL-2 for 3 days. PancTu1 and Panc89 cells were either seeded in mono- or coculture 

with hepatic myofibroblasts (HMF) at different ratios in ultra-low attachment plates for 3 days. After 24 h, the 

PancTu1 and Panc89 spheroids were either left untreated (white) or were treated with 10 µg/ml Gemcitabine 

(grey). On the next day, the medium was changed and activated CD8+ T cells were added at a ratio of 1:10. After 

24 h, the levels ccK18 were measured in supernatants after coculture with (A) PancTu1 and (B) Panc89 spheroids. 

Data were normalized to the seeded PDAC cell number. Data represent the mean ± SD (normally distributed) or 

the median with interquartile range (not normally distributed). N=4. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 

(published in [163]). 
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Overall, these data demonstrate that Gemcitabine pre-treatment led to a reduced concentration of T 

cell effector molecules in the supernatants, especially Granulysin and Perforin but also to a reduced 

cell surface expression level of PD-1 on CD8+ T cells, in line with lower ccK18 levels in PancTu1 spheroids 

pretreated with Gemcitabine and cocultured with CD8+ T cells. In the Panc89 cell model pretreated 

with Gemcitabine and then cocultured with CD8+ T cells, ccK18 levels were higher compared to 

untreated culture, even though the concentration of effector molecules was lower.  

 

4.3.8 Impact of combinational treatment of Gemcitabine and either Durvalumab or 

Pembrolizumab on the effector phenotype of CD8+ T cells and PDAC cell death 

Previous results showed that pretreatment with Gemcitabine and coculture with CD8+ T cells increased 

cell death in Panc89 cells. Standard cytostatic drugs including Gemcitabine can increase the cell surface 

expression of MHC I and expression of tumor-associated antigens, leading to better antigen 

presentation and more effective recognition by cytotoxic T cells [167]. Thus, combined treatment with 

cytostatic drugs might be a promising approach to improve immunotherapy [168]. Therefore, 

monocultured and HMF-enriched PancTu1 and Panc89 spheroids were treated with Gemcitabine for 

24 h, before culture with activated CD8+ T cells and treatment with Durvalumab, Pembrolizumab, or 

the respective isotype control was started (section 3.1.11.7, Combinational Treatment).  

 

4.3.8.1 Combinational treatment with Gemcitabine and ICIs only marginally affected the effector 

phenotype of CD8+ T cells  

As shown before, successful blocking of cell surface located PD-L1 and PD-1 on CD8+ T cells by either 

Durvalumab or Pembrolizumab treatment was validated by flow cytometry. Cell surface levels of PD-1 

on CD8+ T cells were clearly lower after Pembrolizumab treatment in all coculture settings with both 

PDAC cell lines (Figure 69A+B). Further, cell surface levels of PD-L1 on CD8+ T cells were also 

significantly lower (p<0.001) after Durvalumab treatment in all coculture conditions (Figure 69C+D). 

PD-1 cell surface levels were not changed after Durvalumab treatment compared to the respective 

IgG1 control in both PDAC cell lines (Figure 69A+B). Furthermore, PD-L1 cell surface levels were not 



  Results 
 

 134 

altered on CD8+ T cells cocultured with either PDAC spheroids after combined treatment with 

Gemcitabine and Pembrolizumab (Figure 69C+D).  

Figure 69:

 
Figure 69: Combined treatment with Gemcitabine and either Durvalumab or Pembrolizumab did not affect cell 

surface expression of either PD-1 or PD-L1 on CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation 

from human blood derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as 

IL-2 for 3 days. PancTu1 and Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts 

(HMF) at different ratios in ultra-low attachment plates for 3 days. After 24 h, the PancTu1 and Panc89 spheroids 

were treated with 10 µg/ml Gemcitabine. On the next day, the medium was changed and activated CD8+ T cells 

were added at a ratio of 1:10 and were treated with 10 µg/ml Durvalumab (white) or Pembrolizumab (grey) or 

with 10 µg/ml of the respective isotype control (hIgG1 or hIgG4). After 24 h, the cell surface expression of (A+B) 

PD-1 and (C+D) PD-L1 on CD8+ T cells were analyzed by flow cytometry. Median fluorescence intensity (MFI) ratio 

was calculated by dividing the MFI of the specific staining by the MFI of the isotype control. Data were normalized 

to the respective isotype control. Data represent the mean ± SD (normally distributed. N=4. * = p < 0.05, ** = p 

< 0.01, *** = p < 0.001. 

 

Analyzing activation markers on CD8+ T cells after different cultures with PancTu1 spheroids revealed 

that combined treatment with Durvalumab hardly affected cell surface expression of CD69 and CD25 

(Figure 70A+C), which also applied to culture with the different Panc89 spheroids (Figure 70B+D). Cell 

surface levels of CD69 and CD5 were not decreased on CD8+ T cells cultured with HMF-enriched Panc89 

spheroids (Figure 70B+D). Combined treatment with Pembrolizumab led to slightly higher CD69 cell 
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surface levels on CD8+ T cells after coculture with mono- and cocultured (3:1 ratio) PancTu1 spheroids 

(Figure 70A). Levels of CD25 were not changed after combined Pembrolizumab treatment (Figure 70C). 

Cell surface levels of CD69 and CD25 were slightly decreased on CD8+ T cells cultured with mono- or 

cocultured (3:1 ratio) Panc89 spheroids after combined Pembrolizumab treatment, which was not the 

case when fewer HMF were present in the Panc89 spheroids (5:1 ratio), as the levels of CD69 and CD25 

were not changed (Figure 70B+D).  

 
Figure 70: Combined treatment with Gemcitabine and either Durvalumab or Pembrolizumab did not affect 

activation of CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation from human blood derived 

lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 3 days. PancTu1 and 

Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at different ratios in 

ultra-low attachment plates for 3 days. After 24 h, PancTu1 and Panc89 spheroids were treated with 10 µg/ml 

Gemcitabine. After 24 h, the medium was changed and activated CD8+ T cells were added at a ratio of 1:10 and 

cultures were treated with 10 µg/ml Durvalumab (white) or Pembrolizumab (grey) or with 10 µg/ml of the 

respective isotype control (hIgG1 or hIgG4). After 24 h, the cell surface expression of (A+B) CD69 and (C+D) CD25 

on CD8+ T cells was analyzed by flow cytometry. Median fluorescence intensity (MFI) ratio was calculated by 

dividing the MFI of the specific staining by the MFI of the isotype control. Data were normalized to the respective 

isotype control. Data represent the mean ± SD (normally distributed. N=4.  

 

Next, the concentration of effector molecules in the supernatants of the different cocultures and 

combinational treatments was analyzed. Combinational therapy of Gemcitabine and Durvalumab did 

almost not affect the levels of Granzyme A, Granzyme B, Perforin, Granulysin, and IFNg in supernatants 
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of CD8+ T cells cocultured with either PDAC cell spheroid (Figure 71A-J). Concentrations of Perforin and 

Granulysin were also not altered in supernatants of CD8+ T cells after combinational treatment with 

Gemcitabine and Pembrolizumab, independent of the culture conditions (Figure 71E-H). Combined 

Pembrolizumab treatment led to higher concentrations of Granzyme A, Granzyme B, and IFNg after 

coculture of CD8+ T cells with HMF-enriched PancTu1 and Panc89 spheroids, especially at 3:1 ratio 

(Figure 71A-D+I-J).  

 
Figure 71: Combined Pembrolizumab treatment led to higher concentrations of effector molecules in the 

supernatants of CD8+ T cells after coculture with HMF-enriched spheroids. CD8+ T cells were isolated by 

magnetic cell separation from human blood derived lymphocytes and then activated with anti-CD3 and anti-

CD28 antibodies, as well as IL-2 for 3 days. PancTu1 and Panc89 cells were either seeded in mono- or coculture 

with hepatic myofibroblasts (HMF) at different ratios in ultra-low attachment plates for 3 days. After 24 h, 
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PancTu1 and Panc89 spheroids were treated with 10 µg/ml Gemcitabine. After 24 h, the medium was changed 

and activated CD8+ T cells were added at a ratio of 1:10 and cultures were treated with 10 µg/ml Durvalumab 

(white) or Pembrolizumab (grey) or with 10 µg/ml of the respective isotype control (hIgG1 or hIgG4). The 

concentrations of (A+B) Granzyme A, (C+D) Granzyme B, (E+F) Perforin, (G+H) Granulysin, and (I+J) IFNg were 

analyzed in the supernatants after 24 h. Data were normalized to the respective isotype control. Data represent 

the mean ± SD (normally distributed) or the median with interquartile range (not normally distributed). N=4. * = 

p < 0.05, ** = < 0.0. 

 

Overall, combined treatment of Gemcitabine and Durvalumab or Pembrolizumab did not affect the 

activation phenotype of CD8+ T cells. However, combined Pembrolizumab treatment led to higher 

concentrations of effector molecules in the supernatants of CD8+ T cells after culture with HMF-

enriched spheroids. 

 

4.3.8.2 Combined treatment with Gemcitabine and either Durvalumab or Pembrolizumab did not 

affect PDAC cell death 

Finally, it was analyzed whether the combined treatment of Gemcitabine and ICIs can affect PDAC cell 

death. Therefore, ccK18 levels were measured in the supernatants after treatment of PDAC spheroids 

cultured with CD8+ T cells. In supernatants of CD8+ T cells cultured with mono- and cocultured PancTu1 

and Panc89 spheroids, ccK18 levels were not altered by combined Durvalumab treatment (Figure 

72A+B), while combined Pembrolizumab treatment led to slightly higher levels of ccK18 levels in HMF-

enriched PancTu1 spheroids. This was in line with slightly higher concentrations of effector molecules 

measured in the supernatants of these culture conditions (Figure 71). However, this effect was not 

seen in HMF-enriched Panc89 spheroids. Here, ccK18 levels were slightly higher in supernatants of 

CD8+ T cells cultured with monocultured Panc89 spheroids after combined Pembrolizumab treatment 

(Figure 72B).  
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Figure 72: Combined treatment with Gemcitabine and either Durvalumab or Pembrolizumab hardly affected 

caspase-cleaved keratin18 (ccK18) levels. CD8+ T cells were isolated by magnetic cell separation from human 

blood derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 3 days. 

PancTu1 and Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at 

different ratios in ultra-low attachment plates for 3 days. After 24 h, the PancTu1 and Panc89 spheroids were 

treated with 10 µg/ml Gemcitabine. After 24 h, the medium was changed and activated CD8+ T cells were added 

at a ratio of 1:10 and cultures were treated with 10 µg/ml Durvalumab (white) or Pembrolizumab (grey) or with 

10 µg/ml of the respective isotype control (hIgG1 or hIgG4). After 24 h, the levels ccK18 were measured in 

supernatants after culture with mono- and cocultured (A) PancTu1 and (B) Panc89 spheroids. Data were 

normalized to the respective isotype control. Data represent the mean ± SD (normally distributed) or the median 

with interquartile range (not normally distributed). N=4.  

Altogether, Gemcitabine pre-treatment of mono- or cocultured PancTu1 and Panc89 spheroids 

followed by culture with CD8+ T cells and Durvalumab or Pembrolizumab treatment did not enhance 

PDAC cell death. 
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5 Discussion 

5.1 TME remodeling during the progression of liver metastases  

In PDAC patients, 80 % are diagnosed with a locally advanced or metastatic stage [4,5]. To date, the 

only curative treatment is the R0 resection of the primary tumor. However, even these patients often 

relapse and develop metastases shortly after or even during adjuvant therapy [149]. Most metastases 

develop in the lung (~ 50 %), the peritoneum (~ 60 %), and the liver (~ 80 %) [103]. Thus, the liver is 

the main site of metastases in PDAC and is associated with the worst prognosis compared to lung or 

peritoneum metastases [114]. Therefore, it is of outmost importance to better understand the 

mechanisms underlying metastatic progression in the liver to develop effective treatment options 

[150]. 

Since metastases are not routinely resected in PDAC patients, tissue samples from PDAC metastases 

are rare and the expression of immune regulatory molecules such as PD-L1 within liver metastases is 

rarely characterized. Hence, this study intended to elucidate the role of PD-L1 in the interplay of PDAC 

cells, the hepatic microenvironment, and immune cells in order to provide novel insight into the 

mechanisms contributing to the immune escape of PDAC liver metastases.  

IHC staining of liver tissue sections revealed that during metastatic progression (from small to large 

metastases) the TME seems to be remodeled. Staining of aSMA, indicative for myofibroblasts, was less 

detectable in small metastases compared to large metastases, which is in line with the findings of 

Quaranta et al., who showed in a PDAC mouse model that aSMA expression was lower in small 

metastatic lesions compared to large metastatic lesions in the liver [57]. As CAFs enhance tumor cell 

proliferation, recruit immunosuppressive immune cells, and promote ECM remodeling [30], it is 

reasonable to conclude that CAFs promote the progression of primary tumors and metastases. Cohen 

et al. and Kawase et al. analyzed FAP-expressing CAFs in PDAC patients and showed that a high 

abundance is associated with a lower survival rate [169,170]. CAF can exhibit different phenotypes and 

different CAF populations have been discovered in recent years. In the pancreas, major subgroups are 

myCAF, iCAF and MHCII antigen presenting CAF (apCAF) [30,171]. MyCAF, which are tumor-adjacent 

and express high levels of αSMA [30,41], suggesting that most CAFs within the metastases are myCAFs. 

In contrast, iCAF are localized distant from the tumor, express low αSMA levels and exhibit rather 

tumor-promoting and immunosuppressive properties by secreting inflammatory cytokines, like IL-6, 

CXCL12, and G-CSF [30,41,171]. As discussed later, it was shown that CXCL12 secreted by CAFs can 

inhibit the infiltration of T lymphocytes [172]. Huseni et al. investigated that the CTL function is 

impaired in cancer patients (kidney, bladder, and breast) with high levels of IL-6. Further, they showed 

in vitro that IL-6 directly inhibits CTLs [173], concluding that CAFs present at the invasion front of 

metastases, especially large metastases might be iCAFs. As discussed later, CD8+ T cells are not able to 
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infiltrate into the large metastases and are therefore mainly present at the invasion front. In order to 

identify the different CAF populations in the liver tissue sections of PDAC patients, αSMA and IL-6 

should be stained in combination.  

Large metastases exhibited higher numbers of myofibroblasts compared to small metastases, in which 

the number of Ki67+ tumor cells was also higher (Supplementary Figure 8). This was also demonstrated 

by Lenk and colleagues in a KPC mouse model, where liver metastases with a high HMF to HSC ratio 

(indicating higher aSMA expression) showed more Ki67+ tumor cells [160].  

Myofibroblasts are the main source of ECM molecules such as collagen or fibronectin within the 

desmoplastic tumor stroma [174]. The ECM is a physical barrier for T cells and has been shown to 

prevent the penetration of CD8+ T cells into liver metastases [30], particularly in large metastases. Since 

the proportion of myofibroblasts was higher in large metastases, it can be speculated that 

myofibroblasts along with the released ECM molecules provide a physical barrier preventing T cell 

infiltration into metastases. Kobayashi et al. showed in a rat model that in hepatic fibrotic tissue the 

amount of CD4+ and CD8+ T cells was lower and apoptosis of tumor cells was induced [175]. In the IHC 

study of this thesis, CD3+ and CD8+ T cells, respectively, were mostly found at the invasion front, while 

in small metastases CD8+ T cells were detected throughout the whole lesions or in the tumor center. 

To determine a possible role of ECM on T cell exclusion in liver metastases, the sections should be 

stained for different ECM molecules, like collagen and fibronectin and expression patterns compared 

between small and large metastases. However, not all types of collagen seem to be a physical barrier 

for T cells, as Carstens et al. showed that collagen type I did not inhibit the infiltration of CD8+ T cells 

[123]. Moreover, small metastases contained even higher proportions of CD8+ T cells. Quaranta et al. 

demonstrated similar results in liver metastases of PDAC patients. Here, the number of CD8+ T cells 

was higher and closer to PanCK poor lesions (reflecting small lesions) compared to PanCK rich lesions 

(reflecting large lesions). Only around 20 % of CD8+ T cells were in the center of the metastases. Such 

change of CD8+ T cell localization and abundance was also detected in a KPC mouse model. 

Interestingly, CD8+ T cells were less active and expressed more PD-1 on their cell surface in large 

metastatic lesions compared to small lesions, pointing to an exhausted phenotype [57].  

Similar to the liver metastases a comparable stromal distribution was seen in the corresponding 

primary tumor, where CD3+ and CD8+ T cells were also mainly located at the invasion front, along with 

a high number of aSMA+ myofibroblasts were detected (data not shown). Grout et al. also showed 

that in NSCLC tumor infiltration by CD3+ and CD8+ T cells was significantly lower when aSMA+ CAF are 

present at the invasion front [176].  

A KPC PDAC mouse model showed that FAP+ CAFs secrete CXCL12 and thereby inhibit T cell infiltration, 

as inhibiting chemokine (C-X-C motif) receptor (CXCR) 4, which is the receptor for CXCL12, increased 

the accumulation of T cells [172]. This was also seen by Lin and colleagues who could further 
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demonstrate that inhibiting CXCR4 led to higher tumor cell killing [177]. Around 70 % of PDAC patients 

harbor mutations in the tumor suppressor gene p53, Maddalena et al. showed that mutations in p53 

are associated with lower infiltration of lymphocytes, presumably due to the higher amount of ECM 

protein [178]. 

Comparing the localization of CD3+ T cells and CD8+ T cells, it seems that to some extent CD3+ T cells 

are more present in the center of large metastases, indicating that these T cells are CD4+ helper cells. 

In PDAC, the TME mainly promotes the differentiation of TH2, TH17, and TReg cells, which are known to 

be rather tumor-promoting and immunosuppressive [30]. In order to define these CD3+ T cells, 

multiplex staining detecting several activation markers, regulatory proteins, and cytokines would be 

necessary.  

Besides, macrophages are a predominant cell population in the TME and therefore the main 

localization of macrophages was analyzed in this thesis, too. In small metastases, macrophages were 

in the tumor center or evenly distributed, in contrast in large metastases they were mainly evenly 

distributed or at the invasion front. Nielsen et al. showed that macrophages promote HSC activation 

into HMF by Granulin in a KPC mouse model. Additionally, Granulin induces the expression of Periostin 

in myofibroblasts, which in turn enhances cancer cell growth. In line with these findings, granulin is 

highly expressed in liver metastases of PDAC patients. Overall, this example well illustrates how the 

TME impacts the progression of liver metastases in PDAC [113].  

Localization of CD68 staining was associated with high CD163 staining (data not shown), indicative for 

M2-like macrophages. The presence of M2-like macrophages might be another factor promoting the 

exclusion of T cells. Beatty et al. showed in a KPC mouse model that Ly6clowF4/80+ macrophages 

(indicative for M2-like macrophages in mice) regulate the infiltration of T cells [179]. This was also seen 

in a lung cancer mouse model, in which macrophages inhibited migration and infiltration of CD8+ T 

cells into the tumor islets [180].  

Rahn et al. showed that PD-L1 is expressed in primary tumor tissues of PDAC patients staged T3N1M0, 

however, only in 20 % of the analyzed tissues [35]. As 80 % of PDAC patients are diagnosed at a locally 

advanced or metastatic stage, with the liver representing the main site of metastases [5,103], it was 

first to be determined whether PD-L1 is expressed in liver metastases. Here, PD-L1 expression was 

found in all 15 liver tissue sections of PDAC patients.  

Moreover, comparing a small number (n=4) of PDAC primary tumor tissues and their corresponding 

liver metastases, revealed that all primary tumors and their liver metastases exhibited high PD-L1 

expression (data not shown), which is in contrast to the cohort of Rahn et al. This might be explained 

by the fact that poorly differentiated tumors and an advanced tumor stage are associated with a higher 

PD-L1 expression [35,146,147]. Moreover, the expression of PD-L1 in the primary tumor and matched 
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liver metastases might indicate that PD-L1 mediated immune evasion operates during tumor 

progression and metastasis.  

However, the abundance and intensity of PD-L1 expression were quite heterogenous within the 

patients and between small and large metastases. Overall, PD-L1 expression was mainly located at the 

invasion front or evenly distributed in large metastases, while small metastases either lacked PD-L1 

expression or mostly showed weak expression in the center. Of note, small liver metastases with no or 

low PD-L1 expression comprised more CD8+ T cells in the tumor center, while large metastases 

exhibiting stronger PD-L1 expression comprised fewer CD8+ T cells being mostly located at the invasion 

front, indicating inhibition of CD8+ T cells through the PD-1/PD-L1 axis. In metastatic melanoma lesions, 

it was shown that tumor infiltrating CD8+ lymphocytes exhibit higher cell surface levels of PD-1 

compared to T cells in normal tissues. Furthermore, the infiltrating PD-1 positive CD8+ T cells were 

tumor antigen-specific and showed an exhausted stage [181]. To get such insights into PDAC, staining 

of PD-1 and in-depth analysis of the CD8+ T cells within the liver metastases would be reasonable.  

Since immune cells, such as macrophages and T cells, in the TME can upregulate the expression of PD-

L1 through the secretion of cytokines, like TNFa and IFNg, the increased expression of PD-L1 in large 

metastases could be explained by the higher abundance of immune cells [165].  

Double stainings revealed that PD-L1 is predominantly expressed by stromal cells, especially HMF. 

Besides HMF also Kupffer cells [182] or metastases-associated macrophages seemed to be an 

important source of PD-L1 expression in liver metastases, which was also seen in this thesis. The fact 

that in PDAC stromal cells are the main source of PD-L1 expression rather than the PDAC cells was 

already demonstrated by Rahn et al. in primary tumors of PDAC patients and Karamitopoulou et al. 

also showed that PD-L1 is expressed by immune cells in PDAC patients [35,148]. To gain further 

information about the PD-L1/PD-1 axis in liver metastases, PD-1 should be also stained, to investigate 

whether CD8+ T cells express more PD-1 in large metastases compared to small metastases. Overall, 

multiplex staining of small and large metastases with different markers would be an effective analysis 

method to characterize stromal remodeling during metastatic progression further.  

 

Overall, the TME changes during metastatic progression and due to the remodeling and expansion of 

the TME, CD8+ T cells are unable to infiltrate into the tumor center. Here, it seems that the PD-L1/PD-

1 axis also contributes to this T cell exclusion. 

 

5.2 Exhaustion of CD8+ T cells in cancer 

T cell exhaustion was first described in the context of viral infection [183], where T cells lose their 

effector function. Meanwhile, T cells have been also often found in an exhausted state in cancer [184]. 
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These T cells, often already activated in the lymph organs become exhausted in the TME. T cell 

exhaustion is associated with poor survival of patients with different cancer entities [185] and has also 

been identified as characteristic of PDAC [186]. Exhausted CD8+ T cells often show a high cell surface 

expression of inhibitory receptors, like PD-1, CTLA-4, and TIM3 [187], which in turn underlines that 

more checkpoint molecules should be stained in the liver tissue sections to more precisely define the 

activation status of the CD8+ T cells. T cells often express more than one inhibitory receptor and some 

expression patterns of different inhibitory molecules are associated with a more pronounced 

exhausted stage [188,189]. For in vitro experiments, CD8+ T cells were activated with anti-CD3 and 

anti-CD28 antibodies as well as IL-2 to mimic an APC. This activation of CD8+ T cells prior to coculture 

is reasonable as it better mimics the physiological setting in the TME. During T cell activation, the 

expression of CD25 on the cell surface is increased, leading to a higher binding affinity of IL-2, thereby 

promoting proliferation [69]. Thus, cell surface levels of the activation markers CD69 and CD25 became 

significantly higher during activation culture compared to post MACS (at the beginning of activation 

culture). Reddy et al. already showed that activation of PBMCs with anti-CD3 and anti-CD28 antibodies 

for 72 h led to higher cell surface levels of CD69 and CD25 compared to non-activated PBMCs [190]. 

Additionally, cell surface expression of PD-L1 and PD-1 was elevated on T cells upon activation culture, 

indicating an exhausted phenotype. Diskin et al. showed in a KPC mouse model, that PD-L1 cell surface 

expression was higher in PDAC tumors compared to chronic pancreatitis, and also in liver metastases 

CD8+ T cells expressed PD-L1. They further demonstrated that PD-L1 on T cells can lead to inhibition of 

T cells by binding to PD-1 on other T cells in the TME [191]. However, in this thesis, IHC analysis revealed 

that mostly macrophages and HMF express PD-L1 in liver metastases.  

In mice, T cells show elevated PD-1 cell surface expression after activation with anti-CD3 beads [192]. 

An exhausted stage of T cells is also characterized by less IFNg and effector molecule production [189]. 

However, during activation culture, the concentrations of some effector molecules (Granzyme A, 

Perforin, and Granulysin) were higher on day 4 compared to day 3, despite concentrations of IFNg and 

Granzyme B, which were not elevated during activation culture. The exhaustion of CD8+ T cells is 

described as a stepwise process. First, inhibitory receptors are upregulated, further production of 

TNFa is lost, and finally, the release of IFNg and effector molecules is reduced [189]. Interestingly, anti-

CD3 antibodies did not enhance the secretion of cytokines, therefore both anti-CD3 and anti-CD28 

antibodies are necessary to induce the production of cytokines [193]. Thus, CD8+ T cells obtained from 

activation culture might be at an early or intermediate stage of exhaustion as cell surface expression 

of PD-L1 was already enhanced, but the concentrations of some effector molecules were not 

decreased. The secretion of TNFa, the cell surface level of other inhibitory receptors, like CTLA-4 and 

TIM3, should be analyzed to gain more insights into the stage of exhaustion of T cells after activation 

culture. 
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5.3 PDECs did almost not affect the activation status and effector phenotype 

of CD8+ T cells 

The IHC staining revealed that during metastatic progression the TME remodels, and CD8+ T cells are 

located closer to PanCK positive tumor cells in small compared to large metastases, raising the question 

of whether these two cell populations might impact PD-L1 expression on each other. For this purpose, 

PDECs and CD8+ T cells were mono- and cocultured for 72 h. Cell surface levels of activation markers 

were almost unaffected on CD8+ T cells after coculture with PDECs. However, PD-L1 cell surface 

expression was slightly higher on CD8+ T cells after coculture with either PDEC line. PD-L1 expression 

can be induced by different pro-inflammatory cytokines, like IL-6 or IFNg [165]. Here, IL-6 was 

detectable in supernatants of both monocultured PDEC lines (Supplementary Figure 9A). Moreover, 

IFNg was highly released by CD8+ T cells, giving two examples of how PD-L1 cell surface expression 

could be enhanced on PDECs in this coculture setting.  

Further, TGF-b1 and IL-10 were also detectable in the supernatants of PDECs in monoculture 

(Supplementary Figure 9B+C). In B-cell non-Hodgkin’s lymphoma and glioblastoma, it was shown that 

TGF-b and IL-10, respectively, can induce T cell exhaustion [194,195]. However, here it seems as if T 

cells were not in an exhausted stage, as cell surface expression of PD-1 was not altered, and effector 

molecules were slightly higher due to coculture with either PDEC line. But TGF-b1 was reported to 

inhibit T cell proliferation [196,197]. In line with that, the cell number of CD8+ T cells was reduced after 

coculture with PDECs (Supplementary Figure 10), especially after coculture with H6c7-kras cells, which 

also released more TGF-b1 into supernatants. In addition, H6c7-kras cells express higher cell surface 

levels of PD-L1, which can bind to PD-1 on T cells and lead to their inhibition [132]. To evaluate whether 

the PD-L1/PD-1 axis contributes to the lower number of CD8+ T cells in the PDEC coculture setting, PD-

L1 should be blocked with Durvalumab. Comparing both PDEC cell lines, H6c7-kras cells showed a 

higher PD-L1 expression, while PancTu1 cells exhibited only a weak to moderate expression 

underscoring the high heterogeneity regarding tumor cell-associated PD-L1 expression observed in 

primary PDAC [35] and in liver metastases. The heterogenous PD-L1 expression was also observed by 

Rahn et al. and Principe et al., demonstrating varying levels of PD-L1 on PDEC cell lines [80,198]. IFNg 

is a strong inducer of PD-L1 through the transcription factor STAT1 [199]. CD8+ T cells enhanced cell 

surface expression of PD-L1 on H6c7-kras and PancTu1 cells and released high amounts of IFNg into 

the supernatants, explaining the induction of PD-L1 on PDECs. Even though, both PDEC lines expressed 

PD-L1 on their cell surface, which was further enhanced by CD8+ T cells, CD8+ T cells significantly 

reduced PDEC proliferation as less Ki67 was expressed by PDECs, in line with lower cell numbers and 

less cell confluence of H6c7-kras and PancTu1 cells, which could be associated with PDEC death. The 

reduced cell number and cell confluence were stronger in H6c7-kras cells than in PancTu1 cells. The 
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concentrations of some effector molecules (Granulysin, Granzyme B, and Perforin) and of sFasL 

(CD95L) (data not shown) were slightly elevated after coculture with PancTu1 and especially with H6c7-

kras cells, giving one explanation for the induction of cell death. The binding of CD95L to CD95 induces 

apoptosis and CTLs express CD95L to kill cancer and virus-infected cells [75]. However, sFas (CD95) was 

not detectable in supernatants of both PDEC cell lines (data not shown). This might be due to the fact 

that soluble Fas was measured and Rashied et al. and Trauzold et al. showed that membrane bound 

CD95 is highly expressed by different PDAC cell lines, also PancTu1 cells [200,201]. However, Trauzold 

et al. demonstrated that PancTu1 cells are resistant towards CD95-mediated apoptosis induction. The 

response towards CD95-mediated apoptosis was quite heterogenous comparing different PDAC cell 

lines [201], maybe explaining the stronger induction of cell death in H6c7-kras cells compared to 

PancTu1 cells.  

Nevertheless, as the coculture was maintained for 72 h, the induction of cell death is most likely 

induced by an allogeneic T cell reaction and therefore not specific.   

Additionally, H6c7-kras cells were established by immortalizing HPDE cells with HPV16-E6/E7 genes 

and further transduced with the retroviral vector pBabepuro-K-ras4BG12V. Therefore H6c7-kras cells 

express the viral proteins E6/E7 [202], as T cells are able to recognize presented proteins on forgein 

MHC as well [203], this might be one more explanation for the enhanced H6c7-kras cell death.  

 

5.4 Hepatic myofibroblasts enhance the activation status and the effector 

phenotype of CD8+ T cells  

The in situ analysis of liver tissue section from PDAC patients revealed that the localization of aSMA+ 

myofibroblasts and CD8+ T cells along with PD-L1 expression changed during outgrowth of liver 

metastases. While in small metastases, aSMA staining was detectable in the tumor center or evenly 

distributed between the tumor center and the invasion front, aSMA staining was predominantly 

located inside large metastases. Further, higher numbers of myofibroblasts were detected in large 

metastases. CD8+ T cells were predominantly located inside or evenly distributed in small metastases, 

while in large metastases the majority of CD8+ T cells were almost exclusively found at the invasion 

front, indicating that immune cells are unable to infiltrate large metastases. In addition, more cells 

were PD-L1 positive and showed a stronger PD-L1 staining in large metastases. To investigate how 

hepatic stromal cells impact the PD-1/PD-L1 axis and the effector phenotype of CD8+ T cells 

(representing the most important cell population in the TME for tumor killing), a direct coculture with 

CD8+ T cells and HSC or HMF was performed.  

The vital cell number of CD8+ T cells was lower after coculture with HSC or HMF compared to 

monoculture, in line with a higher percentage of trypan blue positive cells, indicating that CD8+ T cells 
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die in the presence of HSC and HMF, respectively (Supplementary Figure 11). Zhao et al. demonstrated 

in a hepatocellular carcinoma model that activated HSC enhanced T cell apoptosis and further inhibited 

T cell-mediated lysis of tumor cells [204]. Several other studies also showed the inhibition of HSC or 

activated HSC on T cells [175,205,206]. Charles et al. demonstrated that direct cell-cell contact is 

necessary for the inhibition of T cells by activated HSC and that by blocking PD-L1 this inhibitory effect 

is reversed [205]. This was also confirmed by Yu and colleagues [206]. In this thesis, HSC and HMF 

exhibited cell surface expression of PD-L1. Although, the expression was slightly higher on HMF, 

though, the percentage of dead CD8+ T cells was higher after HSC coculture. Further, blocking of PD-

L1 with Durvalumab did not enhance the number of vital CD8+ T cells (Supplementary Figure 12), 

suggesting that other mechanisms inhibit T cells.  

However, cell surface expression of PD-L1 was significantly enhanced on HSC and HMF after coculture 

with CD8+ T cells. As mentioned before in section 5.3, different cytokines are known to induce the gene 

expression of PD-L1, especially IFNg [199]. Yu et al. and Charles et al. showed that cell surface 

expression of PD-L1 increased during stimulation with IFNg on HSC [175,205]. However, Charles et al. 

also showed that IFNg concentrations were lower in supernatants of T cells after coculture with HSC 

[205]. In line with these findings concentrations of IFNg were slightly lower in the supernatants of CD8+ 

T cells after coculture with HSC or HMF compared to monocultured CD8+ T cells. To confirm that cell 

surface expression of PD-L1 on HSC and HMF is mediated by IFNg by CD8+ T cells, IFNg bioactivity was 

blocked in the coculture of CD8+ T cells with either HSC or HMF, which led to significantly lower levels 

of PD-L1 on HSC and HMF after coculture with CD8+ T cells. These data support the view that CD8+ T 

cells induce PD-L1 expression on HSC and HMF by IFNg and are in line with the in situ findings, where 

CD8+ T cells are close to areas with PD-L1+ cells, including HMF.   

As mentioned above, blocking PD-L1 with Durvalumab did not reverse the inhibition of CD8+ T cells, 

suggesting that HSC and HMF inhibit CD8+ T cells by other mechanisms. IL-6 and TGF-b1 secreted by 

myofibroblasts can inhibit CD8+ T cells [196,197,207]. Both cytokines were detectable in the 

supernatants of mono- and cocultured cell populations (Supplementary Figure 13 A+B). 

Concentrations of IL-6 were higher after coculture with CD8+ T cells compared to HSC and HMF in 

monoculture (Supplementary Figure 13B), giving one more explanation for the inhibition of CD8+ T 

cells after coculture with both hepatic stromal cell populations, as IL-6 was detected only at low levels 

in the supernatant of monocultured CD8+ T cells and during the activation culture. 

In esophageal cancer, it was shown that IL-6 secreted by CAFs negatively regulates the infiltration of 

CD8+ T cells [208], suggesting that IL-6 may also contribute to the impaired accumulation of CD8+ T 

cells inside large liver metastases.  

As mentioned above in section 5.3, IL-6 is also known to induce cell surface expression of PD-L1 [165]. 

However, cell surface expression of PD-L1 was not altered on CD8+ T cells after coculture with either 
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HSC or HMF. Also, cell surface expression of PD-1 on CD8+ T cells was not affected by coculture with 

HSC or HMF, while cell surface expression of CD80 was lower after coculture with both hepatic stromal 

cells (data not shown). CD80 can bind in cis to PD-L1, preventing the binding of PD-1 to PD-L1 and 

CTLA-4 to CD80, nevertheless, CD28 can still bind to CD80, resulting in activation and not inhibition of 

CD8+ T cells [209,210]. Therefore, lower cell surface levels of CD80 support the binding of PD-L1 to PD-

1, thereby exerting an inhibition effect on CD8+ T cells. However, here activation markers of CD8+ T 

cells, especially CD69 were higher. Blocking of PD-L1 by Durvalumab did not alter the activation status 

of CD8+ T cells, suggesting that the PD-L1/PD-1 axis does not contribute to the higher activation of CD8+ 

T cells after coculture with either HSC or HMF.  

Thomas et al. and Trapani et al. showed that TGF-b inhibits the expression of genes encoding for 

cytotoxic effector molecules [207,211]. However, here concentrations of some effector molecules 

were slightly higher in supernatants of CD8+ T cells after coculture with HSC and HMF and the TGF-b1 

concentration was lower in supernatants of hepatic stromal cells after coculture with CD8+ T cells 

(Supplementary Figure 13A), explaining the slight enhancement of effector molecule secretion by CD8+ 

T cells under coculture with HSC or HMF.  

After coculture with HSC and HMF, not only concentrations of some effector molecules but also the 

concentration of sFasL (CD95L) were higher in supernatants of CD8+ T cells (Supplementary Figure 14), 

indicating a higher cytotoxic potential of CD8+ T cells. Even though the activation status and the 

effector phenotype of CD8+ T cells were enhanced after coculture with HSC or HMF, this was not 

associated with enhanced PDEC death. To prevent the allogenic T cell reaction, coculture with pre-

cultured CD8+ T cells and PDECs was only conducted for 24 h. However, this time frame of 24 h might 

be already too long, as the allogenic reaction also depends on the donor. The induction of cell death 

was higher in H6c7-kras cells compared to PancTu1 cells, suggesting as mentioned above the 

expression of the viral protein E6/E7 contributes to the higher apoptosis induction [202]. Further, 

PancTu1 cells might inhibit CD8+ T cells more compared to H6c7-kras cells, but probably not by PD-L1 

as H6c7-kras cells exhibit higher cell surface levels of PD-L1 and PD-1 cell surface levels were not 

altered on CD8+ T cells after coculture with HSC or HMF. Moreover, PancTu1 cells exhibit a high 

resistance towards death ligand induced apoptosis, which will be discussed in more detail in section 

5.7. 

Blocking of PD-L1 with Durvalumab during pre-culture with HSC or HMF prior coculture with H6c7-kras 

and PancTu1 cells did not lead to enhanced PDEC death.  

Overall, HSC and HMF inhibited T cell growth, however, the activation status and the effector 

phenotype were enhanced by both hepatic stromal cells. Nevertheless, pre-coculture with HSC or HMF 

did not enhance induction of PDEC death. 
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5.5 The formation of spheroids differs between different PDEC lines  

Previous experiments were performed using traditional 2D monolayer cell culture models. However, 

2D cultures exhibit some limitations, e.g., the cells grow in monolayers in cell culture plates, which 

does not reflect the physiological conditions and microenvironment of a tumor. In order to better 

mimic the TME, the use of 3D tumor models has increased within the last years [212]. 3D tumor models 

offer several advantages: First, in contrast to 2D, where the cells are forced to grow flat and in single 

layers, 3D cultured cells are able to form multiple cell layers and show their natural shape [213], 

consequentially leading to more cell junctions, allowing cell-cell communications, and well-

differentiated cells [214]. Further, nutrients in the medium are not distributed equally within 3D 

cultured cells, leading to a necrotic core, which is also often seen in tumors [212]. Different methods 

for 3D cultures have been established, e.g., spheroid formation in ULA plates, hanging drop, patient-

derived organoids, scaffold-based, or magnetic levitation. All models have their advantages but also 

limitations. In this thesis, 3D spheroid cultures were generated using ULA plates. The advantages of 

using ULA plates for spheroid formation are increased cell-cell communication, nutrient and oxygen 

gradient, easy drug screening, and low costs [215,216].  

First, it was tested which PDEC lines are able to form spheroids. Therefore, 8 different cell lines were 

seeded in ULA plates for 72 h. The formation of spheroids was quite heterogenous comparing the 

different PDEC lines. For further experiments in this thesis, PancTu1 and Panc89 cells were chosen for 

spheroid cocultures, as both cell lines formed compact spheroids and exhibited a low live-to-dead cell 

ratio. In contrast, Gaviraghi et al. described PancTu1 cells as a non-forming spheroid cell line. However, 

a different method was used for spheroid formation [217]. Shichi et al. demonstrated that cell lines 

with a mesenchymal phenotype form looser spheroids compared to an epithelial phenotype [164]. 

Panc1 cells are described as mesenchymal and Colo357 as a quasi-mesenchymal cell line, explaining 

the loose clustering of cells [164]. Here, Panc1 cells were only loosely clustered, which was also seen 

by Longati and colleagues [218], which can be explained by the pronounced mesenchymal phenotype. 

H6c7-kras exhibit higher levels of mesenchymal marker, like Vimentin compared to PancTu1 and 

Panc89 cells, giving one explanation for different spheroid formations (Supplementary Figure 3). 

Longati et al. also showed that BxPC3 cells formed compact spheroids with a well-defined contour 

[218], which was also seen in this study. This was also confirmed by several other studies. However, 

most studies focused on Panc1, BxPc3, MIA PaCa-2, Capan-1, and AsPC-1 cells [164,218–220], all 

showing that the formation of spheroids differs from cell line to cell line. However, the number of dead 

cells within or around the spheroids was not analyzed in these studies and especially BxPc3 cells 

showed high numbers of dead cells around the spheroid in this thesis.  

Furthermore, the cell lines needed to express PD-L1 on their cell surface, which should be inducible to 

investigate the impact of stromal cells and immune cells on PD-L1 expression on tumor cells. Flow 
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cytometry analysis revealed that cell surface expression of PD-L1 is quite heterogeneous on different 

PDEC lines, which was already discussed in section 5.3. PancTu1 cells exhibited a moderate to high and 

Panc89 cells a low PD-L1 cell surface expression, which could be enhanced by IFNg and Gemcitabine.  

Of note, cell surface levels of PD-L1 were significantly lower on both cell lines in 3D cultures compared 

to 2D cultures. Moreover, the percentage of PD-L1+ PDAC cells was reduced in 3D cultures, maybe 

reflecting the situation in the liver metastases better as PD-L1 is rather expressed by stromal cells than 

tumor cells. Moreover, PD-L1 might be only expressed by the tumor cells on the edge of the spheroid, 

in order to evade the immune system, explaining the lower number of PD-L1+ tumor cells in 3D 

compared to 2D culture. Spheroids should be embedded and stained for PanCK and PD-L1 to confirm 

this theory.  

 

5.6 3D in vitro cocultures well mimic small and large metastases  

The differences between small and large metastases detected by IHC staining of the liver tissue 

sections of PDAC patients were experimentally well mimicked in the established 3D cocultures in vitro 

by using different tumor cell to HMF ratios (3:1 ratio = large and 5:1 ratio = small metastases). The fact 

that the diameter of the spheroids was larger after coculture with HMF along with a higher number of 

PDAC cells indicates that HMF support tumor cell growth, which is in line with previous findings from 

other in vivo and in vitro studies [120,221]. Kpeglo et al. also showed that the size of the spheroids was 

larger when Panc1 cells were cocultured with PSC in ULA plates and Norberg et al. showed that Panc1 

cells proliferate more in 3D coculture with PSC [222,223]. These data indicate that CAFs are an essential 

cell population for tumor growth in the primary tumor and liver metastases. Here, only the size of 

spheroids was determined but to analyze the proliferation of PancTu1 and Panc89 cells in spheroid 

HMF culture, the amount of Ki67+ cells, indicative for cell proliferation, should be determined by flow 

cytometry. 

In spheroids larger than 300 µm oxygen, nutrients, and other soluble factors are not equally distributed 

and a gradient is formed, as is also seen in tumors [224]. Further, in spheroids larger than 500 µm, cells 

within the spheroid often undergo apoptosis and a necrotic core develops due to a gradient of 

nutrients and oxygen [224], explaining the slightly higher ccK18 levels in monocultured PancTu1 

spheroids compared to monocultured Panc89 spheroids, as PancTu1 spheroids were larger.  

As observed in the liver metastases, HMF exhibited higher PD-L1 expression compared to PDAC cells. 

Moreover, PD-L1 cell surface levels on HMF were altered in the presence of PDAC cells, and HMF were 

able to increase PD-L1 expression on PDAC cell lines. In line with these findings, Inoue et al. reported 

that patients with lung adenocarcinoma classified with a high expression of aSMA were PD-L1 positive 

suggesting a correlation between a high abundance of myofibroblasts and elevated PD-L1 expression. 
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Furthermore, CAFs have been shown to increase PD-L1 expression on different lung adenocarcinoma 

cell lines via CXCL2 secretion and signaling [225]. CXCL2 can activate the JAK-STAT signaling pathway, 

resulting in the upregulation of transcriptional factors that enhance the expression of PD-L1 [226]. 

Therefore, strong PD-L1 expression and high local abundance of myofibroblasts might be also 

mechanistically linked to hepatic PDAC metastases. In order to analyze the localization of PD-L1 within 

the spheroids, further studies should aim to embed spheroids and stain them for PD-L1, aSMA, and 

PanCK. Gorchs et al. also showed that CAFs isolated from tumor tissues of PDAC patients enhance the 

expression of immune checkpoint molecules, like PD-1 and CTLA-4, on CD8+ and CD4+ T cells [227]. 

However, here and in 2D cocultures the cell surface expression of PD-1 on CD8+ T cells was neither 

affected by HSC nor HMF. In a PDAC mouse model, CD8+ T cells that were located around large liver 

metastases showed higher PD-1 expression compared to those located around small metastases [57], 

further pointing to a role of the PD-L1/PD-1 axis in immune evasion of PDAC. Indeed, ccK18 levels were 

lower in supernatants of CD8+ T cells cultured with PDAC coculture spheroids, particularly when a high 

amount of HMF was present in the spheroids, indicating a reduced PDAC cell death induction the more 

HMF are abundant. Majety et al. and Kuen et al. showed that coculture with fibroblasts enhanced the 

cell survival of PDAC cells, especially of PancTu1 cells, which was further enhanced in 3D culture 

[228,229]. This might also explain the reduced cell death, especially in HMF-enriched PancTu1 

spheroids in this thesis. Moreover, as discussed earlier (section 5.4), hepatic stromal cells exhibited 

cell surface expression of PD-L1 and by binding to PD-1 on CD8+ T cells, they are able to inhibit their 

killing abilities, explaining the reduced PDAC cell death under HMF coculture. However, blocking PD-

L1 or PD-1 with Durvalumab or Pembrolizumab did not alter this. The effect of treatment with 

Durvalumab and Pembrolizumab will be discussed in section 5.7. Mollica and colleagues demonstrated 

in a 3D pancreatic tumor model that the infiltration of activated T cells was lower when cancer cells 

were cocultured with PSC compared to monoculture [230], giving another explanation for the reduced 

cell death in HMF-enriched spheroids.  

Different PDAC cell lines express ECM proteins like collagen IV, collagen I, or fibronectin [231] and this 

expression was enhanced in 3D culture, with the peak on day 4 [218]. Kpeglo et al. showed that 

collagen I production was higher by PSC cocultured tumor cells, which was further enhanced by TGF-

b1 stimulation [222]. The enhanced presence of collagen in the coculture of tumor cells and PSC was 

also seen by Ware et al. [219]. In this thesis, TGF-b1 concentration was higher in the supernatants of 

HMF-enriched PancTu1 cells (Supplementary Figure 15), compared to monocultured PancTu1 cells 

indicating that the amount of ECM might be higher in HMF-enriched spheroids, especially in those with 

PancTu1 cells, which in turn acts as a physical barrier for T cells. Therefore, the production of different 

ECM proteins should be analyzed in this model along with a more precise analysis of T cell infiltration 

within the spheroids. 
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All these mentioned factors may contribute to the reduced PDAC cell death in HMF-enriched spheroids 

under the presence of CD8+ T cells.  

Overall, 3D cultures and especially cocultures with different cell populations of the TME better reflect 

the situation in the primary tumor and liver metastases. However, 3D coculture settings with tumor 

cells, HMF, macrophages and PBMCs of the same patient would reflect the TME of the primary tumor 

and liver metastases even better. Accordingly, patient-derived cells should be used, especially 

analyzing different treatment options.  

 

5.7 Treatment with Durvalumab or Pembrolizumab did not enhance the 

effector phenotype of CD8+ T cells and did not induce higher tumor cell 

death in 3D cocultures  

To investigate whether the PD-1/PD-L1 inhibitory axis is involved in the HMF-mediated impairment of 

CD8+ T cells in the stroma-enriched PDAC spheroid models, treatment with the clinically validated PD-

L1 and PD-1 inhibitors Durvalumab and Pembrolizumab, respectively, was performed. In line with 

results from recent clinical trials that tested the benefit of ICIs for the treatment of PDAC patients 

[232–234], neither Durvalumab nor Pembrolizumab treatment improved the effector phenotype of 

CD8+ T cells and increased PDAC cell death in human stroma enriched 3D PDAC model. Thus, these 

findings support the view that the PD-1/PD-L1 axis is not a major regulator of T cell-mediated immunity 

in liver metastases of PDAC and rather indicate that other mechanisms are more relevant.  

However, Lee and colleagues pointed out that the size of monoclonal antibodies targeting PD-1/PD-L1 

is too large to penetrate the tumor tissue [145]. As discussed in section 5.6, spheroids are compact and 

therefore, Durvalumab and Pembrolizumab might not be able to penetrate. The inability to infiltrate 

the tumor tissue might be also a problem in the clinic and therefore Lee and colleagues suggested that 

developing smaller antibodies is necessary [145]. In this study, the successful blocking of PD-L1 and 

PD-1 on PancTu1 and Panc89 cells, HMF, and CD8+ T cells by Durvalumab and Pembrolizumab, 

respectively, was confirmed in the 3D culture model. However, the question rises where PD-L1 is 

mainly expressed in the spheroid and if the successful blocking might be explained by the localization 

of PD-L1 on the border of the spheroids. 

As mentioned above, ICI treatment with Durvalumab or Pembrolizumab did not enhance the effector 

phenotype of CD8+ T cells and PDAC cell death was not increased. However, IHC staining revealed that 

PD-L1 is expressed in liver metastases of PDAC patients. Therefore, the question rises, which 

mechanisms might impact the resistance towards ICIs.  

In NSCLC, it was shown that mutations in the k-ras gene were associated with higher resistance to ICIs 

[235]. PancTu1 cells show a mutation in the k-ras gene and even more relevant nearly all PDAC patients 
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show a mutation [24,153,154], which might explain that Durvalumab and Pembrolizumab treatment 

in vitro did not enhance PDAC cell death and further support the view of ICI resistance in PDAC patients. 

Furthermore, it has been shown that signaling via the tumor suppressor protein p53 can upregulate 

expression of CD80 on tumor cells, which in turn causes T cell suppression via CTLA-4 signaling [236]. 

In around 70 % of PDAC patients, p53 is mutated [20] and also both cell lines, used in this 3D culture 

model (PancTu1 and Panc89 cells) show mutations in the p53 gene [153,154]. Further, Yazdanifar et 

al. showed that pancreatic cancer cells express Galectin-9, which can inhibit CD8+ T cells by binding to 

TIM3 [237]. The expression of different mucins, like MUC1, MUC4, and MUC16, which are upregulated 

during cancer progression, may also inhibit apoptosis of tumor cells [238]. The membrane bound 

enzyme CD73 is expressed in many solid tumors, including PDAC, and it is known that CD73 can 

suppress T cells by generating adenosine [239–241]. Other reported mechanisms that enforce the 

resistance towards ICIs might be: downregulation of the MHCI complex resulting in less antigen 

recognition, loss of IFNg sensitivity due to IFNg receptor mutations or deletions, an immunosuppressive 

TME or upregulation of other immune checkpoint regulators (TIM3, LAG3, CTLA-4) [242]. Thus, the cell 

surface expression of other immune inhibitory receptors than PD-L1 should be analyzed on tumor cells, 

HMF, and CD8+ T cells in this stroma enriched PDAC cell model. Another mediator of ICI resistance 

might be a hypoxic microenvironment. PDAC is a hypoxic tumor [243] and in other cancer entities 

tumor hypoxia has been identified as a physical and molecular driver of resistance towards PD-1 

blockade [244,245]. Furthermore, Thomas et al. and Trapani et al. showed that TGF-b secreted by 

myofibroblasts inhibits CD8+ T cells, especially the expression of genes encoding for cytotoxic effector 

molecules [207,211]. In our spheroid models, TGF-b1 level in supernatants of PancTu1 coculture 

spheroids was slightly elevated compared to the respective monoculture, especially in coculture 

spheroids containing the highest proportion of HMF, fitting together with the mostly reduced PDAC 

cell death under these conditions (Supplementary Figure 15). However, TGF-b1 levels were not altered 

in supernatants of Panc89 coculture spheroids, suggesting that also other mechanisms contribute to 

the impairment of the T cell effector phenotype. Besides Granzyme A/B, Perforin, Granulysin, and IFNg, 

CD8+ T cells secrete various other effector molecules by which they are able to induce cell death in 

their target cells. One of these mediators is FasL (CD95L), which binds to its membrane-bound receptor 

Fas (CD95) and, thereby, initiates caspase-mediated apoptosis. As mentioned in section 5.4 in 2D 

cocultures of CD8+ T cells with HMF, FasL levels were slightly elevated in comparison to respective 

monocultured CD8+ T cells, indicating that effector molecules like FasL might also play a role in our 

spheroid culture system. Rashid et al. showed that PDAC cell lines exhibit different cell surface levels 

of Fas, which can be altered by Gemcitabine [200]. However as discussed above, many PDAC cell lines 

show a high resistance toward CD95-induced apoptosis, including PancTu1 and Panc89 cells [201]. This 
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resistance can be linked to the expression of Fas-associated phosphatase 1 [246,247]. Moreover, PDAC 

cell lines like PancTu1 and Panc89 cells are also resistant towards TRAIL-induced apoptosis [201,248].  

To summarize, there are several factors that may promote the inability of CD8+ T cells to induce tumor 

cell death and which cannot be overcome by immune checkpoint blockade. 

 

5.8 HMF-enriched spheroids are more resistant towards Gemcitabine  

Since treatment with Gemcitabine still represents a frequent first-line therapy for PDAC patients with 

reduced general health status [25] and as more than half of the patients are diagnosed at over 70 years 

old [8], it was investigated how Gemcitabine impacts PD-L1 and PD-1 expression as well as the effector 

phenotype of CD8+ T cells in the context of the PDAC cell-HMF interplay. 

First, treatment with Gemcitabine for 24 h led to slightly higher cell surface levels of PD-L1 on PancTu1 

spheroids but not on Panc89 spheroids and HMF. However, treatment with Gemcitabine in 2D led to 

higher elevated cell surface expression of PD-L1 on Panc89 and PancTu1 cells, pointing out that 

Gemcitabine cannot perfuse the spheroids, especially Panc89 spheroids, in line with the findings of 

Ware et al. showing that  drug perfusion is reduced in spheroids, especially when cocultured with PSC 

[219].  

However, although Gemcitabine is one of the first-line therapies for PDAC patients, it only slightly 

prolongs the overall survival [249]. One important reason for this is the often intrinsic or acquired 

resistance of PDAC cells which can be also seen in PDAC cell lines [250]. Accordingly, PancTu1 cells 

have been described as chemoresistant, as apoptosis could not or only slightly be induced by 

Gemcitabine [251].  

This is in line with the findings in this study, in which treatment with Gemcitabine led to lower ccK18 

levels in supernatants from PancTu1 spheroids compared to Panc89 spheroids. However, it has been 

shown that the inhibitory concentration of 50 % needs to be much higher for Gemcitabine in 3D 

cultures spheroids compared to 2D cultures, pointing out that the penetration is reduced in 3D culture 

[164,218,252], suggesting that the dense stroma in the primary and secondary site might also be a 

barrier for cytostatic drugs in PDAC patients.  

Furthermore, sensitivity towards Gemcitabine treatment was reduced in both PancTu1 and Panc89 

spheroids cocultured with HMF, underscoring the impact of myofibroblasts on the mediation of drug 

resistance in PDAC [253,254]. Firuzi et al. demonstrated that the response towards Gemcitabine was 

reduced when tumor cells were cocultured with PSC in a 3D culture model [255], which was also 

confirmed by Kpeglo et al., where the cell viability of Panc1 cells was more reduced in monoculture 

compared to coculture with PSC after Gemcitabine treatment [222]. Moreover, Sasaki et al. pointed 

out that ATP-binding cassette subfamily G member 2 (ABCG2), which is a transporter involved in drug 
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excretion, is higher expressed in 3D compared to 2D culture and is associated with a higher resistance 

towards different cytostatic drugs. By additionally treating the cells with Verapamil, inhibiting 

transporters, cell viability was strongly reduced [256]. In another study, expression levels of other 

transporters, like ABCB1 or ABCC1 were increased in 3D cultures of PDAC cells [164].  

Of note, pretreatment of Panc89 spheroids with Gemcitabine reversed the HMF-reduced PDAC cell 

death in the presence of CD8+ T cells, although activation markers and release of cytotoxic molecules 

were decreased. Interestingly, the secretion of TGF-b1 was reduced in Panc89 spheroids pretreated 

with Gemcitabine compared to untreated spheroids, providing an explanation for the observed 

elevated PDAC cell death induction under these conditions (Supplementary Figure 16).  

The reduced activation of CD8+ T cells by Gemcitabine treatment was also seen by Smith et al. [257]. 

Of note, Gemcitabine treatment affected PD-L1 expression on PDAC cells and HMF in 3D culture only 

a little, but significantly diminished PD-1 surface levels on CD8+ T cells. Considering this finding, 

Gemcitabine treatment might also affect the therapeutic efficiency of ICI treatment in PDAC patients, 

as CD8+ T cells might be less inhibited by the binding of PD-L1 on PD-1, suggesting a combinational 

therapy.  

 

5.9 Combinational treatment to overcome therapeutic resistance in PDAC  

Immunotherapy has broadly impacted and revolutionized cancer treatment of several cancers [133]. 

However, ICIs have not yet added any considerable benefit to the treatment of PDAC patients 

[124,142], which was also seen in vitro in this study.  

As outlined above, HMF showed high expression of PD-L1 and clearly exerted immunosuppressive 

effects on CD8+ T cells, but this seemed to be independent of or at least not exclusively dependent on 

the PD-L1/PD-1 axis. Therefore, combinational therapeutic strategies simultaneously targeting 

different immune checkpoints or different tumor-promoting stromal cells or in combination with a 

cytostatic drug might be a more effective approach to overcome immunosuppression leading to tumor 

elimination of PDAC. Previous results showed that some tumor cells within the spheroid underwent 

apoptosis due to Gemcitabine treatment (data not shown) and the hypothesis was that combining 

Gemcitabine and ICIs might enhance tumor cell death by blocking PD-1 or PD-L1 to increase the 

activation of CD8+ T cells.  

However, in this thesis, combinational therapy of pre-treatment with Gemcitabine followed by 

treatment with Durvalumab or Pembrolizumab did not enhance the activation or effector phenotype 

of CD8+ T cells and did not lead to enhanced PDAC cell death.  

In an immunocompetent PDAC mouse model, Ho et al. showed that a combination of Gemcitabine 

treatment and anti-PD-1 antibody significantly reduced tumor sizes and enhanced infiltration of CD8+ 
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and CD4+ T cells, leading to a longer survival of mice [258]. Principe et al. also showed in a transgenic 

PDAC mouse model that combinational treatment of Gemcitabine and anti-PD-1 antibody enhanced 

CD8+ T cell response and prolonged the overall survival [259].  

However, the combination of Pembrolizumab and Gemcitabine led to disease progression in all 

patients suffering from PDAC in a clinical phase I/II study [NCT02331251]. The response could be 

improved by combining Pembrolizumab with Gemcitabine and Nab-paclitaxel [NCT02331251] 

[144,260]. If PDAC patients are in good health condition, they receive FLORINOX, a combination of four 

different agents, which increased disease-free survival compared to Gemcitabine mono treatment 

[26], suggesting that a pre-treatment with a combination of different cytostatic drugs might be an 

option to enhance PDAC cell death  

As already mentioned, the TME makes up 80-90 % of the whole tumor mass in PDAC [29]. Moreover, 

the TME is highly immunosuppressive and therefore many treatment options still fail in PDAC. On this 

account, it might be reasonable to target the TME. In a clinical phase I study, the combination of 

Nivolumab (blocking PD-1) and Mogamulizumab (TReg depleting CCR4 antibody) showed antitumor 

activity [NCT02476123] [261]. CAFs inhibit T cell infiltration by secretion of CXCL12 [172]. Bockorny 

and colleagues investigated the response towards the combinational treatment of Pembrolizumab and 

BL-8040 (antagonist of CXCR4) and most patients showed stable disease. Moreover, the TME changed 

due to the combinational treatment: more CD8+ T cells infiltrated into the tumor, while less MDSCs 

and TRegs were present [NCT02826486] [262]. TGF-b also plays a pivotal role in PDAC, including the 

suppression of immune cells, activation of HSC, and promoting therapy resistance, therefore blocking 

TGF-b1 in combination with ICIs might be an option [263]. In unresectable PDAC patients, combined 

treatment with a TGF-β blocking agent (Galunisertib) and Gemcitabine led to a better survival 

compared to Gemcitabine alone [264], however, the combination of Galunisertib with Durvalumab still 

led to a disease progression in most patients [NCT02734160] [265]. Interestingly, treatment with a 

TGF-b1 receptor inhibitor (LY364947) and an anti-PD-L1 antibody led to higher CD8+ T cell infiltration 

and longer overall survival in a mouse model of colon adenocarcinoma, however, this effect was not 

seen in a KPC PDAC model [266].  

Besides the PD-L1/PD-1 axis also other mechanisms might impair CD8+ T cell-mediated tumor efficacy 

and the infiltration into the tumor. Infiltrating CD8+ T cells express high levels of inhibitory receptors, 

like TIGIT, CTLA-4, PD-1, and TIM3 [184], suggesting that blocking other inhibitory receptors or a dual 

blocking might be a more effective option. Freed-Pastor et al. showed that the CD155/TIGIT axis 

promotes and maintains immune evasion in a PDAC mouse model and combinational therapy of 

targeting TIGIT, PD-1, and CD40a led to enhanced activation and higher infiltration of CD8+ T cells [267]. 

This was also confirmed by Pearce et al., who demonstrated that dual blocking of PD-1 and TIGIT led 

to a higher proliferation of T cells and enhanced secretion of IFNg [268]. Both studies showed that 
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CD155 (ligand of TIGIT) is highly expressed in PDAC tumors, especially on tumor cells [267,268]. Based 

on their findings it is reasonable to investigate which regulatory molecules play a role in immune 

evasion of liver metastases in PDAC using multiplex staining. 
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6 Conclusion 

This thesis revealed that the TME is remodeled during the progression of PDAC liver metastases. The 

localization and abundance of HMF, CD8+ T cells and PD-L1 expression changed comparing small and 

large metastases. Moreover, PD-L1 is rather expressed by stromal cells, especially HMF and 

macrophages than tumor cells. The highly expression of PD-L1 in liver metastases, might indicate that 

PD-L1 mediated immune evasion operates during tumor progression and metastasis.  

An established 3D culture spheroid model using two PDAC cell lines with different PD-L1 cell surface 

expressions and different ratios of HMF mimicked the proportion and distribution of PDAC cells and 

HMF as well as their PD-L1 expression observed in small and large hepatic PDAC metastases. HMF show 

high expression of PD-L1, which is in line with the in situ findings, and clearly exert immunosuppressive 

effects on CD8+ T cells, but this seemed to be independent of or at least not exclusively dependent on 

the PD-L1/PD-1 axis, suggesting that immune evasion of PDAC liver metastases relies on other 

immunosuppressive mechanisms. 

Therefore, combinational therapeutic strategies simultaneously targeting different immune 

checkpoints or different tumor promoting stromal cells, might be a more effective approach to 

overcome immunosuppression leading to tumor elimination of PDAC, as recently demonstrated in 

PDAC mouse models [269,270].  
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8 List of Figures 
Figure 1: Pancreatic ductal adenocarcinoma (PDAC) shows a stepwise progression from pancreatic 

intraepithelial neoplasia (PanIN). Schematic illustrations of the different PanIN grades and further 

presentative images of hematoxylin and eosin staining of PanIN stages and invasive PDAC. Adapted from 

[24]. ....................................................................................................................................................... 3 
Figure 2: Heterogeneous tumor stroma in pancreatic ductal adenocarcinoma (PDAC). During tumor 

progression, the tumor microenvironment (TME) undergoes alterations, involving (i) activation of stellate 

cells and transdifferentiation into carcinoma-associated fibroblasts (CAFs) with different phenotypes 

(myCAFs, iCAFs), (ii) alteration of the extent and composition of the extracellular matrix (ECM), (iii) 

enrichment of immunosuppressive and tumor-promoting immune cells, e.g., tumor-associated 

macrophages (TAMs) with different phenotypes (M1-like TAMs versus M2-like TAMs), cytotoxic T cells 

(CTLs) and regulatory T cells (TRegs), (iv) formation of new and modified blood vessels. Overall, this TME 

heterogeneity is an essential driver of PDAC development and progression. Adapted from [30]. .............. 5 
Figure 3: Activation of T lymphocytes. Here, the exemplary activation of a CD8+ T cell is shown. For the activation 

of T cells, three signals are needed. 1) Antigen-presenting cells (APCs) process the antigen and present it 

on the major histocompatibility complex (MHC) I. The T cell receptor (TCR)/CD3 complex as well as the 

coreceptor CD8 binds to the MHC I. The binding of the TCR to MHC leads to an activation signaling cascade. 

2) A second signal is necessary for survival. Therefore, CD28 on the T cell binds to CD80 on the APC. 

Costimulatory signals amplify the antigen receptor signals. 3) Stimulatory cytokines, mainly IL-2 and IL-12, 

secreted by CD4+ T cells, induce proliferation and differentiation. .......................................................... 11 
Figure 4: Inhibition of T lymphocytes. Here, the inhibition of a CD8+ T cell is shown exemplarily. First, the T cell 

receptor/CD3 complex as well as the coreceptor CD8 binds to major histocompatibility complex (MHC) I. 

The binding of the TCR to MHC leads to an activation signaling cascade. However, when cytotoxic T 

lymphocyte-associated protein-4 (CTLA-4) binds to CD80 or programmed cell death protein-1 (PD-1) to 

programmed cell death-ligand 1 (PD-L1) a coinhibitory signal follows and the activation signaling cascade 

is disrupted. ......................................................................................................................................... 12 
Figure 5: The invasion metastasis cascade: The invasion metastasis cascade is characterized by several steps. (1) 

The first step of the cascade is the invasion of tumor cells through the basal membrane and into the 

surrounding tissue. (2) Next, tumor cells must intravasate into the blood vessels and are then called 

circulating tumor cells (CTCs). (3) Here, the CTCs must survive the high shear forces and recognition by 

immune cells. (4) Only a few cells survive circulation and extravasate the blood vessels into the secondary 

site. (5) Finally, disseminated tumor cells (DTCs) enter the parenchyma of the distant organ. Some DTCs go 

into a dormant state before they start to proliferate and form visible metastases. For colonization, DTCs 

must adapt to the new microenvironment. Therefore, the tumor microenvironment (TME) of the distant 

organ is already reshaped into a tumor-promoting pre-metastatic niche during tumor progression. From 

[102]. ................................................................................................................................................... 16 
Figure 6: Cancer-immunity cycle. The stepwise progression of effective tumor cell killing. First, (1) cancer cells 

release antigens (1), which are presented by antigen-presenting (APCs) (2). Next, T cells are primed and 
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activated in the lymph node (3). Afterwards, T cells circulate through the blood vessels (4) to infiltrate into 

the tumor (5). Here, T cells recognize (6) and finally kill (7) the tumor cells. Immune checkpoint inhibitors 

can be effective in steps 3, 6, and 7, marked with a blue box. Adapted from [125]. ................................ 20 
Figure 7: Immune checkpoint inhibitors enhance the activation of CD8+ T cells and lead to cancer-mediated 

killing. Tumor cells can evade the immune system by upregulating cell surface expression of immune 

checkpoint molecules, like programmed death-ligand 1 (PD-L1). The binding of PD-L1 to programmed death 

protein-1 (PD-1) on T cells leads to their inhibition so that T cells are not able to kill the tumor cell. If these 

immune checkpoint molecules are blocked by immune checkpoint inhibitors (ICIs), like Pembrolizumab 

(binding to PD-1) or Durvalumab (binding to PD-L1), killing ability of CD8+ T cells is restored so that they 

can induce cancer cell death. ................................................................................................................ 21 
Figure 8: Isolation of peripheral blood mononuclear cells (PBMCs). PBMCs were isolated from healthy blood 

donations provided by the Institute of Transfusion Medicine in Kiel. The leukocyte concentration was 

diluted and slowly overlaid on Pancoll. Density gradient centrifugation was performed to separate PBMCs 

from plasma, erythrocytes, and granulocytes. PBMCs consist of lymphocytes (T cells, B cells, NK cells) and 

monocytes. .......................................................................................................................................... 42 
Figure 9: Counterflow centrifugation elutriation. Peripheral blood mononuclear cells (PBMCs) were separated 

into lymphocytes and monocytes. For this purpose, a counterflow centrifugation elutriation was performed 

at 3500 xg with an increasing flow rate. Due to the buffer flow, the cells were pushed out of the elutriation 

chamber. Small cells (lymphocytes) were pushed out at low flow rates, followed by larger cells (monocytes) 
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Figure 10: 2D coculture of pancreatic ductal epithelial cells (PDECs) and CD8+ T cells. On day 0, CD8+ T cells were 

isolated by magnetic cell separation from lymphocytes and then activated with anti-CD3 and anti-CD28 

antibodies, as well as IL-2 for 4 days. On day 3, H6c7-kras and PancTu1 cells were seeded with a density of 

5x104 in 2 ml of their respective medium. On the next day, activated CD8+ T cells were added to the PDECs 

at a ratio of 1:20 in 2 ml T cell medium (TCM). In parallel, all cells were cultured in monoculture. After 72 h 

(day 7), mono- and cocultures ended. The supernatants were taken for Legendplex analysis. Further, the 

confluence of PDECs was measured. Finally, PDECs and CD8+ T cells were analyzed by flow cytometry. .. 46 
Figure 11: 2D coculture of human hepatic stromal cells and CD8+ T cells. On day 0, CD8+ T cells were isolated by 

magnetic cell separation from lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies as 

well as IL-2 for 4 days. On day 3, hepatic stellate cells (HSC) and hepatic myofibroblasts (HMF) were seeded 

with a density of 3x104 in 2 ml of their respective medium. On the next day, activated CD8+ T cells were 

added to the hepatic stromal cells at a ratio of 1:33 in 2 ml T cell medium (TCM). All cells were also cultured 

in monoculture. After 72 h (day 7), mono- and cocultures ended. The supernatants were taken for 

Legendplex analysis. Further, a PD-L1 immunofluorescence staining of hepatic stromal cells was performed. 

Finally, hepatic stromal cells and CD8+ T cells were analyzed by flow cytometry. .................................... 47 
Figure 12: 2D direct coculture of human hepatic stromal cells with CD8+ T cells and treatment with Durvalumab. 

On day 0, CD8+ T cells were isolated by magnetic cell separation from lymphocytes and then activated with 

anti-CD3 anti-CD28 antibodies as well as IL-2 for 4 days. On day 3, hepatic stellate cells (HSC) and hepatic 

myofibroblasts (HMF) were seeded with a density of 3x104 in 2 ml of their respective medium. On the next 
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day, activated CD8+ T cells were added to the hepatic stromal cells at a ratio of 1:33 in 2 ml T cell medium 

(TCM). All cells were also cultured in monoculture. Further, mono- and cocultured cells were treated with 

10 µg/ml Durvalumab or the respective isotype control (hIgG1). After 72 h (day 7), mono- and cocultures 

ended. The supernatants were taken for Legendplex analysis. Further, a PD-L1 immunofluorescence 

staining of hepatic stromal cells was performed. Finally, hepatic stromal cells and CD8+ T cells were 
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Figure 13: 2D coculture of pancreatic ductal epithelial cells (PDECs) and CD8+ T cells after pre-coculture with 

either hepatic stellate cells (HSC) or hepatic myofibroblasts (HMF). On day 0, CD8+ T cells were isolated 

by magnetic cell separation from lymphocytes and activated with anti-CD3 and anti-CD28 antibodies as 

well as IL-2 for 4 days. On day 3, HSC and HMF were seeded with a density of 3x104 in 2 ml of their 

respective medium. On the next day, activated CD8+ T cells were added to the hepatic stromal cells at a 

ratio of 1:33 in 2 ml T cell medium (TCM). On day six, H6c7-kras and PancTu1 cells were labeled with 

CellTracker Green and were then seeded at a density of 5x104 in 200 µl of their respective medium in a 96-

well plate. On the next day, CD8+ T cells were collected from the direct coculture with HSC or HMF. CD8+ T 

cells pre-monocultured or pre-cocultured with either HSC or HMF were added to PDECs at a ratio of 1:20 

in TCM. After 24 h (day 8), CD8+ T cells were removed and the PDECs were stained with Hoechst. The cell 

confluence and cell number were determined. ..................................................................................... 50 
Figure 14: 2D coculture of pancreatic ductal epithelial cells (PDECs) and CD8+ T cells after pre-coculture with 

hepatic stellate cells (HSC) or hepatic myofibroblasts (HMF) and Durvalumab treatment. On day 0, CD8+ 

T cells were isolated by magnetic cell separation from lymphocytes and activated with anti-CD3 and anti-

CD28 antibodies as well as IL-2 for 4 days. On day 3, HSC and HMF were seeded with a density of 3x104 in 

2 ml of their respective medium. On the next day, activated CD8+ T cells were added to the hepatic stromal 

cells at a ratio of 1:33 in 2 ml T cell medium (TCM) and were treated with 10 µg/ml Durvalumab or the 

respective isotype control. On day six, H6c7-kras and PancTu1 cells were labeled with CellTracker Green 

and were then seeded at a density of 5x104 in 200 µl of their respective medium in a 96-well plate. On the 

next day, CD8+ T cells were collected from the direct coculture with HSC or HMF. CD8+ T cells pre-

monocultured or pre-cocultured with either HSC or HMF were added to PDECs at a ratio of 1:20 in TCM. 

After 24 h (day 8), CD8+ T cells were removed and the PDECs were stained with Hoechst. The cell confluence 

and cell number were determined. ....................................................................................................... 51 
Figure 15: 3D spheroid coculture of human PDAC cells and human hepatic myofibroblasts (HMF). On day 0, 

HMF and either PancTu1 or Panc89 cells were seeded together at different ratios with a total cell number 

of 2x104 in 150 µl T cell medium (TCM) in a 96-well ultra-low attachment (ULA) plate. As control, PancTu1 

and Panc89 cells were seeded in monoculture. After seeding, the plate was centrifuged at 300 xg for 5 min. 

On day 3 pictures were taken with the Lionheart FX automated microscope and afterwards the spheroids 
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Figure 16: Culture of CD8+ T cells with mono- and coculture PDAC spheroids. On day 0, CD8+ T cells were isolated 

by magnetic cell separation from lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies 

as well as IL-2 for 3 days. On day 1, hepatic myofibroblasts (HMF) and either PancTu1 or Panc89 cells were 

seeded together in different ratios with a total cell number of 2x104 in 150 µl T cell medium (TCM) in a 96-
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well ultra-low attachment (ULA) plate. As control, PancTu1 and Panc89 cells were seeded in monoculture. 

After seeding, the plate was centrifuged at 300 xg for 5 min. On day 3, the medium was changed and 

activated CD8+ T cells (20x104) were added in 150 µl TCM/well. After 24 h, supernatants were taken for 

Legendplex and M30 analysis. Further, CD8+ T cells were analyzed by flow cytometry. ........................... 53 
Figure 17: Effect of immune checkpoint inhibition on mono- and coculture PDAC spheroids. On day 0, CD8+ T 

cells were isolated by magnetic cell separation from lymphocytes and then activated with anti-CD3 and 

anti-CD28 antibodies as well as IL-2 for 3 days. On day 1, hepatic myofibroblasts (HMF) and either PancTu1 

or Panc89 cells were seeded together at different ratios with a total cell number of 2x104 in 150 µl T cell 

medium (TCM) in a 96-well ultra-low attachment (ULA) plate. As control, PancTu1 and Panc89 cells were 

seeded in monoculture. After seeding, the plate was centrifuged at 300 xg for 5 min. On day 3, the medium 

was changed and activated CD8+ T cells (20x104) were added in 150 µl TCM/well. Further, spheroid 

cocultures were either treated with 10 µg/ml Durvalumab, 10 µg/ml Pembrolizumab, or their respective 

isotype control antibodies (hIgG1 or hIgG4). After 24 h, supernatants were taken for Legendplex and M30 

analysis. Further, CD8+ T cells were analyzed by flow cytometry. ........................................................... 54 
Figure 18: Effect of pretreatment with Gemcitabine of mono- and coculture PDAC spheroids coculture with 

CD8+ T cells. On day 0, CD8+ T cells were isolated by magnetic cell separation from lymphocytes and then 

activated with anti-CD3 and anti-CD28 antibodies as well as IL-2 for 3 days. On day 1, hepatic 

myofibroblasts (HMF) and either PancTu1 or Panc89 cells were seeded together at different ratios with a 

total cell number of 2x104 in 150 µl T cell medium (TCM) in a 96-well ultra-low attachment (ULA) plate. As 

control, PancTu1 and Panc89 cells were seeded in monoculture. After seeding, the plate was centrifuged 

at 300 xg for 5 min. On the next day (day 2), spheroids were either left untreated or were treated with 

10 µg/ml Gemcitabine. On day 3, the medium was changed and activated CD8+ T cells (20x104) were added 

in 150 µl TCM/well. After 24 h, supernatants were taken for Legendplex and M30 analysis. Further, CD8+ T 

cells were analyzed by flow cytometry. ................................................................................................. 55 
Figure 19: Effect of pretreatment with Gemcitabine on immune checkpoint inhibition of mono- and coculture 

PDAC spheroids cultured with CD8+ T cells. On day 0, CD8+ T cells were isolated by magnetic cell separation 

from lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies as well as IL-2 for 3 days. On 

day 1, hepatic myofibroblasts (HMF) and either PancTu1 or Panc89 cells were seeded together at different 

ratios with a total cell number of 2x104 in 150 µl T cell medium (TCM) in a 96-well ultra-low attachment 

(ULA) plate. As control, PancTu1 and Panc89 cells were seeded in monoculture. After seeding, the plate 

was centrifuged at 300 xg for 5 min. On the next day, spheroids were either left untreated or were treated 

with 10 µg/ml Gemcitabine. On day 3, the medium was changed and activated CD8+ T cells (20x104) were 

added in 150 µl TCM/well. Further, spheroid cocultures were either treated with 10 µg/ml Durvalumab, 

10 µg/ml Pembrolizumab, or with 10 µg/ml of their respective isotype control (hIgG1 or hIgG4), After 24 h, 

supernatants were taken for Legendplex and M30 analysis. Further, CD8+ T cells were analyzed by flow 
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Figure 20: Small and large liver metastases in a liver tissue section of a PDAC patient. (A) Representative image 

of PanCK and hematoxylin-stained liver tissue sections obtained from a PDAC patient showing small and 
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large metastatic lesions. (B) The number of small (white) and large (grey) metastases in the analyzed liver 
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Figure 21: Different spatial distribution of myofibroblasts, macrophages, CD3+ T cells, CD8+ T cells, and PD-L1 

expression in small and large liver metastases of PDAC patients. The main localization of (A) aSMA, (B) 

CD68, (C) CD3, (D) CD8, and (E) PD-L1 staining was scored by comparing absent staining and staining in the 

tumor center, at the invasion front or evenly distributed between tumor center and invasion front in small 

(white) and large (grey) liver metastases. Data represent the mean of 15 independent liver tissue sections 
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Figure 22: Different spatial distribution of myofibroblasts, macrophages, CD3+ T cells, CD8+ T cells, and PD-L1 

staining in small and large liver metastases of PDAC patients. Representative images of the staining of (A) 

PanCK, (B) aSMA, (C) CD68, (D) CD3, (E) CD8, and (F) PD-L1 at the invasion front or in the tumor center of 

a large and small liver metastasis of one PDAC patients. (partially published in [163]). ........................... 67 
Figure 23: Higher abundance of myofibroblasts were more present in large metastases compared to small 

metastases of PDAC patients. The abundance of aSMA was rated as low number (+), medium number (++), 

or high number (+++) of myofibroblasts in small (white) and large (grey) liver metastases. Data represent 

the mean ± SD. N=11 for small metastases and N=13 for large metastases. * = p < 0.05. (published in [163]).
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invasion front of large metastases of PDAC patients. A maximum of 10 microscopic Fields of View (FoV) in 

the tumor center and at the invasion front were analyzed and the proportion of CD8+ T cells was 

determined. The proportion was ranked as 0 %, ≤ 1 %, or > 1 %. (A) First, the number of CD8+ T cells was 

determined in each FoV and further (B) their (tumor center or invasion front) localization in small (white) 

and large (grey) liver metastases was analyzed. Data represent the mean ± SD. N=11 for small metastases 

and N=13 for large metastases. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (published in [163]). ............ 69 
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and at the invasion front in small (white) and large (grey) liver metastases were analyzed and the 

proportion of PD-L1+ cells was determined. The proportion was ranked as 0 %, <1 %, or >1 %. (A) First, the 

number of PD-L1+ cells was determined in each FoV and further (B) the localization was analyzed (tumor 

center or invasion front). (C) Further, intensity of PD-L1 staining was ranked for each FoV, comparing 

absent, low, or strong and then (D) the localization was analyzed (tumor center or invasion front). Data 

represent the mean ± SD. N=11 for small metastases and N=13 for large metastases. * = p < 0.05, ** = p < 
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Figure 26: PD-L1 was rather expressed by stromal cells than tumor cells. Representative images of double 

immunohistochemical staining of (A) PanCK/PD-L1, (B) aSMA/PD-L1, and (C) CD68/PD-L1 in large liver 

metastases. PanCK, aSMA, and CD68 staining are displayed in red and PD-L1 staining in brown. Arrows 
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Figure 27: Gating strategy of T lymphocytes and determination of CD8+ T cells purity. Lymphocytes were 

isolated by density gradient centrifugation and by counterflow centrifugation. CD8+ T cells were isolated 
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by magnetic cell separation. Gating strategy of T lymphocytes to determine the purity after negative 

magnetic cell sorting was as follows: (A) First, living cells were gated (here called CD8), followed by the 

gating of (B) single cells. (C) Afterwards, all α/β TCR positive cells (blue) were determined as the gate was 

set above the respective isotype control (grey). Among all α/β TCR positive cells, (D) CD8a+ and (E) CD4+ 

cells were gated, always regarding the respective isotype control. (F) Percentage of α/β TCR and CD8a 
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Figure 28: Activated CD8+ T cells show elevated PD-1 and PD-L1 cell surface expression levels. CD8+ T cells were 

isolated by magnetic cell separation (MACS) from human blood derived lymphocytes. Cells were 

characterized directly after isolation (post MACS), as well as on days 3 and 4 of activation culture. Here, 

CD8+ T cells were activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for a maximum of 4 

days. (A) Cell surface expression levels of PD-1, (B) percentage of PD-1 positive CD8+ T cells, (C) cell surface 

expression levels of PD-L1, and (D) percentage of PD-L1 positive CD8+ T cells. Median fluorescence intensity 

(MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the isotype control. 

Data represent the mean ± SD (normally distributed). N=4. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. . 76 
Figure 29: Activated CD8+ T cells show elevated CD69 and CD25 cell surface expression levels. CD8+ T cells were 

isolated by magnetic cell separation (MACS) from human blood derived lymphocytes. Cells were 

characterized directly after isolation (post MACS), as well as on days 3 and 4 of activation culture. Here, 

CD8+ T cells were activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for a maximum of 4 

days. (A) Cell surface expression levels of CD69, (B) percentage of CD69 positive CD8+ T cells, (C) cell surface 

expression levels of CD25, and (D) percentage of CD25 positive CD8+ T cells. Median fluorescence intensity 

(MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the isotype control. 

Data represent the mean ± SD (normally distributed) or the median with interquartile range (not normally 
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Figure 30: Elevated concentration levels of effector molecules in supernatants of activation culture. CD8+ T 

cells were isolated by magnetic cell separation (MACS) from human blood derived lymphocytes. Cells were 

characterized directly after isolation (post MACS), as well as on days 3 and 4 of activation culture. Here, 

CD8+ T cells were activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for a maximum of 4 

days. On day 3 (light grey) and day 4 (dark grey) the concentration of (A) IL-6, (B) IFNg, (C) Granzyme A, (D) 

Granzyme B, (E) Perforin, and (F) Granulysin were measured in the supernatants of CD8+ T cells. Data 
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Figure 31: Heterogenous PD-L1 cell surface levels on PDECs, hepatic stromal cells, and CD8+ T cells. H6c7-kras 

cells, PancTu1 cells, hepatic stellate cells (HSC), hepatic myofibroblasts (HMF), and activated CD8+ T cells 

were seeded in a 12-well plate in monoculture. After 72 h, PD-L1 was stained and cell surface expression 

levels were analyzed by flow cytometry on (A) H6c7-kras and PancTu1 cells, (B) HSC and HMF, and (C) CD8+ 

T cells. Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining 

by the MFI of the isotype control. Data represent the mean ± SD (normally distributed). N=3. ............... 79 
Figure 32: Cell surface levels of PD-1 and PD-L1 were almost unaffected after coculture with PDECs. CD8+ T cells 

were isolated by magnetic cell separation from human blood derived lymphocytes and then activated with 

anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 4 days. Afterwards, CD8+ T cells were seeded in mono- 
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(white) or coculture with either H6c7-kras (light grey) or PancTu1 cells (dark grey) for 72 h. Cell surface 

levels of (A) PD-1 and (C) PD-L1 were analyzed by flow cytometry. Further, the percentage of (B) PD-1 

positive and (D) PD-L1 positive CD8+ T cells was determined. Median fluorescence intensity (MFI) ratio was 

calculated by dividing the MFI of the specific staining by the MFI of the isotype control. Data represent the 
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with PDECs. CD8+ T cells were isolated by magnetic cell separation from human blood derived lymphocytes 

and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 4 days. Afterwards, CD8+ T 

cells were seeded in mono- (white) or coculture with either H6c7-kras (light grey) or PancTu1 cells (dark 

grey) for 72 h. Cell surface levels of (A) CD69 and (C) CD25 were analyzed by flow cytometry. Further, the 

percentage of (B) CD69 positive and (D) CD25 positive CD8+ T cells was determined. Median fluorescence 

intensity (MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the isotype 

control. Data represent the mean ± SD (normally distributed) or the median with interquartile range (not 
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coculture with H6c7-kras cells and not affected by coculture with PancTu1 cells. CD8+ T cells were isolated 

by magnetic cell separation from human blood derived lymphocytes and then activated with anti-CD3 and 

anti-CD28 antibodies, as well as IL-2 for 4 days. Afterwards, CD8+ T cells were seeded in mono- (white) or 

coculture with either H6c7-kras (light grey) or PancTu1 cells (dark grey) for 72 h. Concentrations of (A) IFNg, 

(B) Granulysin, (C) Granzyme A, (D) Granzyme B, and (E) Perforin were measured in the supernatant of 

monocultured and cocultured CD8+ T cells. Data were normalized to the concentrations in monoculture. 

Data represent the mean ± SD (normally distributed) or the median with interquartile range (not normally 
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cells. H6c7-kras and PancTu1 cells were seeded either in mono- (white) or coculture with CD8+ T cells (grey). 

After 72 h, cell surface expression of PD-L1 on (A) H6c7-kras and (B) PancTu1 cells were determined by 

flow cytometry. Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific 

staining by the MFI of the isotype control. Immunofluorescence staining of PD-L1 (green) was performed 

of (C) H6c7-kras in monoculture, (D) H6c7-kras cells after coculture with CD8+ T cells, (E) monocultured 

PancTu1 cells, and (F) PancTu1 cells after CD8+ T cell coculture. Nuclei were stained with Hoechst (blue). 

The scale bar represents 1000 µm. Data represent the mean ± SD (normally distributed). N=4 for H6c7-kras 
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cell number of (A) H6c7-kras and (B) PancTu1 cells were counted. The cell confluence was measured of (C) 
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N=5 for vital cell number, N=4 for cell confluence and Ki67 of H6c7-kras cells, and N=3 for cell confluence 
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Figure 37: Characterization of hepatic stellate cells (HSC) and hepatic myofibroblasts (HMF). To generate 

human hepatic stromal cells with an HSC- and HMF-like phenotype, HSteCs were either cultured with 

2.5 µm ATRA or 1 ng/ml TGF-b1. Representative images of (A) HSC and (B) HMF. Cells were characterized 

by qPCR, analyzing the mRNA levels of (C) TGF-b, (D) FSP1, and (E) IL-6 in HSC (white) and HMF (grey). The 

mRNA levels were normalized to the housekeeper gene GAPDH. Data represent the mean ± SD (normally 
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PD-L1 by flow cytometry. The mRNA levels were normalized to the housekeeper gene GAPDH. Median 
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respective ultra-LEAFä isotype control (mIgG1). After 72 h, (A) the cell surface expression of PD-L1 was 

analyzed by flow cytometry. Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI 

of the specific staining by the MFI of the isotype control. Data were normalized to the respective isotype 

control. Further, an immunofluorescence staining of PD-L1 (green) was performed. Nuclei were stained 

with Hoechst (blue). Representative images of (B) HSC cocultured with CD8+ T cells treated with (B) the 

isotype control or with (C) anti-IFNg antibody, or HMF cocultured with CD8+ T cells treated with (D) the 
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Figure 41: Coculture with hepatic stellate cells (HSC) and hepatic myofibroblasts (HMF) led to a higher cell 

surface expression of CD69 but not CD25 on CD8+ T cells. CD8+ T cells were isolated by magnetic cell 

separation from blood derived lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as 

well as IL-2 for 4 days. Afterwards, they were seeded in mono- (white) or coculture with either HSC (light 

grey) or HMF (dark grey) for 72 h. Cell surface levels of (A) CD69 and (C) CD25 were analyzed by flow 

cytometry. Further, the percentage of (B) CD69 positive and (D) CD25 positive CD8+ T cells was determined. 

Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the specific staining by the 

MFI of the isotype control. Data represent the mean ± SD (normally distributed) or the median with 
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Afterwards, they were seeded in mono- (white) or coculture with either HSC (light grey) or HMF (dark grey) 

for 72 h. Concentrations of (A) IFNg, (B) Granulysin, (C) Granzyme A, (D) Granzyme B, and (E) Perforin were 

measured in the supernatants of mono- and cocultured CD8+ T cells. Data were normalized to the 

concentrations in monoculture. Data represent the mean ± SD (normally distributed) or the median with 
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H6c7-kras and (G) PancTu1 cells was measured. Data were normalized to the cell confluence before the 

coculture with CD8+ T cells (= t0). Representative images of the cell confluence (B) H6c7-kras cells in 
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PDECS, CD8+ T cells were collected from the mono- or coculture with either HSC or HMF. Then CD8+ T cells 
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SD (normally distributed) or the median with interquartile range (not normally distributed). N=3 for 
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(white) or Pembrolizumab (grey) or with 10 µg/ml of the respective isotype (hIgG1 or hIgG4). After 24 h, 
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staining by the MFI of the isotype control. Data were normalized to the coculture of CD8+ T cells with 
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Data were normalized to the coculture with monocultured and untreated spheroids. Data represent the 
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concentrations of (A+B) Granzyme A, (C+D) Granzyme B, (E+F) Perforin, (G+H) Granulysin, and (I+J) IFNg 
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with 10 µg/ml Gemcitabine (grey). On the next day, the medium was changed and activated CD8+ T cells 

were added at a ratio of 1:10. After 24 h, the levels ccK18 were measured in supernatants after coculture 

with (A) PancTu1 and (B) Panc89 spheroids. Data were normalized to the seeded PDAC cell number. Data 

represent the mean ± SD (normally distributed) or the median with interquartile range (not normally 

distributed). N=4. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (published in [163]). .............................. 132 
Figure 69: Combined treatment with Gemcitabine and either Durvalumab or Pembrolizumab did not affect cell 

surface expression of either PD-1 or PD-L1 on CD8+ T cells. CD8+ T cells were isolated by magnetic cell 

separation from human blood derived lymphocytes and then activated with anti-CD3 and anti-CD28 

antibodies, as well as IL-2 for 3 days. PancTu1 and Panc89 cells were either seeded in mono- or coculture 

with hepatic myofibroblasts (HMF) at different ratios in ultra-low attachment plates for 3 days. After 24 h, 

the PancTu1 and Panc89 spheroids were treated with 10 µg/ml Gemcitabine. On the next day, the medium 

was changed and activated CD8+ T cells were added at a ratio of 1:10 and were treated with 10 µg/ml 

Durvalumab (white) or Pembrolizumab (grey) or with 10 µg/ml of the respective isotype control (hIgG1 or 

hIgG4). After 24 h, the cell surface expression of (A+B) PD-1 and (C+D) PD-L1 on CD8+ T cells were analyzed 

by flow cytometry. Median fluorescence intensity (MFI) ratio was calculated by dividing the MFI of the 

specific staining by the MFI of the isotype control. Data were normalized to the respective isotype control. 

Data represent the mean ± SD (normally distributed. N=4. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 134 
Figure 70: Combined treatment with Gemcitabine and either Durvalumab or Pembrolizumab did not affect 

activation of CD8+ T cells. CD8+ T cells were isolated by magnetic cell separation from human blood derived 
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ratios in ultra-low attachment plates for 3 days. After 24 h, PancTu1 and Panc89 spheroids were treated 

with 10 µg/ml Gemcitabine. After 24 h, the medium was changed and activated CD8+ T cells were added at 

a ratio of 1:10 and cultures were treated with 10 µg/ml Durvalumab (white) or Pembrolizumab (grey) or 

with 10 µg/ml of the respective isotype control (hIgG1 or hIgG4). After 24 h, the cell surface expression of 

(A+B) CD69 and (C+D) CD25 on CD8+ T cells was analyzed by flow cytometry. Median fluorescence intensity 

(MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the isotype control. 
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Supplementary  

Supplementary Figures  

 
Supplementary Figure 1: Flow cytometry analysis of peripheral blood mononuclear cells (PBMCs). Isolated 

PBMCs were separated into lymphocytes and monocytes by performing a counterflow centrifugation elutriation. 

Afterwards, the purity of the fractions was tested by flow cytometry. Monocytes and lymphocytes differ in size 

(FSC-H) and granularity (SSC-H). Lymphocytes are smaller and show less granularity compared to monocytes.  
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Supplementary Figure 2: Measurement of the size of spheroids. To determine the spheroid size, phase contrast 

z-stack pictures were taken using the Lionheart FX automated microscope and the diameter from (A) top to 

bottom and (B) left to right was measured with the help of the measurement tool of the Gen5 Data Analysis 

Software. (C) Then, the mean of both measurements was calculated according to the given formula. The scale 

bar represents 500 µm. 

 

 
Supplementary Figure 3: H6c7-kras cells show a more mesenchymal phenotype and PancTu1 and Panc89 cells 

a more epithelial phenotype. H6c7-kras, PancTu1, and Panc89 cells were seeded for in T cell medium. After 72 h, 
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the expression of (A) Vimentin and (B) E-Cadherin was analyzed by flow cytometry. Median fluorescence 

intensity (MFI) ratio was calculated by dividing the MFI of the specific staining by the MFI of the isotype control. 

Data represent the mean ± SD (normally distributed). N=5. *** = p < 0.001. 

 

 
Supplementary Figure 4: Vital and dead cell count of PDEC spheroids. H6c7-kras, PancTu1, Panc89, Panc1, 

Colo357, BxPc3, A818-6, and PT-45 cells were seeded at a density of 2x104 in 200 µl of T cell medium in a 96-well 

ultra-low attachment plate. After seeding, the plate was centrifuged at 300 xg for 5 min at RT. After 72 h, the 

spheroids were mechanically dissociated. The cell suspension was stained with trypan blue to determine the vital 

(green) and dead (red) cell number. N=2. 

 



  Supplementary 
 

 iv 

 
Supplementary Figure 5: HMF-enriched PancTu1 and Panc89 spheroids contain less propidium iodide positive 

cells. PancTu1 and Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at 

different ratios in ultra-low attachment plates. After 72 h, the spheroids were stained with propidium iodide 

(red). Representative images of (A) PancTu1 and (B) Panc89 cells in mono- or coculture with HMF after 3 days. 

In green (CellTracker Green) PDAC cells and in blue (CellTrace Violet) HMF. 
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Supplementary Figure 6: Concentrations of effector molecules were higher in the supernatants derived from 

CD8+ T cells cultured with PancTu1 and Panc89 spheroids. PancTu1 and Panc89 cells were seeded in 

monoculture in ultra-low attachment plates for 3 days. After 48 h, activated CD8+ T cells were added at a ratio of 

1:10. As control, CD8+ T cells were seeded in monoculture. The concentrations of (A) IFNg, (B) Granulysin, (C) 

Granzyme A, (D) Granzyme B, and (E) Perforin were analyzed in culture supernatants. Data represent the mean 

± SD (normally distributed). N=4.  

 

 
Supplementary Figure 7: Durvalumab binds to PD-L1 on PDAC cells and HMF. PancTu1 and Panc89 cells were 

seeded in mono- or coculture with hepatic myofibroblasts (HMF) at different ratios in ultra-low attachment 

plates. After 48 h, either 10 µg/ml isotype control or 10 ug/ml Durvalumab were added for 24 h. Afterwards, (A) 

PancTu1, (B) Panc89 cells, and (C) HMF were stained for cell surface localized PD-L1, and the MFI ratio for PD-L1 



  Supplementary 
 

 vi 

staining was determined via flow cytometry. Median fluorescence intensity (MFI) ratio was calculated by dividing 

the MFI of the specific staining by the MFI of the isotype control. Data were normalized to the hIgG1 isotype 

control. Data represent the mean ± SD (normally distributed). N=3. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 

(published in [163]). 

 

Supplementary Figure 8: Different spatial distribution of Ki67 staining in small and large liver metastases of 

PDAC patients. (A) The abundance of Ki67 staining was rated as absent, low expression or high expression 

comparing small and large liver metastases. (B) Furthermore, a maximum of 10 microscopic Fields of View (FoV) 

in the tumor center and at the invasion front were analyzed and the proportion of Ki67+ tumor cells was 

determined. The proportion was ranked as ≤10 %, 11-50 %, or >50 %. Data represent the mean ± SD (normally 

distributed). N=11 for small metastases and N=13 for large metastases. *** = p < 0.001. 
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Supplementary Figure 9: Monocultured PDECs release IL-6, TGF-b1, and IL-10 in monoculture into the 

supernatants. H6c7-kras (white) and PancTu1 cells (grey) were seeded in a 12-well plate and after 24 h, the 

medium was replaced with T cell medium. After 72 h in monoculture, the concentrations of (A) IL-6, (B) TGF-b1, 

and (C) IL-10 were measured. Data represents the mean ± SD (normally distributed). N=3. * = p < 0.05. 

 

 
Supplementary Figure 10: Vital cell number of CD8+ T cells was reduced after coculture with H6c7-kras cells. 

CD8+ T cells were isolated by magnetic cell separation from human blood derived lymphocytes and then activated 

with anti-CD3 and anti-CD28 antibodies as well as IL-2 for 4 days. Afterwards, CD8+ T cells were seeded in 

monoculture (white) or in coculture with either H6c7-kras (light grey) or PancTu1 cells (dark grey) for 72 h. The 

vital cell number was determined. Data represent the mean ± SD (normally distributed). N=6. 
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Supplementary Figure 11: Vital cell number of CD8+ T cells was reduced after coculture with HSC or HMF. CD8+ 

T cells were isolated by magnetic cell separation from human blood derived lymphocytes and then activated with 

anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 4 days. Afterwards, CD8+ T cells were seeded in mono- 

(white) or coculture with either HSC (light grey) or HMF (dark grey) for 72 h. (A) The vital cell number and (B) the 

percentage of trypan blue positive CD8+ T cells was determined. Data represent the mean ± SD (normally 

distributed). N=4. 

 

 
Supplementary Figure 12: Durvalumab treatment did not affect the vital cell number of CD8+ T cells in mono- 

or coculture with HSC or HMF. CD8+ T cells were isolated by magnetic cell separation from human blood derived 

lymphocytes and then activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 4 days. Afterwards, 

CD8+ T cells were seeded in mono- (white) or coculture with either HSC (light grey) or HMF (dark grey) for 72 h. 

Further, the cultures were treated with 10 µg/ml of Durvalumab or 10 µg/ml of the respective isotype control 

(hIgG1). After 72 h, the vital cell number was determined. Data were normalized on the hIgG1 isotype control 

treated sample. Data represent the mean ± SD (normally distributed). N=4. 
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Supplementary Figure 13: TGF-b1 and IL-6 concentrations in supernatants of CD8+ T cells and hepatic stromal 

cells. CD8+ T cells were isolated by magnetic cell separation from human blood derived lymphocytes and then 

activated with anti-CD3 and anti-CD28 antibodies, as well as IL-2 for 4 days. Hepatic stellate (HSC) cells and 

hepatic myofibroblasts (HMF) were seeded and on the next day, activated CD8+ T cells were added. As control 

CD8+ T cells, HSC, and HMF were seeded in monoculture. After 72 h, concentrations of TGF-b1 and IL-6 were 

measured in the supernatants. Data represent the mean ± SD (normally distributed). N=4 for TGF-b1 and N=3 for 

IL-6. * = p < 0.05, ** = p <0.01. 

 
Supplementary Figure 14: Concentrations of sFasL (CD95L) were higher in supernatants of CD8+ T cells after 

coculture with hepatic stellated cells (HSC) or hepatic myofibroblasts (HMF). CD8+ T cells were isolated by 

magnetic cell separation from human blood derived lymphocytes and then activated with anti-CD3 and anti-

CD28 antibodies as well as IL-2 for 4 days. Afterwards, activated CD8+ T cells were seeded in monoculture (white) 

or in coculture with either HSC (light grey) or HMF (dark grey). After 72 h, the concentration of sFasL was 

determined in the supernatants. Data represent the mean ± SD (normally distributed). N=3. 
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Supplementary Figure 15: TGF-b1 concentration was elevated in PancTu1 HMF-enriched spheroids. PancTu1 

and Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts (HMF) at different ratios 

(mono = white, 5:1 = light grey, 3:1 = dark grey) in ultra-low attachment plates for 3 days. The concentration of 

TGF-b1 was measured in the supernatants of (A) PancTu1 spheroids and (B) Panc89 spheroids after 72 h of mono- 

or coculture. Data were normalized on the concentration of TGF-ß in monocultured spheroids. Data represent 

the mean ± SD (normally distributed). N=4. (published in [163]). 

 

Supplementary Figure 16: TGF-b1 concentration was decreased in Panc89 spheroids after Gemcitabine 

treatment. PancTu1 and Panc89 cells were either seeded in mono- or coculture with hepatic myofibroblasts 

(HMF) at different ratios (mono = white, 5:1 = light grey, 3:1 = dark grey) in ultra-low attachment plates. On the 

next day, the spheroids were treated with 10 µg/ml Gemcitabine for 24 h. The concentration of TGF-b1 was 

measured in the supernatants of (A) PancTu1 spheroids and (B) Panc89 spheroids after 72 h of mono- or 

coculture. Data were normalized to the TGF-ß concentration in untreated spheroids. Data represent the mean ± 

SD (normally distributed). N=4. *** = p < 0.001. (published in [163]).
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