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Zusammenfassung 
Das duktale Pankreasadenokarzinom (engl.: pancreatic ductal adenocarcinoma; PDAC) stellt 
eine der tödlichsten Tumorentitäten dar, denn die Erkrankung wird meist erst im lokal 
fortgeschrittenen oder metastasierten Stadium diagnostiziert und die Mehrheit der Patienten mit 
örtlich begrenzten Tumoren entwickelt nach Resektion entweder lokale Rezidive oder 
Metastasen. Aufgrund des eingeschränkten Behandlungsspektrums, welches sich für über 80% 
der PDAC Patienten auf palliative Chemotherapie beschränkt, wird intensiv nach effizienten 
Alternativen gesucht. Antagonistische Antikörper gegen die co-inhibitorischen Immun-
Checkpoint-Moleküle programmed death protein 1 (PD-1) und programmed death ligand 1 
(PD-L1) haben die Therapiekonzepte für etliche Krebserkrakungen revolutiniert, aber zeigten 
bisher noch keine Wirkung in der Behandlung von PDAC Patienten. Daher war das Ziel der 
vorliegenden Studie die tumor-biologische Rolle von PD-L1 im PDAC näher zu untersuchen.        
Immunohistochemische Analysen in pankreatischen Gewebeschnitten von 59 PDAC Patienten 
wiesen eine deutliche inter- und intratumorale Heterogenität der PD-L1 Expression nach, 
welche mit pathohistologischen Veränderungen sowie einem kürzeren postoperativen 
Überleben der Patienten korrelierte. Daraufhin wurde das POLE Score System entwickelt, 
welches die PD-L1 Expression im gesamten Tumor, in Tumor-/Stromazellen und Tumor-
assoziierten Lymphfollikeln klassifiziert sowie die räumliche Verteilung PD-L1+ Zellen 
beschreibt. Nachfolgende Auswertungen zeigten, dass PD-L1 nur in einem drittel der PDAC 
Gewebe nachweisbar und vorwiegend in Leukozytenpopulationen wie Tumor-assozierten 
Makrophagen (TAMs) vorzufinden ist. Des Weiteren wiesen Untersuchungen in seriellen 
Gewebeschnitten darauf hin, dass eine starke PD-L1 Expression vorwiegend im Bereich der 
Tumorfront sowie der Grenze zwischen Tumor und lymphatischem Gewebe lokalisiert ist 
sowie mit hoher Infiltration von TAMs und CD8+ T Lymphozyten (CD8T) einhergeht. 
Basierend auf diesen Befunden wurde ein in vitro System etabliert, welches die PDAC Zelllinie 
PancTu-I, M1-polarisierte primäre humane Makrophagen (M1 MΦ) und autologe voraktivierte 
CD8T beinhaltete, um die Interaktion zwischen diesen Zellpopulationen sowie die Rolle von 
PD-L1 darin näher zu untersuchen. Kokultur-Experimente zeigten, dass PD-L1+ M1 MΦ 
sowohl den Effektorphänotyp von CD8T als auch die Wachstums-inhibierende Wirkung von 
CD8T auf PancTu-I Zellen verstärkten. Gleichzeitig förderten CD8T eine stärker ausgrägte M1-
Polarisierung in M1 MΦ. Im Gegensatz dazu wiesen CD8T unter Kokultur mit PD-L1+ PancTu-
I Zellen eine verminderte Proliferation sowie einen abgeschwächten Effektorphänotyp auf und 
förderten die Ausbildung einer mesenchymaleren Differenzierung von PancTu-I Zellen. Die 
Auswirkungen der PD-L1 Blockade mittels Durvalumab auf die jeweiligen Zellpopulation 
hingen stark von der Zellzusammensetzung innerhalb der Kulturbedigungen ab. So wiesen 
Durvalumab behandelte M1 MΦ eine stärker ausgeprägte M1-Polarisierung auf. Während 
CD8T nach Durvalumab Behandlung in Monokultur eine niedrigere Sekretion von 
Effektormolekülen aufwiesen, führte selbige Behandlung in Kokultur mit M1 MΦ zu einer 
erhöhten PD-1 Expression sowie in Kokultur mit PancTu-I Zellen zu einer gesteigerten 
Proliferation und einem stärker ausgeprägten Effekorphänotyp von CD8T.  
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Summary 
Pancreatic ductal adenocarcinoma (PDAC) represents one of the most fatal malignancies. The 
dismal prognosis is attributed to the late detection of PDAC in already locally advanced or 
metastatic stages and high recurrence rates in patients that have undergone curative surgical 
resection. Since, palliative chemotherapeutic regimens constitute the only therapeutic option 
for most of PDAC patients, efficient alternatives are urgently needed. Targeting of the immune 
checkpoint co-inhibitory molecules programmed death protein 1 and programmed death ligand 
1 (PD-L1) revolutionized therapy concepts for several malignancies but has not been proven 
effective in the treatment of PDAC patients. Hence, the present study aimed to gain a deeper 
insight into the tumor biological role of PD-L1 in PDAC.                  
Immunohistochemical PD-L1 staining in pancreatic tissue sections of 59 PDAC patients 
revealed a pronounced inter- and intra-tumoral heterogeneity, which correlated with 
malignancy-associated alterations in pancreatic tissues and reduced post-surgical patient 
survival. Considering staining heterogeneity, the POLE Score system has been developed to 
classify differences in overall PD-L1 staining, tumoral/stromal origin, tumor-associated lymph 
follicles and the spatial distribution of PD-L1+ cells. Analyses indicated that PD-L1 is expressed 
in only a third of the PDAC tissues and staining is predominantly located in leukocyte 
populations like tumor-associated macrophages (TAMs). Moreover, lineage marker analyses in 
serial tissue section revealed that strong PD-L1 staining is mainly located at the tumor-
lymphatics interface as well as the tumor margin accompanied by pronounced TAM and CD8+ 
T lymphocyte (CD8T) infiltration. In order to study the interaction between PDAC cells, TAMs 
and T cells as well as the role of PD-L1 in more detail, an in vitro setting has been established 
composed of the cell line PancTu-I, M1-like polarized primary human macrophages (M1 MΦ) 
and autologous pre-activated CD8T. Co-culture experiments showed that PD-L1+ M1 MΦ 
promoted the effector phenotype of CD8T as well as the CD8T-mediated growth inhibition of 
PancTu-I cells. In turn, CD8T augmented M1-polarization of M1 MΦ. In contrast, PD-L1+ 
PancTu-I cells attenuated the proliferation and effector phenotype of CD8T, while vice versa 
CD8T fostered epithelial-to-mesenchymal transition-associated alterations in PancTu-I cells. 
The effects of PD-L1 blockade via application of Durvalumab on each cell population markedly 
differed in dependence the cellular composition within the cultures. Thus, Durvalumab treated 
M1 MΦ exhibited a more pronounced M1-like phenotype. Considering CD8T, Durvalumab 
treatment was associated with significantly reduced secretion of effector molecules in mono-
culture, elevated PD-1 cell surface levels in co-culture with M1 MΦ as well as enhanced 
proliferation and improved effector phenotype in co-culture with PancTu-I cells. 
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1.      Introduction 

1.1 Pancreatic ductal adenocarcinoma 

1.1.1 Epidemiology 
Pancreatic ductal adenocarcinoma (PDAC) represents the 14th most common cancer entity 

worldwide. In 2018, 458,918 new PDAC have been estimated, accounting for 2.5 % of all 

cancer diagnoses [1]. Despite its low incidence rate, PDAC ranks at the 7th place of cancer 

associated deaths worldwide by accounting for 432,242 estimated deaths in 2018 (4.5 % of all 

cancer-related deaths worldwide) [1]. With a poor 5-year survival rate of 5 %, PDAC is one of 

the most fatal malignancies [2]. The high mortality associated with PDAC is mainly attributed 

to the lack of reliable tests or markers for early detection of the disease as well its unspecific 

symptoms. Thus, over 80 % of patients suffering from PDAC are diagnosed at an advanced 

stage of the disease when primary tumors are either unresectable or have formed metastases in 

other organs, which are preferentially localized to nearby lymph nodes (stage II B) or the liver 

and the lung (stage III + IV) [3]. Therefore, surgical resection of locally restricted tumors is 

currently the only curative treatment for PDAC. However, even patients who undergo curative 

pancreatectomy with tumor-free surgical margin (R0 resection) only show a median survival of 

12.6 months [4].                  

In Germany, PDAC is even the 4th most common cause of cancer-related deaths among both 

men (6.8 % of cancer deaths) and women (8.2 % of cancer deaths) with incidence rates of 21.6 

(men) and 20.8 (women) per 100,000 persons. With a median age at diagnosis of 72 in men and 

75 in women, PDAC onset is clearly associated with an advanced age (Robert Koch-Institut; 

Zentrum für Krebsregisterdaten, Stand 2013/2014).                           

Nevertheless, due to the lack of clinical progress in early detection and treatment of advanced 

PDAC stages in comparison to other cancer entities as well as the demographic shifts, PDAC 

is estimated to become the 2nd most common cause of cancer deaths by 2030 [5].  
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1.1.2 Etiology 
Only about 10 % of PDAC cases can be referred to a hereditary component. For example, 

hereditary pancreatitis is associated with a cumulative lifetime risk for PDAC development of 

40 % to 70 %. [3,6]. Notably, since a chronically inflamed microenvironment represents a 

general driver of malignant transformation, also sporadic chronic pancreatitis is a major risk 

factor for PDAC. Hence, Raimondi and colleagues demonstrated that chronic pancreatitis is 

associated with a relative risk of 13.3 for PDAC [7]. 

In contrast to hereditary factors, 90 % of PDAC cases originate from sporadic disease onset, 

which is assumed to be mainly attributed to life style factors [3,6]. Major life style-associated 

risk factors include tobacco abuse and excessive alcohol consumption [8–12]. Moreover, the 

onset of chronic metabolic disorders like diabetes mellitus and severe obesity are associated 

with an increased risk for developing PDAC [13,14]. 

 

1.1.3 Pathogenesis 
PDAC arises from the ductal epithelium in the exocrine compartment of the pancreas and 

represent with 95 % the major type of pancreatic malignances [3]. Histological and molecular 

biological studies have identified three types of precursor lesions for PDAC, namely mucinous 

cystic neoplasia (MCNs), intraductal mucinous cystic neoplasia (IPMNs) and pancreatic 

intraepithelial neoplasia (PanINs) [15]. Among these, PanINs are the best characterized 

premalignant lesion in the pancreas. Mouse models indicate that PanINs emerge due to genomic 

alteration-induced ductal reprogramming from different pancreatic cell types, preferentially 

centro-acinar or ductal epithelial cells [16]. In 2000, Hruban and colleagues proposed a multi-

step model for the development of PDAC from PanIN precursor lesions, which classifies based 

on histological abnormalities three distinct progressive grades, namely PanIN-1A/B, -2 and -3 

(Figure 1) [16]. According to this model, a higher grade is correlated with increasing 

morphologic dysplasia. Therefore, PanIN-1A lesions are characterized by tall columnar cells, 

which form a papillary epithelial architecture in the progression to PanIN-1B stage. In the 

further progress to PanIN-2 lesion, nuclear abnormalities like crowding and enlargement as 

well as atypical hyperplasia are observed. PanIN-3 stage exhibits loss of polarity, luminal 

necroses as well as the formation of a multilayered epithelium. The last step from PanIN-3 

stage, also termed as carcinoma in situ, to PDAC is the invasive growth beyond the basement 

membrane [16] 
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Figure 1: Pancreatic ductal adenocarcinoma (PDAC) arises from pancreatic intraepithelial neoplasia (PanINs) in a 
multi-step progress. Schematic illustration of increasing cellular dysplasia associated with progressive PanIN grade (above) 
as well as representative hematoxylin and eosin staining images of respective PanIN stages (below) and fully developed PDAC. 
Adapted from [16,17]. 

 

Molecular analyses fostered the assumption that PDAC arises from these three types of 

precursor lesions [18,19]. Hence, it has been shown that some driver mutations identified in 

PDAC are already present in distinct PanIN stages. Notably, the number of mutations correlates 

with increased degree of dysplasia. One of the first und best investigated type of mutations in 

pancreatic carcinogenesis leads to the constitutive activation of Kirsten rat sarcoma viral 

oncogene homolog (k-Ras), a 21 kDa guanosine triphosphatase that is essentially involved in 

the regulation of cell proliferation, differentiation and survival by forwarding mitogen-induced 

signaling cascades [20,21]. Studies have identified point mutations at codons 12, 13 and 61 of 

k-ras as cause for structural changes, which lead to an impaired inactivation of its GTP-bound 

active state due to compromised intrinsic GTPase activity [22]. Since preferentially G12V and 

G12D mutations are already present in more than 90 % of PanIN-1 lesions, constitutive 

activation of K-Ras is supposed to play a pivotal role in pancreatic carcinogenesis [21]. Further 

early genomic alterations include the overexpression of HER-2/neu gene and telomere 

shortening [23,24]. More advanced PanIN stages frequently exhibit inactivating mutations, 

epigenetic silencing or homozygous deletion of tumor suppressors such as cyclin-dependent 

kinase inhibitor 2A (p16INK4A/CDKN2A), tumor protein p53 (TP53) and breast cancer 2 early 

onset gene (BRCA2) [25]. Next to TP53, p16INK4A and BRCA2, a large proportion of PanIN-3 

lesions and PDACs exhibit resistance towards Transforming Growth Factor-beta (TGF-β)-

induced cell cycle arrest due to either homozygous deletion or mutations in mothers against 
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decapentaplegic homolog 4 (SMAD4/DPC4) gene, a downstream mediator of TGF-β signaling, 

or TGF-β receptor II [26]. Nevertheless, these well-known mutations represent just a small 

proportion of genomic alterations acquired during the development of PDAC. In 2012, a large 

exome sequencing project identified 2016 non-silent mutations and 1628 copy-number 

variations in a cohort of 142 PDAC patients [27]. Highlighting the clinical relevance of 

individual genomic alteration patterns, correlational studies on transcriptional profiles 

identified three distinct PDAC subtypes, which differently responded to current 

chemotherapeutic regimens [28]. However, in comparison to other cancer entities, PDAC 

displays a very low median tumor mutational burden [29]. 

 

1.1.4 Epithelial to mesenchymal transition in PDAC progression 
Epithelial to mesenchymal transition (EMT) is a central process in embryogenesis, wound 

healing and tissue regeneration [30–32]. Besides these physiological relevant processes, EMT 

has been shown to play a pivotal role in the progression and metastasis of solid tumors such as 

PDAC [33–35]. Basically, EMT is characterized by the loss of apical-basal polarity, 

decomposition of cell-cell contacts and reorganization of the cytoskeleton in epithelial cells. 

Morphologically, this process goes along with the acquisition of an elongated spindle-shaped 

morphology and front-rear polarization [36,37]. On a functional level, EMT enables former 

epithelial cells to acquire a motile phenotype. This phenotype allows them to exit their epithelial 

network without the induction of anoikis, a form of programmed cell death in epithelial cells 

that lose their contact to the basement membrane, and invade into the surrounding tissue [30]. 

On the molecular level EMT is associated with the downregulation/loss of epithelial proteins, 

e.g. E-cadherin, claudins and cytokeratins, and the upregulation/gain of mesenchymal proteins, 

e.g. vimentin, L1CAM, N-cadherin and fibronectin [32,38]. This commonly reversible switch 

in gene expression is most frequently mediated by transcription factors of the Snail, ZEB and 

basic helix-loop-helix family as well as micro RNAs (miRNA), but rarely by mutations or gene 

deletions [38–41]. In PDAC, an EMT phenotype in neoplastic cells has been correlated with 

poor patient prognosis [34,42]. As key drivers of EMT induction oncogenic K-Ras signaling as 

well as tumor-associated inflammation and hypoxia have been identified, which all represent 

characteristics of PDAC [43–46]. In terms of tumor-associated inflammation, especially 

cytokines secreted by tumor-associated macrophages (TAMs) and tumor-infiltrating 

lymphocytes (TILs) like TGF-β, Tumor Necrosis Factor alpha (TNFα), Interleukin-1-beta (IL-
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1β), Interleukin-6 (IL-6) and Interferon gamma (IFNγ) have been shown to exhibit great EMT-

inducing potential (Figure 2) [47–52]. 

 

Figure 2: Epithelial to Mesenchymal Transition is induced by an inflammatory microenvironment. Schematic illustration 
of EMT induction in epithelial tumor cells due to T lymphocyte secreted IFNγ as well as TGF-β, TNFα, IL-6 and IL-1β 
produced by tumor-associated macrophages. EMT progression goes along with the loss/downregulation of epithelial protein 
expression (E-cadherin and cytokeratin) and simultaneous induction of mesenchymal proteins’ expression (vimentin and 
L1CAM) as well as activation of transcription factors like Zeb-1. Adapted from [45]. 

 

In the last decades, the regulation of various EMT markers have been studied in PDAC and 

some of these proteins have been verified to play a functional role in promoting the motility of 

PDECs in vitro as well as the dissemination and metastasis formation of PDAC cells in vivo 

[53]. In order to name a few, the loss or downregulation of E-cadherin expression, the 

acquisition of vimentin and L1CAM expression as well as the transcriptional activity of Zeb-1 

have been shown to be associated with EMT induction, increased motility and dissemination in 

PDAC [41,54–59]. Interestingly, Rhim and colleagues showed that EMT induction followed 

by dissemination of PDECs is not exclusively a late stage phenomenon in PDAC, but occurs 

already in precursor lesions – a finding that has revolutionized the general understanding of 

EMT in the time course of PDAC progression [56,60]. 
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1.2 Tumor stroma in PDAC 
PDAC is characterized by a dense stromal reaction, termed desmoplasia, which constitutes up 

to 90 % of the tumor volume [61]. This stromal compartment comprises both cellular and non-

cellular components. Prominent cell populations in the tumor stroma of PDAC are pancreatic 

stellate cells (PSCs) and cancer-associated fibroblasts (CAFs) as well as various leukocyte 

populations like TAMs, myeloid-derived suppressor cells (MDSCs), neutrophil granulocytes 

and TILs, e.g. regulatory T lymphocytes (Tregs), T helper lymphocytes and cytotoxic 

T lymphocytes (CTLs) [62].                    

The non-cellular compartment consists of tightly packed extracellular matrix (ECM) molecules 

like collagens I and III, fibronectin, laminins, glycosaminoglycans and thrombospondin, but 

also cytokines, chemokines and growth factors, e.g. IFNγ, TNFα, TGF-β, Interleukin-8 (IL-8), 

Vascular Endothelial Growth Factor (VEGF) and Epidermal Growth Factor (EGF) (Figure 3) 

[62,63]. 

 
Figure 3: Tumor- and stromal compartment in pancreatic ductal adenocarcinoma. (A) Schematic illustration of the 
cellular and non-cellular compartments in PDAC. Adapted from [64]. (B) Representative image of a formalin-fixed paraffin-
embedded PDAC tissue section stained for pan-cytokeratin (brownish). Nuclei were stained with hematoxylin (violet). 

 

Based on the enhanced deposition of ECM components as well as the high infiltration by 

various cell populations, both tumor stiffness and interstitial fluid pressure are increased, which 

in turn causes poor vascularization and formation of hypoxic areas. As a consequence, PDAC 

tumors often display large necrotic areas [65].           

Several studies indicate that the complex tumor stroma and its microenvironment play a central 
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role in promoting tumor aggressiveness and therapy resistance of PDAC [62,63,66]. In contrast, 

Rhim and colleagues showed in a PDAC mouse model that stroma depletion was associated 

with an even more aggressive tumor progression [67]. Taken together, the role and prognostic 

relevance of the tumor stromal compartment in PDAC are controversially discussed.         

In the following sections, TAMs and CTLs will be introduced in more detail, since both 

leukocyte populations play a central role in the present study.  

 

1.2.1 (Tumor-associated) macrophages 

1.2.1.1 Origin and functional polarization of macrophages 
Macrophages are specialized phagocytotic cells with antigen-presenting properties that link 

innate and adaptive immunity. Tissue resident macrophages are present in almost every tissue 

of the human body, while infiltrated macrophages differentiate from monocytes that originate 

from bone marrow-derived myeloid progenitor cells [68,69]. Macrophages display a leukocyte 

population of high functional diversity and cellular plasticity. The functional differentiation 

status of macrophages is mainly attributed to the stimuli provided by the respective 

microenvironment they infiltrate into. In the process of wound healing, macrophages 

orchestrate every step from initiation of an immune response via tissue repair to reestablishment 

of tissue homeostasis [70]. In order to adapt their function to the needs of the respective 

microenvironment, macrophages exhibit a broad spectrum of both cell surface- and 

intracellular-located receptors for DNA, RNA, lipids and polysaccharides as well as cytokines, 

chemokines and growth factors. These include for example lipopolysaccharide (LPS)-binding 

receptor CD14 [71], the scavenger receptor CD163 [72] and the mannose receptor CD206 

[68,73]. Macrophages play an essential role in the activation of T lymphocytes. For this 

purpose, phagocytosed molecules are intracellularly degraded, loaded onto either major 

histocompatibility complex (MHC) class II or via cross-presentation onto MHC class I 

molecules and presented at nearby lymph nodes to naïve T lymphocytes to induce clonal 

expansion of antigen-specific effector T lymphocytes [68]. According to the T lymphocyte 

nomenclature, macrophages exhibiting a pro-inflammatory polarization are termed M1-

macrophages [74]. Molecules inducing this classical activated phenotype include among others 

various bacterial products like glycoproteins or LPS as well as IFNγ and Granulocyte 

Macrophage-Colony Stimulating Factor (GM-CSF) [70]. M1-like polarized macrophages are 

characterized by the secretion of pro-inflammatory cytokines (e.g. IL-1β, TNFα, Interleukin-12 

(IL-12) and Interleukin-23 (IL-23)) and chemokines (e.g. CXCL9, CXCL10, CXCL11 and 
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CCL2), which promote an inflammatory immune response by recruitment and activation of 

monocytes, dendritic cells, neutrophil granulocytes, T lymphocytes, B cells and NK cells 

(Figure 4) [70,75].  

 
Figure 4: Monocytes differentiate into various subsets of macrophages in dependence of the respective 
microenvironment. Monocytes differentiate by stimulation with M-CSF, anti-inflammatory cytokines (e.g. IL-4, IL-13 and 
IL-10) as well as corticosteroids, prostaglandins and vitamin D3 into an anti-inflammatory M2-macrophage type. GM-CSF, 
IFNγ as well as LPS or other bacterial products lead to the differentiation of a pro-inflammatory M1-phenotype. Both 
phenotypes differ regarding their gene expression profile and resulting functions. Adapted from [76]. 

 

Besides their pro-inflammatory qualities, macrophages also contribute to damping and 

termination of acute inflammation by a process termed phenotype switch. This process, which 

represents a critical turning point between acute and chronic inflammation, is induced by 

phagocytosis of cellular debris and apoptotic neutrophils and characterized by the upregulation 

of anti-inflammatory cytokine expression [70]. Hence, this gradually switch in macrophages’ 

gene expression profile leads to a positive feedback loop that causes the acquisition of an 

alternatively activated phenotype, termed M2 polarization. Soluble factors that promote M2-

like macrophage polarization are Macrophage Colony-Stimulating Factor (M-CSF), 

Interleukin-4, -10 and -13 as well as corticosteroids, prostaglandins and vitamin D3 [74,77]. 

M2-polarized macrophages are characterized by the secretion of anti-inflammatory cytokines 

like IL-1 receptor antagonist (IL-1ra), TGF-β1 and IL-10, Th2 response-promoting chemokines 

CCL17, CCL18 and CCL22 as well as high cell surface levels of CD163 and CD206 [73,78]. 

Moreover, M2-polarized macrophages promote cell proliferation, tissue vascularization and 

remodeling by the secretion of growth factors like EGF and VEGF as well as the synthesis of 
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polyamines and various matrix-metalloproteases (MMPs) (Figure 4). Not at least because of 

this secretome profile, M2- rather than M1-polarized TAMs are considered to promote tumor 

progression [74,76,79,80]. 

 

1.2.1.2 Tumor-associated macrophages in PDAC 
Tumor-associated macrophages represent one of the dominant stromal cell populations in 

PDAC [81]. In general, PDAC cells have been shown to produce a great variety of chemokines 

and growth factors that attract monocytes from the vascular system. These factors include 

amongst others CCL2, -3, -4, -5 and -12 as well as M-CSF and VEGF [82,83]. For example, 

Monti and colleagues showed that serum CCL2 levels from PDAC patients significantly 

correlated with macrophage tumor infiltration. They also demonstrated that pancreatic ductal 

epithelial cells (PDECs) in PDACs secreted higher amounts of CCL2 in a synergistic manner 

by IFNγ, TNFα and IL-1β stimulation than those PDECs from healthy tissues [84]. Monocytes 

recruited into the tumor are assumed to be driven into an M2-polarization due to the tumor-

associated microenvironment [79]. As outlined in section 1.2.1.1, M2-polarized TAMs secrete 

various cytokines, chemokines and other molecules that potentially promote malignant 

progression. Indeed, several studies indicate that high numbers of infiltrated TAMs correlate 

with a worse prognosis in PDAC. Hence, Kurahara and colleagues showed that an increased 

presence of CD163+ and CD204+ macrophages correlates with high incidence of lymph node 

metastases and poor prognosis [80]. Moreover, a study by Zhu and colleagues indicated that 

blockade of CSF1R, the receptor for M-CSF, results in decreased metastases formation in a 

PDAC mouse model [85]. Other studies revealed that targeting both CSF1R and CCR2 results 

in a decrease of TAMs and simultaneously increase of CD8+ T cells in PDAC stroma correlating 

with an improved response towards chemotherapy [86,87]. However, in contrast to the general 

assumption that TAMs commonly display an M2-polarized phenotype, a study by Helm and 

colleagues indicated that TAMs in PDAC rather exhibit a mixed phenotype comprising both 

M1- and M2-properties. Additionally, they provided evidence that isolated TAMs from PDAC 

tissues possess the ability to induce EMT in PDAC cells in vitro [58,88].                 

In summary, these and other studies indicate that TAMs play an important role in progression 

and therapy resistance of PDAC. Therefore, interfering with monocyte recruitment, 

repolarization of TAMs as well as blocking of TAM-associated cytokines is the aim of newly 

designed treatment strategies for PDAC in several current clinical trials (NCT03767582, 

NCT02550327, NCT02583477). 
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1.2.2 Tumor-infiltrating T lymphocytes 
T lymphocytes are a highly abundant leukocyte population in the stroma of PDAC that shows 

increased infiltration along with disease progression from early precursor lesions to invasive 

carcinoma [89,90]. However, T lymphocyte populations also display high phenotypic and 

functional diversity that is defined by the maturation process from naïve CD8+ or CD4+ 

T lymphocytes into respective subsets [68]. In the concept of cancer immunoediting, CD8+ 

CTLs, CD4+ T helper lymphocytes and Tregs are regarded as the key T cell subsets that 

essentially contribute to tumor elimination and escape, respectively. Therefore, the overall 

presence as well as the proportion of each subset in tumor tissues are associated with better or 

worse patient prognosis in several tumor entities [91].         

CD8+ T lymphocytes represent the primary cytotoxic T lymphocyte subset that mediates lysis 

of virus infected, damaged and neoplastic cells. Upon T cell receptor (TCR)-specific activation 

in secondary lymphoid organs and clonal expansion (introduced in section 1.3), CD8+ CTLs 

intravasate into the circulation and extravasate through activated endothelium into the target 

tissue. Within infiltrated tissues CD8+ CTLs search for cells that present the respective TCR-

specific antigens via major histocompatibility complex (MHC) class I molecules. Binding to 

target cells results in the formation of an immunological synapse, in which CD8+ CTLs release 

cytotoxic effector molecules like Perforin, Granzyme A, Granzyme B, soluble Fas ligand and 

Granulysin that either cause direct target cell lysis or induction of apoptosis via activation of 

effector caspases [68]. Moreover, activated CTLs secrete IFNγ, which has been shown to induce 

antigen presentation via MHC class I/II molecules as well as cell cycle arrest in target cells 

[92,93].                         

CD4+ T helper lymphocytes represent a way more diverse T lymphocyte subset than CD8+ 

CTLs. Like monocyte differentiation and macrophage polarization, their functional 

differentiation is essentially conducted by the cytokine composition provided by the respective 

microenvironment. For the acquisition of a TH1, TH2, TH17 or Treg phenotype, especially IL-

2, IL-4, IL-6, IL-12, IFNγ and TGF-β levels, respectively, are important (Figure 5) [94]. In 

general, all CD4+ T helper lymphocyte subsets play a critical role in the regulation of immune 

responses and, therefore, hold both pro- and anti-inflammatory potential [95]. Notably, TH1 

CD4+ T helper lymphocytes are a major source of IL-2, which is crucial for proliferation and 

survival of CD8+ CTLs [68].             

Regulatory T lymphocytes originate either from naïve FoxP3 Tregs (natural Tregs) or 

differentiate from naïve CD4+ T lymphocytes (induced Tregs). Generally, Tregs display an 

immunosuppressive phenotype. In contrast to CD8+ CTLs, Tregs recognize self-antigens in 
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order to maintain self-tolerance, regulate inflammatory responses and restore tissue 

homeostasis [68]. On the molecular level, Tregs are characterized by the phenotypic markers 

CD4+, CD25+, FoxP3+, CTLA-4+ and GITR+ as well as the secretion of IL-10 and TGF-β [96]. 

 

Figure 5: Schematic illustration of T helper cell maturation into functionally different subsets by various cytokines. TH0 
helper cells differentiate upon activation in dependence on cytokines present in the respective microenvironment into TH1, TH2, 
TH17 or Treg cells. Key transcription factors that render these functional phenotypes are Tbet, Gata-3, RoRγt and FoxP3, 
respectively. Adapted from [97] 

 

PDAC is regarded as a poorly immunogenic tumor, also termed cold tumor, based on its low 

median tumor mutational burden that results in scarce overall amount of neoantigens as well as 

its immunosuppressive tumor microenvironment [98]. Therefore, several studies indicated that 

high infiltration by CD8+ T lymphocytes significantly correlates with better patient prognosis 

in terms of post-surgical survival and overall survival as well as slower tumor progression in 

endogenous PDAC mouse models [89,99–102]. However, overall CD8+ T lymphocyte 

infiltration in PDAC is commonly low. Hence, a study by Fukunaga and colleagues showed 

that only 13 of 80 PDAC specimens (16.3 %) exhibited a pronounced tumor infiltration by 

CD8+ T lymphocytes [89]. Furthermore, they and others found that not CD8+ T lymphocytes’ 

abundance alone but concurrently high infiltration by CD4+ T lymphocytes is associated with 

a better prognosis [89,99,102]. The synergic effect of CD4+ and CD8+ T lymphocytes’ 

interaction in promoting an improved anti-tumor response has been also described by Marzo 

and colleagues as well as Huang and colleagues [103,104]. However, it is still controversially 

discussed which factors contribute to T lymphocyte exclusion in PDAC. Besides the non-
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cellular compartment within desmoplastic reaction, which provides a physical barrier for T 

lymphocyte infiltration into the tumor, a number of stromal cell populations have been shown 

to participate in the establishment of an immunosuppressive microenvironment that leads to 

both exclusion and inactivation of tumor-reactive T lymphocytes. These stromal cell 

populations include pancreatic stellate cells, CAFs, MDSCs, TAMs and Tregs [90,100,105–

108]. In this context, a study in an endogenous PDAC mouse model indicated that at the stage 

of invasive carcinoma MDSCs and Tregs cause the inactivation of tumor-infiltrating CTLs [90]. 

 

1.3 T lymphocyte maturation and priming 
T lymphocytes originate from lymphoid progenitor cells that derive in the bone marrow and 

migrate to the thymus, the central organ for T lymphocyte maturation [109]. Only in the thymus, 

these lymphoid progenitor cells are primed for the development into T lymphocytes by stromal 

signals that induce the activation of genes essential for TCR expression [110]. The expression 

and activation of enzymes associated with this T lymphocyte specific genetic program leads to 

the induction of a process termed V(D)J recombination, a clone-specific somatic rearrangement 

of variable (V), diversity (D) and joining (J) gene segments that causes the diversity in the TCR 

repertoire of estimated up to 1015 different variants [111]. Besides the genetic arrangement of 

TCR variants, this process goes along with differentiation into two T lymphocyte subsets, those 

that exhibit a TCR composed of an alpha and a beta subunit (αβ T lymphocytes) and those 

exhibiting a TCR composed of a gamma and a delta subunit (γδ T lymphocytes) [112]. 

Moreover, during this process so called “double-negative” αβ T lymphocytes (TCR- CD3- CD4- 

CD8-) develop into “double-positive” αβ T lymphocytes (αβTCR+ CD3+ CD4+ CD8+) that 

express both CD4 and CD8 co-receptor [113]. Afterwards, “double-positive” αβ T lymphocytes 

undergo a maturation step termed positive selection. At this step, T lymphocytes are confronted 

with MHC presented self-antigens by the thymus stromal cells. Only T lymphocytes that 

recognize these self-antigens presented by self-MHC complexes pass this selection step, while 

T lymphocytes that do not undergo apoptosis [114,115]. This step is important to eliminate 

T lymphocytes with a TCR variant that potentially recognizes antigens presented by non-self 

MHC complexes. Moreover, during this step the CD4+ CD8- and CD4- CD8+ T lymphocyte 

lineages emerge, because TCR variants that bind to antigens presented by MHC class I 

molecules only need the CD8 co-receptor for stabilization of the interaction while TCR variants 

that recognize antigens in a MHC class II dependent manner only need the co-receptor CD4 

[116]. In the final maturation step within the thymus, T lymphocytes are confronted with self-
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antigens presented by dendritic cells and macrophages. In this step, termed negative selection, 

T lymphocytes expressing autoreactive TCR variants are eliminated and only self-tolerant 

T lymphocytes pass without induction of apoptosis [117]. Mature naïve CD8+ or CD4+ 

T lymphocytes that have passed both positive and negative selection leave the thymus and 

migrate through the vascular and lymphatic system.  

Lymphocyte activation takes place in secondary lymphoid organs, especially the spleen and 

lymph nodes. Here, naïve T lymphocytes that have migrated into the T cell zone of the 

respective peripheral secondary lymphoid organ encounter antigen-presenting cells (APCs) 

(dendritic cells and macrophages), which present pre-processed antigens with a size of either 

8-10 amino acids or 13-25 amino acids in an MHC-I and MHC-II dependent manner, 

respectively [118]. Notably, the cellular origin of antigens presented via MHC-I and MHC-II 

complexes differs from each other. Hence, intracellular antigens are predominantly presented 

via MHC-I and extracellular phagocytosed antigens are mainly associated with MHC-II 

molecules. However, extracellular antigens can also be presented in an MHC-I dependent 

context and intracellular antigens also via MHC-II by a process termed cross presentation 

[119,120]. Overall, there are three types of signals that are needed to be delivered by the APC 

in order to prime a T lymphocyte (Figure 6). The first signal, also termed activation signal, is 

conducted via TCR specificity for the respective peptide-MHC complex presented by the APC. 

Binding of the TCR-CD3 complex to the peptide-MHC complex leads to additional linkage via 

CD4 and CD8 binding to the conserved region of the peptide-MHC complex, respectively 

[121].  
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Figure 6: Three types of signals are necessary for the priming of CD4+ T helper lymphocytes and CD8+ cytotoxic 
T lymphocytes by antigen-presenting cells in the secondary lymphoid organ. Schematic illustration of the interaction 
between antigen-presenting cells (APC) and CD4+/CD8+ T cells in the process of T lymphocyte priming. The first signal (1) 
provided by APCs is the pre-processed MHC-loaded antigen, which is presented via MHC-II or MHC-I to CD4+ and CD8+ 
T cells, respectively. Binding of peptide-MHC complex to antigen-specific TCR variants is accompanied by CD4 and CD8 co-
receptor crosslinking, respectively. The second signal (2) is provided by either co-stimulatory (+) or co-inhibitory (-) receptor-
ligand binding. Co-stimulatory signals between APCs and T cells are provided by CD40-CD40L, CD28-CD80/CD86 and 
CD27/CD70 interaction. In contrast, binding of PD-L1 or PD-L2 to its receptor PD-1 impedes T lymphocyte activation. The 
third signal (3) is mediated via cytokines like IL-2, IL-12, IL-15 and IL-15 that affect T lymphocyte differentiation, 
proliferation, survival and functional activity. Adapted from [122]. 

 

The second signal, also termed survival signal, is provided by co-stimulatory and co-inhibitory 

receptors and their ligands expressed by both APCs and T lymphocytes. In the recent decades, 

a wide variety of both co-stimulatory and co-inhibitory molecules have been identified, of 

which many belong the family of B7 molecules. One of the best characterized co-stimulatory 

signals for T lymphocyte priming represents the signaling via CD28-CD80/C86 interaction 

[123,124]. A selection of known co-inhibitory/-stimulatory receptors expressed by 

T lymphocytes and their respective ligands is listed in Table 1. Noteworthy, these molecules 

play a central role in the regulation of peripheral tolerance since some autoreactive TCR 

variants cannot be eliminated during negative selection in the thymus due the fact that some 

antigens are expressed only in distinct organs, e.g. the thyroid gland or the pancreas [125]. 

Moreover, it has been suggested that some regulators of peripheral tolerance mainly play a role 

in the priming phase of T lymphocytes within secondary lymphoid organs (e.g. cytotoxic 

T lymphocyte-associated protein 4 (CTLA-4)) while others rather mediate peripheral tolerance 

in the effector phase within target tissues (e.g. programmed death protein 1 (PD-1)) [126]. 
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Table 1: Selection of T lymphocyte expressed receptors and their respective ligands involved in T lymphocyte co-
stimulation. In the column termed “Effect” co-stimulatory interactions are denoted with a “+” and molecules involved in the 
mediation of co-inhibitory signals are marked with a “-“. 

Receptor Ligand(s) Effect Reference 

CD137 (4-1BB) CD137L + [127,128] 

CD152 (CTLA-4) CD80, CD86 - [126,129] 

CD226 CD112 + [130] 

CD27 CD70 + [131] 

CD278 (ICOS) ICOSL + [132] 

CD279 (PD-1) PD-L1 (CD274) 

PD-L2 (CD273) 

- [133] 

CD28 CD80, CD86 + [123,124] 

CD96 CD155 + [134] 

GITR (CD357) GITRL + [135] 

LAG-3 (CD223) MHC-II - [136] 

OX40 (CD134) OX40L + [137] 

TIGIT CD155, CD112 - [134,138] 

TIM-3 Galectin-9, CEACAM1 - [139] 

VISTA unknown - [140,141] 

 

The third signal for T lymphocyte priming, also termed as differentiation signal, is mediated 

via cytokines that are secreted by both APCs and T lymphocytes. As depicted in Figure 5, these 

cytokines play an essential role in regulating the functional differentiation of CD4+ 

T lymphocytes [97]. Moreover, cytokines secreted by activated APCs and T helper cells, e.g. 

IL-2, IL-12, IL-15 and IL-21, are indispensable for CD8+ CTLs to develop their full cytotoxic 

potential as well as to activate downstream signaling pathways, which maintain proliferation 

and survival of primed CD8+ CTLs (Figure 6) [142–146].               

T lymphocyte clones having successfully undergone priming phase in secondary lymphoid 

organs start to differentiate and proliferate, a process termed clonal expansion, before they enter 

the blood circulation and infiltrate into activated target tissues [68,147]. However, all three 

types of signals needed for T lymphocyte priming are by no means only “yes/no decisions” in 

terms of signal availability but their efficacy is rather determined by signal duration and 

composition, both factors that are poorly understood [148,149]. Hence, there is a fine line in 

T lymphocyte priming between over- and under-stimulation that both end in induction of 

anergy or apoptosis [125,150]. 
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1.3.1 T cell receptor and CD28 co-stimulatory signaling 
T lymphocyte activation is a tightly regulated process, in which antigen-specific T lymphocyte 

clones are primed to either generate an active immune response against foreign or neoantigens 

or attenuate initiated immune reactions. When these control mechanisms fail, severe 

autoimmune reactions or harmful chronic inflammatory diseases may occur [151]. On the 

molecular level, the TCR and its downstream signaling pathways are essential control points 

for both the priming and effector phase of all T lymphocyte subsets Figure 7. In detail, when 

an APC encounters a T lymphocyte the formation of an immunological synapse is initiated by 

interaction of various cell-cell adhesion molecules [152–154]. Upon engagement of the TCR 

with a matching peptide-MHC (pMHC) complex within the center of the immunological 

synapse, CD4 on CD4+ and CD8 on CD8+ T lymphocytes are recruited to the TCR-CD3 

complex [155]. These co-receptors foster the interaction between TCR and pMHC complex by 

binding the conserved region of the respective pMHC complex [156]. Subsequently, actin 

reorganization around the TCR cluster leads to the recruitment of the protein-tyrosine kinase 

LCK to the CD4/CD8 co-receptors [157]. LCK catalyzes the phosphorylation of so called 

immunoreceptor tyrosine-based activation motifs (ITAMs) in the TCR-associated CD3δ, CD3ε 

and CD3ζ chains [158]. In turn, phosphorylation of CD3 ITAMs enables the binding of adaptor 

protein-tyrosine kinases Fyn and Zap70, which bind to ITAMs in CD3δ/ε and CD3γ chains, 

respectively [159,160]. Hereafter, Fyn and LCK phosphorylate Zap70, which stabilizes Zap70 

ITAM binding and causes a conformational switch that leads to Zap70 activation [161–163]. 

The main target of Zap70 is the transmembrane protein linker for activation of T cells (LAT). 

In cooperation with LCK, Zap70 catalyzes multiple phosphorylation of LAT, which in turn 

generates binding sites for docking molecules. Therefore, LAT represents a multimolecular 

signalosome that provides the basis for distribution and regulation of TCR downstream 

signaling into various pathways that control cell proliferation, cytoskeleton reorganization as 

well as the expression of genes associated with respective T lymphocyte functions like 

cytokines and effector molecules [164]. In summary. essential TCR downstream events include 

the activation mitogen-activated protein kinase (MAPK) pathway via ERK1/2 phosphorylation 

as well as the activation of protein kinase C theta (PKCθ) and calcineurin (Figure 7) [164]. 
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Figure 7: Signal transduction downstream of the T cell receptor. In CD4+ T lymphocytes, T cell receptor (TCR) binding 
to a complementary peptide-MHC II complex on the surface of an antigen-presenting cell (APC) leads to the recruitment of 
CD4 co-receptor, which binds to the conserved region of the MHC complex. Subsequently, the protein kinase Lck is recruited 
to CD4 and phosphorylates CD3ε, -δ and -ζ chains associated with the TCR. This phosphorylation enables binding of adaptor 
protein kinases Fyn and Zap70 to CD3 chains. Then, Zap70 is activated by Fyn- and Lck-mediated phosphorylation and in turn 
phosphorylates the linker for activation of T cells (LAT) at multiple sites. These modifications generate binding sites for several 
other adaptor molecules like GADS, PLC-γ1 and Grb-2, which in turn recruit other adaptor molecules and protein kinases 
leading to the activation of downstream signaling pathways that initiate cytoskeletal rearrangements, cell proliferation as well 
as the expression of genes associated with respective T lymphocyte function. Adapted from [165]. 

 

As outlined in the previous section, TCR signaling has to be accompanied by a second, co-

stimulatory signal in order to accomplish T cell priming. Within this group, co-stimulatory 

signaling via CD28 represents one of best characterized pathways as well as a prominent target 

for co-inhibitory signaling pathways that impede T lymphocyte activation, e.g. PD-1 signaling. 

CD28 supports and amplifies TCR signaling in multiple ways. On the biophysical level, CD28 

binding to CD80/CD86 within the immunological synapse fosters T lymphocyte adhesion to 

the respective APC and, thereby, prolongs TCR-pMHC complex interaction [166]. On the 

molecular level, the intracellular domain of CD28 provides binding sites for adaptor proteins 

that contain SH2 and SH3 domains. When phosphorylated by protein-tyrosine kinases like 

LCK, the membrane proximal YMNM motif enables the binding of phosphoinositide 3-kinases 
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(PI3K) that catalyze the conversion of PIP2 into phosphatidylinositol 3,4,5-phosphate (PIP3) 

[167]. PIP3 functions as an adaptor molecule for protein kinase B (PKB/AKT) and 

phosphoinositide-dependent kinase 1 (PDK1) that are recruited to the cell membrane. 

Activating phosphorylation of AKT and PDK1 results in the initiation of downstream signaling 

pathways relevant in cell survival (Bcl-XL and IL-2 expression), acquisition of a glycolytic 

metabolism due to the activation of PKCθ and the mammalian target of rapamycin (mTOR) as 

well as inhibition of the glycogen synthase kinase 3 (GSK3) [168–170]. Moreover, CD28-

recruited adaptor kinases initiate the downstream activation and translocation of central 

transcription factors like Jun, Fos, NF-κB and AP-1 [171] as well as cytoskeletal 

rearrangements [172–174].   

 

1.3.2 Programmed death protein 1 signaling 
Programmed death protein 1 (PD-1/CD279) is a type I transmembrane receptor predominantly 

expressed in activated T lymphocytes and B cells that belongs to the B7 family. There are two 

known ligands for PD-1, namely programmed death ligand 1 (PD-L1/CD274) and -2 (PD-

L2/CD273), which have been shown to be expressed by wide variety of cell populations 

including dendritic cells and macrophages as well as activated T- and B cells [175]. In contrast 

to the co-stimulatory effects of CD28-CD80/CD86 interaction, signaling via PD-1 strongly 

hampers TCR signal transduction and, therefore, PD-1 and its ligands belong to the class of co-

inhibitory immune checkpoint regulators [176]. In the last decade, PD-1 signaling attracted 

particular attention due the fact that aberrant PD-L1 expression by neoplastic cells in several 

tumor entities has been shown to play a major role in the suppression of T cell mediated anti-

tumor responses [177,178]. Although the signal transduction via PD-1 has not been solved in 

detail yet, recent studies indicate that PD-1 interferes with TCR and CD28 signaling at different 

levels. Like CD28, PD-1 exhibits an intracellular domain that contains two tyrosine-based 

adaptor sites, namely a membrane proximal immunoreceptor tyrosine-based inhibitory motif 

(ITIM) and a C-terminal immunoreceptor tyrosine-based switch motif (ITSM).  

Phosphorylation of both ITIM and ITSM enables the binding of Src homology 2 domain-

containing phosphatases 1 and -2 (SHP1/2), respectively [179,180]. Hence, it has been shown 

that SHP1 binds to both the ITIM and ITSM, while SHP2 only binds to the ITSM. However, 

the role of SHP1 and -2 in mediating the direct inhibitory effects of PD-1 signaling is 

controversially discussed, since SHP2 but not SHP1 has been detected PD-1/TCR signalosome-

associated microclusters, but a recent study published by Rota and colleagues indicated that 
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SHP2 is dispensable for PD-1 signaling in murine CD8+ T cells [181,182]. Nevertheless, PD-1 

has to be ligated and in close proximity to the TCR signalosome within the immunological 

synapse to deploy its full inhibitory potential. Therefore, it is suggested that PD-1 recruited 

SHP1/2 preferentially target central downstream mediators of TCR and CD28 signaling like 

Zap70 and PI3K for dephosphorylation [180]. Besides this direct effect mechanism, PD-1 

downstream signaling has been implicated in the downregulation of protein kinase CK2, which 

in turn is a negative regulator of phosphatase and tensin homolog (PTEN) protein that catalyzes 

the dephosphorylation of PIP3 and, therefore, shuts down AKT and PDK1 signaling pathways 

[183]. Additionally, PD-1 signaling might indirectly contributes to TCR internalization [184], 

blockade of Zap70 binding to CD3ζ [133,185] and PI3K inactivation by upregulation of E3-

ubiquitin ligase expression [186]. Finally, PD-1 signaling associated inactivation of MAPK and 

mTOR signaling has been shown to cause a shift from glycolytic metabolism to elevated β-

oxidation, a metabolic state that is commonly associated with an inactive memory T cell 

phenotype [187].                    

Nevertheless, there are currently many open questions concerning the molecular mechanisms 

and the physiological role of PD-1 signaling. In contrast to CD28, PD-1 is constantly expressed 

only in activated T lymphocytes and clinical trials on PD-1 and PD-L1 antagonists showed less 

severe immune-related adverse events (IrAE) in comparison to the application of CTLA-4 

targeting blocking antibodies [188]. Hence, these data indicate that physiological PD-1 

signaling predominantly mediates peripheral tolerance in the effector phase [189]. However, 

the results from a recent study by Mizuno and colleagues also indicate a role of PD-1 signaling 

in the priming phase of T lymphocyte activation [190]. 

 

1.4 Cancer Immunity and Immunotherapy 
The immune system is our vitally important shield against both exogenous pathogens, e.g. 

bacteria, viruses and parasites, and endogenous harms like cancer [68]. Hence, even minor 

deficits in the maturation or function of innate and adaptive immune cell populations can cause 

immune compromised phenotypes that face life-threatening conditions when confronted with 

exogenous and endogenous harms, respectively. In terms of malignant diseases, the concept of 

cancer immune surveillance and immunoediting summarizes how the immune system on the 

one hand contributes to the elimination of neoplastic cells but on the other hand also puts 

pressure on tumor cell evolution, which finally leads to immune escape followed disease 

manifestation and progression [191]. Therefore, the concept behind cancer immunotherapy is 

mainly based on the reactivation and boosting of the innate and adaptive anti-tumor responses. 
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However, in order to achieve these goals, it is necessary to understand at which point the anti-

tumor response machinery lacks efficiency or is hampered. Empowered by the enormous 

progress made in the fields of cell and molecular biology within the last century, we have just 

started to get an overview of the key steps in the complex regulation of anti-tumor immunity in 

the last decade. Chen and Mellman summed up our current knowledge in the concept of the 

Cancer-Immunity Cycle, which classifies seven distinct steps for the induction of an effective 

anti-tumor response [192]. The first step depicts the release of cancer-associated neoantigens. 

In the second step, these neoantigens are engulfed, processed and presented via MHC class I/II 

molecules by APCs like dendritic cells and macrophages. The third step describes the priming 

and activation phase of antigen-specific T lymphocytes by APCs in nearby lymph nodes. The 

fourth and fifth step summarize the intravasation of activated T lymphocytes into the blood 

circulation and their extravasation at the target tissue site. The last and very critical phases 

include the recognition and subsequent killing of cancer cells by tumor-infiltrating CTLs, which 

in turn causes the release of more tumor-associated antigens (Figure 8) [192]. 

 

 

Figure 8: The Cancer-Immunity Cycle and current (immune-)therapeutic interventions that target each step for 
reactivation and amplification of the anti-tumor immune response.  Schematic illustration of the seven central steps in the 
generation of an anti-tumor response by the innate and adaptive immunity (grey). A selection of potential therapeutic strategies 
to improve each step are listed below (bold black). TLR = Toll-like receptor; IL = interleukin; CARs = chimeric antigen receptor 
T lymphocytes; IDO = Indoleamine 2,3-dioxygenase. Adapted from [192]. 
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The repertoire of immunotherapeutic approaches compiles a great variety of strategies that each 

target different steps of the Cancer-Immunity Cycle [192,193]. The currently most extensively 

studied and targeted steps are the priming and activation phase of tumor-antigen-specific 

T lymphocytes as well as the recognition and killing phase of neoplastic cells. Here, the 

targeting of so called immune co-inhibitory checkpoint molecules significantly improved the 

prognosis for patients suffering from malignant melanoma, non-small cellular lung carcinoma, 

prostate cancer and many more [194–197]. Hence, James Patrick Allison and Tasuku Honjo 

were awarded with the Nobel Prize in Physiology or Medicine in 2018 for the discovery of 

cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and programmed death protein 1 ligand 

1 (PD-L1) as well as their contribution to the development of clinically-approved antagonistic 

antibodies targeting CTLA-4 and programmed death protein 1, the receptor for PD-L1 [198]. 

Besides CTLA-4, PD-1 and PD-L1, there are currently several other co-inhibitory and co-

stimulatory molecules under investigation as potential therapeutic targets [135,136,202–

204,137–141,199–201] as well as alternative immunotherapeutic strategies like cancer vaccines 

[205], immune-stimulatory cytokines [142–145,206–210], synthetic immune-stimulatory 

molecules and anti-metabolites [211], adoptive immune cell therapy with chimeric antigen 

receptor T cells [212–214] and oncolytic viruses [215].                              

In comparison to standard oncological treatment regimens like chemo- and radiotherapy, the 

major desired benefits of immunotherapeutic approaches are the specific targeting of regulatory 

mechanisms (1) within a pre-existing endogenous anti-tumor system (2) that potentially 

exhibits higher specificity (3) and effectiveness (4). However, the greatest challenge for the 

success of immunotherapy in cancer treatment as well as its danger lies in the fact that cancer 

cells originate from endogenous cells and, therefore, display a high degree of similarity to 

healthy cells. Hence, the unwanted induction of severe auto-immune responses constitutes a 

common side effect in current immunotherapeutic regimens [216]. Moreover, it is still unclear 

why some patients show extraordinary response towards immunotherapy while others display 

either pre-existing or secondary acquired resistance [217,218]. This situation is clearly 

underscored by lack of reliable biomarkers for prediction of patient responses towards the 

different immunotherapeutic strategies highlighting that immunotherapy in cancer is still in the 

early stages of development and there are numerous open questions in the field of tumor 

immunology [219]. 
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1.4.1 PD-1 and PD-L1 as targets in cancer therapy 
In the last five years, many immunotherapeutic approaches and drugs entered the clinic. In this 

process, monoclonal antagonistic antibodies targeting either PD-1 or PD-L1 generated special 

attention, since results from clinical trials indicated outstanding efficiency for the treatment of 

several highly aggressive malignancies [220]. At present, three therapeutic antibodies either 

targeting PD-1 or PD-L1 are approved for clinical application in Europe and the United States 

of America (Table 2) [221]. 

 
Table 2: Approved PD-1 or PD-L1 targeting monoclonal agonistic antibodies for cancer immunotherapy. 

Antibody (Tradename) Target Isotype Distributor 

Pembrolizumab (Keytruda) PD-1 humanized IgG4 Merck 

Nivolumab (Opdivo) PD-1 human IgG4 Bristol-Myers Squibb 

Cemiplimab (Libtayo) PD-1 human IgG4 Sanofi/Regeneron 

Durvalumab (Imfinzi) PD-L1 human IgG1 Medimmune/Astra Zeneca 

Avelumab (Bavencio) PD-L1 human IgG1 Merck/Pfizer 

Atezolizumab (Tecentriq) PD-L1 humanized IgG1 Genentech/Roche 

    

Overall, PD-1/PD-L1 antagonistic antibodies have revolutionized the treatment regimens for 

almost every of the most frequent tumor entities. In order to give just a few prominent examples, 

Atezolizumab in combination with Bevacizumab (Avastin), a VEGF inhibitor, has been 

designated as Breakthrough Therapy by the U.S. food and drug administration (FDA) as first-

line treatment for advanced and metastatic hepatocellular carcinoma (HCC) [222]. Further 

Breakthrough Therapy designations have been assigned to Nivolumab for the first-line 

treatment of Hodgkin lymphoma [223], Pembrolizumab in combination with Lenvatinib for the 

first-line treatment of advanced unresectable HCC [224], Avelumab in combination with 

Axitinib for the first-line treatment of patients with advanced renal cell carcinoma [225], 

Cemiplimab for the first-line treatment of metastatic unresectable cutaneous squamous cell 

carcinoma [226] as well as Durvalumab as monotherapy for the treatment of stage III 

unresectable non-small cellular lung carcinoma [227]. However, it should be noted that despite 

the vast number of granted approvals by the U.S. FDA and the European Medicines Agency 

(EMA), only a distinct subgroup of patients benefits from therapy with so-called checkpoint 

inhibitors. One reason for this might be that currently available biomarkers and clinical 

indications poorly perform in patient stratification [216,218]. Nevertheless, recent studies 
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addressed various tumor characteristics as potential biomarkers for effective therapy with PD-

1 and PD-L1 antagonists, e.g. tumor-associated PD-L1 expression, the tumor mutational burden 

(TMB) and tumor infiltration by CTLs [29,102,219,228]. In the case of tumor-associated PD-

L1 expression, several companion and complementary diagnostics have been developed and 

approved (Table 3). These assays stratify patients based on immunohistochemical staining of 

PD-L1 in tumor biopsies, which is classified by an assay-specific standardized evaluation 

scheme. The results from staining evaluation indicate whether a patient might benefit from 

therapy with the associated PD-1/PD-L1 antagonist or not [229,230]. 

 
Table 3: Approved IHC-based companion and complementary diagnostic assay for evaluation of PD-L1 expression 
status in tumor tissues. NSCLC = non-small cellular lung carcinoma; UC = Urothelial cancer; SCCHN = Squamous cell 
carcinoma of head and neck; mAb = monoclonal antibody 

Assay Tumor Clinical mAb Distributor 

PD-L1 IHC 22C3 pharmDx NSCLC Pembrolizumab (Keytruda) Agilent/Dako 

Ventana PD-L1 (SP263) NSCLC Nivolumab (Opdivo) 

Durvalumab (Imfinzi) 

Pembrolizumab (Keytruda) 

Roche 

Ventana PD-L1 (SP142) UC Atezolizumab (Tecentriq) Roche 

PD-L1 IHC 28-8 pharmDx NSCLC 

SCCHN 

Melanoma 

UC 

Nivolumab (Opdivo) Agilent/Dako  

73-10 Assay NSCLC Avelumab (Bavencio) Agilent/Dako 

 

In the present study, Durvalumab was utilized to examine the effect of PD-L1 inhibition on the 

phenotype and activity of CD8+ T lymphocytes in different microenvironmental conditions in 

vitro. Therefore, Durvalumab will be introduced in more detail in the following chapter. 
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1.4.2 Durvalumab (Imfinzi) 
Durvalumab (Imfizi) is a human IgG1 kappa monoclonal PD-L1 targeting antibody that has 

been developed and marketed by Astra Zeneca and its subsidiary Medimmune. Its therapeutic 

application is located in the field of oncology where this antagonistic antibody is utilized to 

block the extracellular binding epitope on PD-L1 that is engaged by PD-1 (Figure 9). Thereby, 

Durvalumab interferes with PD-L1-mediated signaling induction via PD-1, a mechanism by 

which neoplastic cells terminate anti-tumor immune responses by activated CTLs (introduced 

in section 1.3.2) [231]. 

 

Figure 9: Durvalumab in complex with human PD-L1. Surface (transparent) and ribbon diagram of Durvalumab Fab-
fragment (blue = heavy chain; red = light chain) in complex with the Immunoglobulin superfamily (IgSF) V-set domain of 
human PD-L1 (grey) according to the orthorhombic crystal structure determined by X-ray crystallography (pdb entry: 5X8M). 
Main- and side chains of PD-L1 IgSF V-set domain, which are engaged by Durvalumab via hydrogen bonds, salt bridges and 
hydrophobic interactions, are presented in black (stick model). Data has been obtained from [232]. 

 

In February 2016, Durvalumab received Breakthrough Therapy designation status by the U.S. 

FDA for the second-line treatment of patients with unresectable or metastatic PD-L1 positive 

urothelial bladder cancers based on the high response rates and durability observed in phase I 

and II clinical trials NCT01693562 and NCT02118337 [233–235]. Already two years later in 

February 2018, Durvalumab received approval by the U.S. FDA for the treatment of patients 

with stage III unresectable NSCLC, who reveal no tumor progression after chemo- and 

radiotherapy. Approval was granted based on improved progression-free survival compared to 

the placebo group observed in the PACIFIC study (NCT02125461) [236]. In April 2019, also 

the Federal Joint Committee in Germany approved the survival benefits of Durvalumab for the 

treatment of stage III NSLCL in patients that display no disease progression after platinum-

based radio-chemotherapy.                               
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In future perspective, Durvalumab might receive the approval for the treatment of several other 

tumor entities, e.g. NSCLC, colorectal cancer, head and neck cancer, gastric cancer and HCC, 

either in mono- or combination-therapy with other checkpoint inhibitors, radio-/chemotherapy 

or other novel anti-cancer drugs. Hence, at this time (August 27th, 2019) the application of 

Durvalumab is scheduled in 349 trials listed at the U.S. National Library of Medicine 

(https://clinicaltrials.gov). Moreover, in 16 of these trials, the therapeutic potential of 

Durvalumab for the treatment patients suffering from either resectable or advanced/metastatic 

PDAC is addressed. 
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1.5 Aim of the study 
Despite the enormous progress made in the field of immunotherapy and other targeted 

therapeutic strategies for the treatment of cancer patients as well as the continuous growing 

insight into the mechanisms that drive PDAC development and progression, PDAC is estimated 

to become the second cause of cancer-related death by 2030 [5]. This perspective clearly 

reflects the poor progress made in the treatment of PDAC within the last three decades since 

the implementation of Gemcitabine as standard chemotherapeutic agent [237]. In the current 

age of immunotherapy, PD-1 and PD-L1 antagonistic monoclonal antibodies revolutionized 

therapy concepts for some tumor entities that either lacked efficient therapeutic options or 

showed stagnation in clinical progress for a long time. Therefore, first clinical trials utilizing 

PD-1 and PD-L1 agonists were launched with great enthusiasm. However, expectations soon 

turned to disappointment when results from these initial trials did not show the desired benefits 

of monotherapies with checkpoint inhibitors on overall survival but even low response rates 

[238]. In order to understand why some patients suffering from one malignant disease show 

remarkable responses to PD-1/PD-L1 targeted therapies while other patients suffering from the 

same disease or another tumor entity do not benefit from the same therapeutic approach, we 

have to understand the tumor biological role PD-1/PD-L1 in each individual disease.     

Therefore, the first aim of this study was to comprehensively characterize PD-L1 expression in 

in the tumor and stromal compartment of pancreatic tumor tissues from a cohort of 59 PDAC 

patients by immunohistochemistry as well as correlate the findings with tumor, stromal and 

patient-specific clinic-pathological parameters. The second aim of this study was to translate 

findings from in situ analyses into in vitro settings, in order to investigate the cellular interplay 

of tumor and immune cell populations as well as the role of PD-L1 in phenotypic alterations 

mediated in co-culture settings. For the latter purpose, the PD-L1 targeting monoclonal 

antagonistic antibody Durvalumab, kindly provided by AstraZeneca, was applied for inhibiting 

PD-1/PD-L1 interaction. 
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2.      Materials 

2.1 Chemicals and Reagents 

Compound Manufacturer 

2-mercaptoethanol Sigma-Aldrich, München, DE 

Accutase solution Pan-Biotech GmbH, Aidenbach, DE 

Acetic acid Carl Roth GmbH, Karlsruhe, DE 

Ammonium chloride Merck Millipore, Darmstadt, DE 

Ammonium persulfate (APS) Merck Millipore, Darmstadt, DE 

BlueBlock PF (10x) Serva, Heidelberg, DE 

Bovine pituitary extract (BPE) Life Technologies, Darmstadt, DE 

Bovine serum albumin (BSA), fraction V Biomol, Hamburg, DE 

Bromophenol blue Merck Millipore, Darmstadt, DE 

Calcein AM BioLegend, Fell, DE 

Carboxyfluorescein succinimidyl ester (CFSE) Thermo Scientific, Schwerte, DE 

CellTracker CMTPX Red Thermo Scientific, Schwerte, DE 

Citric acid Sigma-Aldrich, München, DE 

Dithiothreitol (DTT) Sigma-Aldrich, München, DE 

Dimethyl sulfoxide (DMSO) Th.Geyer GmbH, Renningen, DE 

Dulbecco’s Modified Eagle Medium (DMEM) Biochrom, Berlin, DE 

Ethanol Merck Millipore, Darmstadt, DE 

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

FcR blocking reagent human Miltenyi Biotec GmbH, 

Bergisch Gladbach, DE 

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

Fixation/Permeabilization Concentrate eBioscience, Frankfurt, DE 

Fixation/Permeabilization Diluent eBioscience, Frankfurt, DE 

Fluoro-Gel Electron Microscopy Science, Hatfield, UK 

Glycerol 80 % Sigma-Aldrich, München, DE 

Glycine Carl Roth GmbH, Karlsruhe, DE 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Pan-Biotech GmbH, Aidenbach, DE 

Hoechst 33258 Sigma-Aldrich, München, DE 

Horse serum Thermo Scientific, Schwerte, DE 
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Potassium bicarbonate Merck Millipore, Darmstadt, DE 

Keratinocyte serum-free medium Life Technologies, Darmstadt, DE 

L-glutamine (L-Gln) Biochrom, Berlin, DE 

LightCycler480 SYBR Green I Master Roche, Basel, CH 

Methanol Th.Geyer GmbH, Renningen, DE 

Milk powder Carl Roth GmbH, Karlsruhe, DE 

PageRuler prestained protein ladder Thermo Scientific, Schwerte, DE 

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

Paraformaldehyde (PFA) 4.0 % Thermo Scientific, Schwerte, DE 

Penicillin-streptomycin (Pen/Strep) Biochrom, Berlin, DE 

Permeabilization Buffer (10x) eBioscience, Frankfurt, DE 

Phosphate-buffered saline (PBS) Dulbecco Biochrom, Berlin, DE 

Propidium iodide BioLegend, Fell, DE 

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

Roswell Park Memorial Institute (RPMI) 1640 

medium 

Biochrom, Berlin, DE 

Rotiphorese gel 40 (37.5:1) 

acrylamide/bisacrylamide 40 % solution 

Carl Roth GmbH, Karlsruhe, DE 

Sodium chloride  Carl Roth GmbH, Karlsruhe, DE 

Sodium dodecyl sulfate (SDS) ultra-pure Carl Roth GmbH, Karlsruhe, DE 

Sodium orthovanadate Santa Cruz Biotechnology, Heidelberg, DE 

Sodium pyruvate Biochrom, Berlin, DE 

Solution 555 Beckmann Coulter GmbH, Krefeld, DE 

Tetramethyl ethylenediamine (TEMED) Carl Roth GmbH, Karlsruhe, DE 

Trans-Blot Turbo 5x Transfer Buffer Bio-Rad Laboratories, München, DE 

Tris(hydroxymethyl)aminomethane (Tris) Carl Roth GmbH, Karlsruhe, DE 

Triton X-100 Sigma-Aldrich, München, DE 

Trypan blue solution Fluka 0.4 % Sigma-Aldrich, München, DE 

Trypsin-EDTA Biowest, Riverside, US 

Tween 20 Serva, Heidelberg, DE 

Western Bright ECL substrate Advansta, San Jose, US 

Xylene Th.Geyer GmbH, Renningen, DE 
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2.2 Buffers 

Buffer Formulation 

 
―     Density gradient & counterflow centrifugation     ― 

Erythrocyte lysis buffer 155 mM NH4Cl 

10 mM KHCO3 

0.1 mM EDTA 

in ddH2O 

Elutriation buffer 0.1 % (v/v) FCS 

10 mM EDTA 

in PBS 

pH 7.4 

 
―     Flow Cytometry     ― 

Fixation solution 1 % (v/v) PFA 

in MACS buffer 

FixPerm Solution 25 % (v/v) Fixation/Permeabilization Concentrate 

in Fixation/Permeabilization Diluent 

MACS buffer 0.5 % (w/v) BSA 

2 mM EDTA 

in PBS 

pH 7.4 

sterile-filtered and vacuum-degassed 

Perm Washing buffer 10 % (v/v) Permeabilization buffer (10x) 

in ddH2O 

 
―     Western Blotting     ― 

Blotto 5 % (w/v) milk powder 

in TBS-T 

Lämmli buffer 128 mM Tris  

4.6 % (w/v) SDS 

10 % (v/v) glycerol 

in ddH2O 

pH 7.6 
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Loading Dye (4x) 0.005 % (w/v) bromophenol blue 

10 % (v/v) 2-mercaptoethanol 

in Lämmli buffer 

Running gel buffer 1.5 M Tris  

0.4 % (w/v) SDS 

in ddH2O 

pH 8.8 

Stacking gel buffer 0.5 M Tris  

0.4 % (w/v) SDS 

in ddH2O 

pH 6.8 

TBS-Tween (TBS-T) 20 mM Tris  

140 mM NaCl 

0.05 % (v/v) Tween 20 

in ddH2O 

pH 7.6 

Western blot running buffer 25 mM Tris  

192 mM glycin 

0.1 % (w/v) SDS 

in ddH2O 

 

2.3 Cell culture material 

2.3.1 Cell lines 
Authentication of all cell lines was carried out by short tandem repeat analysis in the Institute 

of Forensic Medicine in Kiel. 

Cell line Information Reference 

BxPc3 Moderately differentiated human PDAC cell line 

isolated from the primary tumor of a 61-year-old 

Caucasian female. 

They exhibit a driver mutation in p53 (Y220) along 

with homozygous p16 and dpc4 deletion but display 

wildtype k-ras status. BxPc3 cells were purchased 

from ATCC. 

[239–241] 
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Capan-1 Well differentiated human PDAC cell line isolated 

from liver metastasis of a 40-year-old Caucasian 

male. They exhibit driver mutations in p53 (A159V) 

and k-ras (G12V) as well as point-nonsense 

mutation in exon 8 of dpc4 and homozygous p16 

deletion. Capan-1 cells were purchased from ATCC. 

[240,242–246] 

Colo357 Moderately differentiated human PDAC cell line 

isolated from lymph node metastasis of a 77-year-

old Caucasian female. They exhibit a driver 

mutation in k-ras (G12V) as well as homozygous 

dpc4 deletion but wildtype p53 and p16 status. 

[240,242,247,248] 

H6c7eR-kras HPV-16 E6/E7 immortalized HPDE cell line 

expressing murine ecotropic retroviral receptor (eR) 

transduced with retroviral pBabepuro-K-ras4BG12V 

vector. These cells were used as an in vitro model 

for premalignant PDCECs harboring only a k-ras 

mutation. H6c7eR-kras cells were kindly provided 

by M.-S. Tsao (Ontario Cancer Institute, Toronto, 

Canada). 

[249–252] 

H6c7eR-pBp HPV-16 E6/E7 immortalized HPDE cell line 

expressing murine ecotropic retroviral receptor (eR) 

transduced with empty retroviral pBabepuro vector. 

These cells were used as an in vitro model for benign 

PDECs with a near normal genotype and phenotype. 

H6c7eR-pBp cells were kindly provided by M.-S. 

Tsao (Ontario Cancer Institute, Toronto, Canada). 

[249–252] 

MIA PaCa-2 Poorly differentiated human PDAC cell line isolate 

from the primary tumor of a 65-year-old Caucasian 

male. They exhibit driver mutations in k-ras (G12C) 

and p53 (R248W) as well as homozygous p16 

deletion but dpc4 wild type status. MIA PaCa-2 cells 

were purchased from ATCC. 

 

[240,241,253,254] 
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Panc1 Poorly differentiated human PDAC cell line isolated 

from the primary tumor of a 56-year-old Caucasian 

male. They exhibit driver mutations in k-ras 

(G12D), p53 (R273H) and p16 (homozygous 

deletion) but show wildtype dpc4 status. Panc1 cells 

were purchased from ATCC.  

[240,254,255] 

Panc89 Moderately differentiated human PDAC cell line 

isolated from lymph node metastasis of 64-year-old 

Caucasian male. They exhibit a p53 mutation 

(Y220C) and methylated p16 5’CpG island but show 

k-ras and dpc4 wild type status. Panc89 cells were 

kindly provided by K. Keiichi (Kyoto Prefectural 

University of Medicine, Japan). 

[240,254,256] 

PancTu-I Poorly differentiated human PDAC cell line isolated 

from the primary tumor of a Caucasian female 

patient. They exhibit driver mutations in k-ras 

(G12V) and p53 (C176S) as well as a methylated 5’ 

CpG island within the p16 locus leading to its 

transcriptional inactivation. PancTu-I cells were 

kindly provided by M. v. Bülow (University of 

Mainz, Germany).           

[240,254] 

 

2.3.2 Culture media 

Usage Formulation 

H6c7eR-pBp 

H6c7eR-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 

supplemented with 10 % (v/v) FCS, 2 mM L-Gln 

Macrophage differentiation RPMI 1640 medium 

supplemented with 1 % (v/v) FCS, 2 mM L-Gln, 

100 U/ml Penicillin, 100 µg/ml Streptomycin 
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Panc1, PancTu-I, Panc89, 

Colo357, BxPC3, Capan-1 

RPMI 1640 medium 

supplemented with 10 % (v/v) FCS, 2 mM L-Gln, 

1 mM sodium pyruvate 

T cell activation 

Co-culture 

RPMI 1640 medium 

supplemented with 10 % (v/v) FCS, 20 mM HEPES, 

2 mM L-Gln, 1 mM sodium pyruvate, 

100 U/ml Penicillin, 100 µg/ml Streptomycin 

MIA PaCa-2 DMEM (4.5 g/l D-glucose) medium 

supplemented with 10 % (v/v) FCS, 2 mM L-Gln, 

2.5 % (v/v) horse serum 

 

2.3.3 Growth factors and cytokines 

Compound Concentration (ng/ml) Manufacturer 

EGF, human recombinant 20 Thermo Scientific, Schwerte, DE 

GM-CSF, human recombinant 2.4 BioLegend, Fell, DE 

IFNγ, human recombinant 10 BioLegend, Fell, DE 

IL-2, human recombinant 60 BioLegend, Fell, DE 

IL-6, human recombinant 10 BioLegend, Fell, DE 

M-CSF, human recombinant 50 BioLegend, Fell, DE 

TGF-β1, human recombinant 20 BioLegend, Fell, DE 

TNFα, human recombinant 10 BioLegend, Fell, DE 

 

2.4 Patient derived material 

2.4.1 Ethics statement 
Utilization of pancreatic tissues from PDAC patients for research purposes was carried out in 

accordance with the World Medical Association’s Declaration of Helsinki. The research project 

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

number: D430/09). Written informed consent was obtained from all patients. 
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2.4.2 Histopathology and study cohort 
Pancreatic tissues were obtained from patients during oncological surgery at the university 

hospital Schleswig-Holstein (UKSH) in Kiel. Tissue specimens were gross sectioned, fixed in 

formalin and embedded in paraffin (FFPE). Deparaffinized sections were stained with 

haematoxylin and eosin. Tumor grade and stage were classified according to the 7th edition of 

the UICC guidelines by board certified surgical pathologists in the Institute of Pathology, 

UKSH Campus Kiel. Overall, 59 pancreatic tumor tissues und 18 peritumoral tissues, of which 

13 corresponded to available tumor specimens, were included in this study. Clinic-pathological 

data were obtained from the hospital records and the Epidemiological Cancer Registry of the 

state of Schleswig-Holstein, Germany. All patient data were pseudonymized prior to study 

inclusion. 

 

2.5 Molecular biological material 

2.5.1 Primer 

Target 5’ - 3’ Sequence Annealing (°C) 

E-Cadherin* fw - TTA GAG GTC AGC GTG TGT GA 

rv - CAG TAA GGG CTC TTT GAC CA 

55 

GAPDH fw - TCC ATG ACA ACT TTG GTA TCG TGG 

rv - GAC GCC TGC TTC ACC ACC TTC T 

58 

IFNγ* fw - TCC CAT GGG TTG TGT GTT TA 

rv - AAG CAC CAG GCA TGA AAT CT 

58 

IL-1β* 

 

fw - TTC GAC ACA TGG GAT AAC GA 

rv - TCT TTC AAC ACG CAG GAC AG  

58 

IL-2* fw - AAT GTA CAG GAT GCA ACT CC 

rv - TTC TTG GGC ATG TAA AAC TT 

58 

IL-6*  

 

fw - ATG CAA TAA CCA CCC CTG AC 

rv - GAG GTG CCC ATG CTA CAT TT 

58 

IL-8 

 

fw - GTG TGA AGG TGC AGT TTT GCC  

rv - AAC TTC TCC ACA ACC CTC TGC 

55 

IL-10* fw - AAG CCT GAC CAC GCT TTC TA 

rv - ATG AAG TGG TTG GGG AAT GA 

58 

L1CAM* fw - GAA CTG GAT GTG GTG GAG AG 

rv - GAG GGT GGT AGA GGT CTG GT 

58 
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TGF-β1 fw - CGT GGA GCT GTA CCA GAA ATA 

rv - TCC GGT GAC ATC AAA AGA TAA 

58 

TNF-α fw - TCC TTC AGA CAC CCT CAA CC 

rv - AGG CCC CAG TTT GAA TTC TT 

58 

VEGF-A* fw - CGC TTA CTC TCA CCT GCT TC 

rv - GGA AGG TCA ACC ACT CAC AC 

58 

Vimentin* fw - TCC AAG TTT GCT GAC CTC TC  

rv - TCA ACG GCA AAG TTC TCT TC 

58 

Zeb-1 fw - TCC ATG CTT AAG AGC GCT AGC T 

rv - ACC GTA GTT GAG TAG GTG TAT GCC A 

61 

 

* = Primers purchased from Real Time Primers, LCC (Elkins Park, Pennsylvania, US). Provided as 50 µM stocks of forward 
and reverse primer mix in nuclease-free ddH2O supplemented with 10 mM Tris-HCl, 0.1 mM EDTA (pH 7.5) 

Other primers were purchased from Eurofins Genomics GmbH (Ebersberg, DE). Stocks of forward and reverse primers were 
diluted at 1 pmol/µl in nuclease-free ddH2O. 

 

2.5.2 Antibodies 

Target (-Conjugate) 
[Clone] 

Host 
[Isotype] 

Stock (µg/ml) 
[Dilution] 

 
Manufacturer 

―      Isotype controls      ― 

Isotype 

[SP137] 

rabbit 

[IgG] 

200 

[conditional] 

Abcam, Cambridge, UK 

Isotype 

 [11711] 

mouse 

[IgG1] 

1000 

[conditional] 

R&D Systems GmbH, 

Wiesbaden, DE 

Isotype 

 

human 

[IgG1, κ] 

5000 

[conditional] 

MedImmune, Gaithersburg, US 

Isotype-APC 

[MOPC-21] 

mouse 

[IgG1, κ] 

200 

[conditional] 

BioLegend, Fell, DE 

Isotype-APC 

[MPC-11] 

mouse 

[IgG2b, κ] 

100 

[conditional] 

BioLegend, Fell, DE 

Isotype-BV510 

[MOPC-21] 

mouse 

[IgG1, κ] 

200 

 [conditional] 

BioLegend, Fell, DE 

Isotype-FITC 

[MOPC-21] 

mouse 

[IgG1, κ] 

500 

[conditional] 

BioLegend, Fell, DE 
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Isotype-FITC 

[MOPC-173] 

mouse 

[IgG2a, κ] 

200 

[conditional] 

BioLegend, Fell, DE 

Isotype-PE 

[MOPC-21] 

mouse 

[IgG1, κ] 

200 

[conditional] 

BioLegend, Fell, DE 

Isotype-PE 

[MOPC-173] 

mouse 

[IgG2a, κ] 

200 

[conditional] 

BioLegend, Fell, DE 

Isotype-PECy7 

[MOPC-21] 

mouse 

[IgG1, κ] 

200 

[conditional] 

BioLegend, Fell, DE 

 

―     Primary Antibodies     ― 

CD14-PE 

[M5E2] 

mouse 

[IgG2a, κ] 

200 

[FC: 1:10] 

BioLegend, Fell, DE 

CD163-PE 

[REA812] 

mouse 

[IgG1, κ] 

250 

 [FC: 1:10] 

Miltenyi Biotec GmbH, 

Bergisch Gladbach, DE 

CD206-FITC 

[15-2] 

mouse 

[IgG1, κ] 

200 

[FC: 1:10] 

BioLegend, Fell, DE 

CD274 

[E1L3N] 

rabbit 

[IgG] 

874 

[IHC: 1:100] 

[IF: 1:200] 

[WB: 1:1000] 

Cell Signaling, Frankfurt, DE 

CD274 / Durvalumab 

 

human 

[IgG1, κ] 

5000 

[CC: 1:500] 

MedImmune, Gaithersburg, US 

CD274-PECy7 

[MIH1] 

mouse 

[IgG1, κ] 

200 

[FC: 1:10] 

BD Bioscience, San Jose, US 

CD279 

[4H4D1] 

mouse 

[IgG2b, κ] 

1213.3 

[WB: 1:1000] 

Proteintech, Manchester, UK 

CD279-APC 

[EH12.2H7] 

mouse 

[IgG1, κ] 

50 

[FC: 1:10] 

BioLegend, Fell, DE 

CD279-PE 

[EH12.2H7] 

mouse 

[IgG1, κ] 

100 

[FC: 1:20] 

BioLegend, Fell, DE 

CD28 (Ultra LEAF) 

[CD28.2] 

mouse 

[IgG1, κ] 

1000 

[CC: 1:666.7] 

BioLegend, Fell, DE 

CD3 (Ultra LEAF) 

[OKT3] 

mouse 

[IgG2a, κ] 

1000 

[CC: 1:666.7] 

BioLegend, Fell, DE 
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CD45-BV510 

[HI30] 

mouse 

[IgG1, κ] 

100 

 [FC: 1:25] 

BioLegend, Fell, DE 

CD4-APC 

[RPA-T4] 

mouse 

[IgG1, κ] 

50 

[FC: 1:10] 

BioLegend, Fell, DE 

CD68 

[514H12] 

mouse 

[IgG2a, κ] 

37 

[IF: 1:100] 

Leica Biosystems, Wetzlar, DE 

CD68-APC 

[Y1/82A] 

mouse 

[IgG2b, κ] 

100 

[FC: 1:200] 

BioLegend, Fell, DE 

CD80-APC 

[2D10] 

mouse 

[IgG1, κ] 

200 

[FC: 1:10] 

BioLegend, Fell, DE 

CD8a-FITC 

[RPA-T8] 

mouse 

[IgG1, κ] 

200 

[FC: 1:10] 

BioLegend, Fell, DE 

CD8a-PE 

[RPA-T8] 

mouse 

[IgG1, κ] 

200 

[FC: 1:10] 

BioLegend, Fell, DE 

Cytokeratin-FITC 

[CK3-6H5] 

mouse 

[IgG1, κ] 

33 

[FC: 1:82.5] 

Miltenyi Biotec GmbH, 

Bergisch Gladbach, DE 

E-Cadherin 

[32A8] 

mouse 

[IgG1, κ] 

28 

[WB: 1:1000] 

Cell Signaling, Frankfurt, DE 

ERK1/2 

[polyclonal] 

rabbit 

 

19 

[WB: 1:1000] 

Cell Signaling, Frankfurt, DE 

HLA-DR-FITC 

[L243] 

mouse 

[IgG2a, κ] 

50 

[FC: 1:10] 

BioLegend, Fell, DE 

HSP 90α/β 

[F-8] 

mouse 

[IgG2a, κ] 

200 

[WB: 1:2000] 

Santa Cruz, Heidelberg, DE 

L1CAM 

[L1-9.3] 

mouse 

[IgG] 

1000 

[WB: 1:1000] 

DKFZ, Heidelberg, DE 

Reference [257] 

phospho-ERK1/2 

(T202/Y204) 

[polyclonal] 

rabbit 177 

[WB: 1:1000] 

Cell Signaling, Frankfurt, DE 

phospho-Stat1 (Y701) 

[D4A7] 

rabbit 

[IgG] 

42 

[WB: 1:1000] 

Cell Signaling, Frankfurt, DE 

Stat1 

[polyclonal] 

rabbit 

 

125 

[WB: 1:1000] 

Cell Signaling, Frankfurt, DE 
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Tubulin 

[B-5-1-2] 

mouse 

[IgG1, κ] 

3800 

[WB: 1:10000] 

Sigma-Aldrich, München, DE 

Vimentin 

[V9] 

mouse 

[IgG1, κ] 

200 

[WB: 1:200] 

Santa Cruz, Heidelberg, DE 

α/βTCR-FITC 

[IP26] 

mouse 

[IgG1, κ] 

400 

[FC: 1:10] 

BioLegend, Fell, DE 

β-Actin 

[AC-15] 

mouse 

[IgG1, κ] 

2000 

[WB: 1:10000] 

Sigma-Aldrich, München, DE 

 

―     Secondary Antibodies     ― 

mouse IgG (H+L)-AF546 

[polyclonal] 

goat 

 

2000 

[IF: 1:500] 

Thermo Scientific, Schwerte, DE 

mouse IgG-HRP 

[polyclonal] 

horse 170 

[WB: 1:2000] 

Cell Signaling, Frankfurt, DE 

rabbit IgG-HRP 

[polyclonal] 

goat 

 

83 

[WB: 1:2000] 

Cell Signaling, Frankfurt, DE 

 

2.6 Consumables 

Consumable Manufacturer 

0.1 - 10 µl, 10 - 200 µl, 100 - 1000 µl 

pipette tips 

Sarstedt, Nümbrecht, DE 

1.25 ml, 5.0 ml Ritips Ritter, Schwabmünchen, DE 

1.5 ml, 2.0 ml Eppendorf tubes Eppendorf, Hamburg, DE 

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

12-well transwell inserts, pore size 0.4 µm Sarstedt, Nümbrecht, DE 

15 ml, 20 ml centrifuge tubes Sarstedt, Nümbrecht, DE 

18 mm coverslips Menzel, Braunschweig, DE 

5 ml, 10 ml, 50 ml serological pipettes Greiner Bio-One GmbH, Frickenhausen, DE 

75 cm2 cell culture flasks Greiner Bio-One GmbH, Frickenhausen, DE 

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

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

Cell scraper 25 cm Sarstedt, Nümbrecht, DE 

CryoPure tube, 1.0 ml, white Sarstedt, Nümbrecht, DE 
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Cyto-chamber with gasket, 8 ml, 240 mm2 Hettich, Tuttlingen, DE 

FACS tubes Thermo Scientific, Schwerte, DE 

Filter cartridges #1676 Hettich, Tuttlingen, DE 

Immune-Blot PVDF membrane Bio-Rad Laboratories, München, DE 

MACS LD Columns Miltenyi Biotec GmbH, 

Bergisch Gladbach, DE 

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

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

Scalpel Feather, Osaka, JPN 

SuperFrost Plus object slide 76x26 mm Menzel, Braunschweig, DE 

Thermanox plastic coverslip, 15 mm Thermo Scientific, Schwerte, DE 

Trans-Blot Turbo Mini-size Transfer Stacks Bio-Rad Laboratories, München, DE 

Transfer pipettes 3.5 ml Sarstedt, Nümbrecht, DE 

VueLife Closed Culture System, 32 ml Süd-Laborbedarf, Gauting, DE 

WatchMaker Forcep No. 6 Thermo Scientific, Schwerte, DE 

 

2.7 Kit systems 

Kit Manufacturer 

Alexa Fluor 488 Tyramide SuperBoost, goat 

anti-rabbit Kit 

Thermo Scientific, Schwerte, DE 

Bond Polymer Refine Detection Kit Leica Biosystems, Wetzlar, DE 

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

Bergisch Gladbach, DE 

Click-iT Plus EdU Alexa Fluor 488 Imaging Kit Thermo Scientific, Schwerte, DE 

DC Protein Assay Bio-Rad Laboratories, München, DE 

LEGENDplex, custom human panel BioLegend, Fell, DE 

peqGOLD Total RNA Kit PeqLab, Erlangen, DE 

RevertAid First Strand cDNA Synthesis Kit Thermo Scientific, Schwerte, DE 

Tumor Dissociation Kit Miltenyi Biotec GmbH, 

Bergisch Gladbach, DE 
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2.8 Software 

Software Manufacturer 

Axiovision 4.6 Carl Zeiss AG, Jena, DE 

BD FACSDiva Software Becton Dickinson, Heidelberg DE 

FACScalibur CellQuest Pro BD Bioscience, San Jose, US 

FlowJo 10.1r3 FlowJo, LCC, Oregon, US 

FUSION-CAPT 16.06 Vilber Lourmat, Eberhardzell, DE 

Gen5 Data Analysis Software BioTek, Bad Friedrichshall, DE 

i-control Microplate Reader Software Tecan, Crailsheim, DE 

ImageJ National Institute of Health, US 

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

LightCycler480 Software Roche, Basel, CH 

Mendeley Desktop, V1.19.4 Mendeley Ltd, New York, US 

Microsoft Office 2016 Microsoft Corporation, Redmond, US 

PyMOL v1.3 Schrödinger, LLC, München, DE 

SigmaPlot 12.5 Systat Software Inc., Chicago, US 

 

2.9 Laboratory Devices 

Centrifuges / Rotors Manufacturer 

Avanti J-20 XP centrifuge Beckmann Coulter GmbH, Krefeld, DE 

Heraeus Biofuge pico Thermo Scientific, Schwerte, DE 

Heraeus Fresco 17 Thermo Scientific, Schwerte, DE 

Heraeus Multifuge 3 S-R Thermo Scientific, Schwerte, DE 

Heraeus Multifuge X1 Thermo Scientific, Schwerte, DE 

Heraeus Pico 17 Thermo Scientific, Schwerte, DE 

JE-5.0 Elutriator Rotor Beckmann Coulter GmbH, Krefeld, DE 

Rotino 420 R Hettich, Tuttlingen, DE 

Sprout mini-centrifuge Heathrow Scientific, Vernon Hills, US 
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Incubators / Shaker  

BBD 6220 CO2 incubator Thermo Scientific, Schwerte, DE 

GyroTwister 3D shaker Labnet, Woodbridge, US 

HERA Cell 240 incubator Thermo Scientific, Schwerte, DE 

PMS 1000 microplate shaker Grant bio, Essex, UK 

QBA1 block heater Grant, Cambridge, UK 

Stuart SRT9 tube roller Bibby Scientific Ltd., Stone, UK 

WNB 7-45 water bath Memmert, Schwabach, DE 

WTC ED-53 incubator Binder, Tuttlingen, DE 

 

Measuring devices 

 

BD FACScalibur flow cytometer Beckton Dickinson, Heidelberg DE 

BD FACSverse flow cytometer Beckton Dickinson, Heidelberg DE 

BD LSRFortessa flow cytometer Beckton Dickinson, Heidelberg DE 

Fusion SL detection system Vilber Lourmat, Eberhardzell, DE 

Infinite 200PRO microplate reader Tecan, Crailsheim, DE 

LightCycler 480 II Roche, Basel, CH 

NanoQuant Plate Tecan, Crailsheim, DE 

Neubauer counting chamber Marienfeld Superior GmbH & Co. KG, 

Lauda-Königshofen, DE 

pH 7110 pH-meter inoLab, Weilheim, DE 

 

Microscopes 

 

AE2000 Motic, Wetzlar, DE 

Axio Scope A.1 Carl Zeiss AG, Jena, DE 

Axiovert 25 Zeiss, Jena, DE 

Evos XL Core Cell Imaging System AMG, Bothell, US 

Lionheart FX Automated Microscope BioTek, Bad Friedrichshall, DE 

 

Other devices 

 

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

BOND-MAX Autostainer  Leica Biosystems, Wetzlar, DE 

Buffer Tank and Lid Bio-Rad Laboratories, München, DE 

Clamping plate with clamping ring Hettich, Tuttlingen, DE 
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CS-300V power supply Cleaver Scientific, West Sussex, UK 

Cyto hygiene carrier, HET1660 Hettich, Tuttlingen, DE 

Freezer Liebherr, Ochsenhausen, DE 

Fridge Liebherr, Ochsenhausen, DE 

HERAfreeze basic freezer (-80°C) Thermo Scientific, Schwerte, DE 

Laboport vacuum pump KNF Neuberger, Freiburg, DE 

MACS MultiStand Miltenyi Biotec GmbH, 

Bergisch Gladbach, DE 

Masterflex L/S tubing pump Cole Parmer Instruments, 

Novodirect GmbH, Kehl/Rhein, DE 

Mini PROTEAN Short plates Bio-Rad Laboratories, München, DE 

Mini PROTEAN Glass plates 

(1.5 mm spacers) 

Bio-Rad Laboratories, München, DE 

Mini PROTEAN Tetra Cell Bio-Rad Laboratories, München, DE 

Mini PROTEAN Tetra Cell Casting Module Bio-Rad Laboratories, München, DE 

Mini PROTEAN Tetra Companion Running 

Module 

Bio-Rad Laboratories, München, DE 

Mini PROTEAN Tetra Electrode Assembly Bio-Rad Laboratories, München, DE 

MR Hei-Mix S magnetic stirrer Heidolph Instruments, Schwabach, DE 

Sonicator Sonopuls Bandelin, Berlin, DE 

Sunrise remote control Tecan, Crailsheim, DE 

Trans-Blot Turbo Transfer System Bio-Rad Laboratories, München, DE 

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

 

Pipettes 

 

Finnpipette F1 0.2 - 2 µl Thermo Scientific, Schwerte, DE 

Finnpipette F1 1 - 10 µl Thermo Scientific, Schwerte, DE 

Finnpipette F1 2 - 20 µl Thermo Scientific, Schwerte, DE 

Finnpipette F1 20- 200 µl Thermo Scientific, Schwerte, DE 

Finnpipette F1 100 - 1000 µl Thermo Scientific, Schwerte, DE 

Macro Pipette Controlle Brand, Wertheim, DE 

PIPETBOY acu Integra Biosciences, Fernwald, DE 

Ripette Ritter, Schwabmünchen, DE 
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Sterile benches 

 

HERA Safe Thermo Scientific, Schwerte, DE 

HERA Safe KS Thermo Scientific, Schwerte, DE 

 

Scales 

 

Precisa BJ 2100D Precisa Gravimetrics AG, Dietikon, CH 

Precisa XB120A Precisa Gravimetrics AG, Dietikon, CH 
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3. Methods 

3.1 Cell biological methods                             

3.1.1 Cultivation of human pancreatic ductal epithelial cells 
Human pancreatic ductal epithelial cells (PDECs) were routinely cultured in 75 cm2 cell culture 

flasks filled with 10 ml of their respective medium (section 2.3.2). For maintenance and 

expansion, cultures were split at ratios of 1:3 to 1:5 twice a week when cultures reached a 

confluency of 70 – 90 %. For this purpose, adherent growing PDECs were detached by 

incubation in 5 ml Trypsin/EDTA or Accutase solution for 15 min at 37°C. Proteolytic reaction 

was stopped by adding 7 ml of pre-warmed medium. Subsequently, the cell suspension was 

transferred into a 50 ml tube and cells were sedimented via centrifugation for 10 min at 300 ∙g 

and room temperature (RT). Afterwards, supernatants were aspirated and cells were 

resuspended in 10 ml of their respective medium, diluted at the respective ratio and transferred 

into 75 cm2 cell culture flasks. All PDEC lines were cultured for maintenance, expansion and 

experiments at 37°C, 5 % CO2 and 86 % humidity. 

 

3.1.2  Cell counting 
Cell numbers were manually counted making use of a Neubauer counting chamber to seed 

appropriate cells numbers in experiments or determine vital cell numbers after experiments.      

In brief, respective cell suspensions were mixed at a ratio of 1:10 with trypan blue to identify 

and exclude non-viable cells from counting. Hereafter, 10 µl of the sample were filled into the 

Neubauer counting chamber. Cell numbers were calculated by the following formula: 

counted cell number
counted squares

∙ 104 =
cell number

ml
 

 

3.1.3 Isolation of peripheral mononuclear blood cells 

Peripheral blood mononuclear cells (PBMCs) were isolated from lymphocyte retaining systems 

(LRS), a leftover of whole blood donations provided by the Institute of Transfusion Medicine 

in Kiel. Informed consent from healthy donors was obtained. Isolation was performed via 

density gradient centrifugation depleting remaining erythrocytes, granulocytes and cellular 

debris. For this purpose, the content of one LRS was transferred into a 75 cm2 cell culture flask 

containing 20 ml sterile PBS. Afterwards, the flask was filled up to a volume of 140 ml with 

PBS. The resulting suspension was mixed by gently shaking. Subsequently, 15 ml of Pancoll 
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separating solution were pipetted into each of four 50 ml tubes, respectively. At the next step, 

each prepared Pancoll solution was carefully overlaid with 35 ml of the blood suspension 

establishing two separated phases. The prepared samples were centrifuged for 25 min at 350 ∙g 

slowly accelerating and without mechanical deceleration to prevent mixing of the resulting 

buffy coat. Next, the supernatant was aspirated up to 1 cm above the white interphase ring and 

PBMCs were transferred into new 50 ml tubes that were filled up with ice-cold sterile PBS and 

centrifuged for 10 min at 300 ∙g and 4°C. In order to remove remaining erythrocytes from the 

PBMC fraction, the resulting cell sediments were resuspended in 10 ml erythrocyte lysis buffer 

(section 2.2), incubated for 6 min in the dark at RT, filled up with ice-cold PBS and centrifuged 

for 10 min at 175 ∙g and 4°C. Finally, sedimented cells were resuspended in 50 ml ice-cold 

elutriation buffer (section 2.2) and cell count was determined (section 3.1.2).  

 

3.1.4 Counterflow centrifugation 
Counterflow centrifugation was performed to separate lymphocytes from monocytes within the 

isolated PBMCs based on their differential sedimentation potential. For this purpose, isolated 

PBMCs (section 3.1.3) were adjusted to a maximum of 1.2 ∙ 109 PBMCs/50 ml elutriation 

buffer. Before loading PBMCs into the system, the tubing system and the elutriation chamber 

had been washed first with 70 % ethanol in ddH2O, then with pure ddH2O and finally they were 

equilibrated with ice-cold elutriation buffer. PBMCs were loaded via the tubing system into the 

elutriation chamber of a JE-5.0 rotor at 3,500 rpm, 4°C and a flowrate of 26 ml/min (Figure 

10).  
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Figure 10: Schematic illustration of the counterflow centrifugation system (A) and the separation principle in the 
elutriation chamber in detail (B). Cell populations are separated by counterflow centrifugation due to their differences in 
sedimentation potential. During this process cells are exposed to a constant centrifugal force and opposing increasing 
counterflow. Adapted from [258]. 

 

After loading and rinsing with additional 100 ml of elutriation buffer, three fractions of each 

50 ml (fractions 26A, B and C) were collected before the flowrate was increased stepwise by 

2 ml/min up to 32 ml/min collecting a fraction of each 50 ml after every increase of the flowrate 

(fractions 28, 30 and 32). At a flowrate of 32 ml/min, step size of the flowrate increase per 

fraction was decreased to 1 ml/min until a maximum of 45 ml/min (fractions 33, 34, 35, 36, 37, 

38, 39, 40, 41, 42, 43 and 44). Immediately after reaching a flowrate of 45 ml/min, the 

centrifuge was switched off and the final fraction was collected (fraction 45). Lymphocyte and 

monocyte purity within fractions 26A to 45 were determined by flow cytometry via 

forward/side scatter analysis.                    

Finally, lymphocyte-enriched fractions (lymphocyte purity ≥90 %) were prepared for storage 

in liquid nitrogen (section 3.1.5) and monocyte-enriched fractions (monocyte purity ≥90 %) 

were subjected to differentiation culture (section 3.1.9). 
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3.1.5 Long-term storage of PDEC lines and primary human lymphocytes in 
liquid nitrogen 
For long-term storage of PDEC lines and isolated human primary lymphocytes, cells were 

stocked in liquid nitrogen. For this purpose, cell suspension was centrifuged for 10 min at 300 ∙g 

and RT. Thereafter, supernatant was aspirated, and cells were resuspended in FCS 

supplemented with 10 % (v/v) DMSO. Cell suspension was transferred into a cryo tube and 

stored for 24 h at -80°C. Finally, cryo tubes were transferred into an ARPEGE 110 tank filled 

with liquid nitrogen.                             

In order to bring cells back into culture, frozen cell suspension was rapidly thawed by adding 

pre-warmed culture medium (37°C) and unfrozen cell suspension was immediately diluted in 

10 ml/cryo tube pre-warmed fresh culture medium. Finally, cell suspension was centrifuged for 

5 min at 300 ∙g and sedimented cells were resuspended either in their respective culture medium 

(section 2.3.2) or in ice-cold MACS buffer (section 2.2) for subsequent isolation of naïve CD8+ 

T cells (section 3.1.6). 

 

3.1.6 Isolation of primary human naive CD8+ T cells 
Activated CD8+ T lymphocytes represent the major T cell subpopulation with considerable 

cytostatic and cytotoxic properties [68]. In this study, naïve CD8+ T cells were isolated from 

lymphocyte-enriched fractions after counterflow centrifugation (section 3.1.4) for in vitro 

activation followed by co-culture and PD-L1 blocking experiments. 

For this purpose, lymphocyte-enriched fractions from counterflow centrifugation were 

unfrozen as described in section 3.1.5. Afterwards, cell number of pooled lymphocytes was 

determined. Noteworthy, also trypan blue positive cells were included in cell count to avoid an 

overloading of the paramagnetic separation columns in the subsequent isolation process. 

Unlabeled human naïve CD8+ T cells were obtained by negative selection with the CD8+ 

T isolation kit purchased from Miltenyi Biotec according to the manufacturer’s instructions 

(with adapted antibody concentration). The following steps were carried out under sterile 

conditions with pre-cooled and degassed buffers (2-8°C). The formation of air bubbles was 

avoided in every step to ensure an optimal isolation process. Briefly, lymphocytes were 

centrifuged for 10 min at 200 ∙g and 4°C. Subsequently, cells were resuspended in MACS 

buffer at a concentration of 107 cells per 40 µl with a maximum of 4 ∙ 108 lymphocytes in total. 

Then, 5 µl of Biotin-Antibody Cocktail per 1 ∙ 107 cells were added, well mixed and incubated 

for 7 min 30 s at 4°C in the refrigerator. Hereafter, 30 µl of MACS buffer and 10 µl MicroBead 
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Cocktail per 1 ∙ 107 cells were added to the suspension, well mixed and incubated for 15 min at 

4°C in the refrigerator. Meanwhile, MACS LD columns (1 column per maximal 108 cells) were 

placed in the magnetic field of a MACS MultiStand and equilibrated with 3 ml MACS buffer. 

In the following steps, a constant head of liquid on top of the LD columns was ensured to 

prevent the columns from running dry. After the incubation with MicroBead Cocktail and 

column equilibration, labeled cell suspension was evenly distributed onto the LD columns. 

Fresh 50 ml tubes containing 5 ml MACS buffer were placed under each LD column and cell 

suspension was allowed to run completely into the paramagnetic matrix by gravity. 

Subsequently, additional 3 ml MACS buffer were added onto each column and allowed to run 

through the columns by gravity. Finally, the eluates of all LD columns were pooled, and vital 

cell number was determined. In order to assess the quality of the isolation process, an 

immunofluorescence co-staining of αβ T cell receptor (αβTCR), CD4 and CD8a was performed 

for subsequent flow cytometric analysis (section 3.2.1). 

 

3.1.7 Carboxyfluorescein succinimidyl ester staining 
Carboxyfluorescein succinimidyl ester (CFSE) staining was performed to track the proliferation 

of lymphocytes and isolated CD8+ T cells after activation culture and under the applied culture 

conditions as well as after blockade of PD-L1. Excessive staining with CFSE is toxic for cells, 

since the dye covalently binds to lysine residues and other amine groups within the cell and, 

therefore, potentially impairs the function of essential molecules. Hence, following exactly the 

protocol is highly recommended.                    

CFSE staining was carried out under prevention of excessive light exposure, if possible, in the 

dark. First, CFSE (Stock: 5 µM) was diluted to a concentration of 5 mM in 1 ml T cell medium. 

Secondly, cells were sedimented by centrifugation for 10 min at 300 ∙g and RT in a conical 

50 ml tube. Thirdly, supernatant was discarded, and cells were rapidly resuspended in pre-

diluted CFSE medium avoiding the formation of air bubbles to ensure a homogenous staining. 

Then, the cell suspension was incubated for 5 min at RT in the dark. Afterwards, cells were 

carefully but thoroughly washed thrice with 25 ml T cell medium at each step and 

centrifugation for 10 min at 300 ∙g and RT in between. Finally, vital cell count was determined 

prior to seeding for activation culture (section 3.1.8). 
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3.1.8 Activation and cultivation of primary human naïve (CD8+) T cells 
Activation of primary human naïve lymphocytes and isolated CD8+ T cells was performed via 

administration of immobilized CD28 and soluble CD3 antibodies. This stimulation causes the 

artificial clustering of the CD3-TCR complex with CD28 at the cell membrane and, thereby, 

polyclonal activation of TCR downstream signaling [259].          

For this purpose, an uncoated polystyrene 24-well cell culture plate was coated with CD3 

antibody by adding 200 µl of 1.5 µg/ml CD3 antibody (section 2.5.2) diluted in sterile PBS in 

each well. Afterwards, the culture plate was sealed with Parafilm and incubated for 3 h at 37°C 

in the incubator. Afterwards, the coated wells were rinsed twice with sterile PBS to remove 

unbound antibody. Then, CFSE-labeled lymphocytes or isolated CD8+ T cells (section 3.1.7) 

were seeded at a density of 1.5 ∙ 106 cells per well in T cell medium and 1.5 µg/ml soluble CD28 

antibody were added to each well. Isolated CD8+ T cells were additionally stimulated with 

60 ng/ml (≙ 1200 U/ml) recombinant human IL-2. Activation status of lymphocytes was 

analyzed after culture durations of 3 and 5 days, respectively. Hence, an activation culture 

duration of 4 days, including a restimulation after 72 h with 60 ng/ml (≙ 1200 U/ml) 

recombinant human IL-2, was established for subsequent co-culture experiments of CD8+ T 

cells with PDECs and/or polarized macrophages. 

 

3.1.9 Differentiation and cultivation of primary human polarized 
macrophages 
Macrophages displaying an M1- or M2-like polarized phenotype were generated in vitro from 

isolated monocytes (section 3.1.4) by stimulation with Granulocyte-Macrophage Colony 

Stimulating Factor (GM-CSF) and Macrophage Colony-Stimulating Factor (M-CSF), 

respectively.                           

Briefly, monocyte-enriched fractions (monocyte purity ≥ 90 %) from counterflow 

centrifugation were centrifuged for 10 min at 300 ∙g, sedimented monocytes were resuspended 

in macrophage medium (section 2.3.2) and pooled. Afterwards, monocytes were counted, and 

15 ∙ 106 cells were transferred into a 50 ml tube. Subsequently, the monocyte suspension was 

filled up to a volume of 27 ml with macrophage medium and either 2.4 ng/ml GM-CSF (≙ 240 

U/ml) or 50 ng/ml M-CSF (≙ 100 U/ml) were added. Avoiding the accumulation of air bubbles, 

the monocyte suspension was transferred into VueLife culture bags. Differentiation cultures 

were incubated for 7 days at 37 °C, 5 % CO2 and 86 % humidity before polarized macrophages 

were used for experiments. 
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For harvesting in vitro polarized macrophages, culture bags were incubated on ice for 30 min 

before macrophages were carefully mechanical detached. The content of a culture bag was 

transferred into a 50 ml tube. Afterwards, culture bag was rinsed with sterile PBS to optimize 

the cell yield. Subsequently, the cell suspension was centrifuged for 10 min at 300 ∙g. 

Sedimented macrophages were resuspended in co-culture medium and counted for seeding the 

appropriate number of cells. The phenotype of M1-like and M2-like polarized macrophages 

generated by GM-CSF and M-CSF stimulation, respectively, has been characterized in previous 

studies and regularly verified before subsequent experiments in the present study [58,260,261]. 

 

3.1.10 In vitro mono- and co-culture settings 
For in vitro mono- and co-culture experiments, all PDEC lines, polarized macrophages and 

lymphocytes as well as isolated CD8+ T cells were seeded in 2 ml of their respective medium 

(section 2.3.2) into 12-well flat bottom cell culture plates and cultured under standard cell 

culture conditions at 37°C, 5 % CO2 and 86 % humidity. PD-L1 blocking antibody Durvalumab 

or its respective human IgG1 isotype control antibody was applied at a concentration of 

10 µg/ml in culture settings. Any variations are stated in the following part. 

Day 1 

PDECs were seeded at a density of 5 ∙ 104 cells per well and allowed to adhere and grow for 

24 h. Isolated CD8+ T cells were restimulated with recombinant human IL-2 (section 3.1.8).  

Day 2 

PDEC’s medium was replaced by fresh culture medium and cells were stimulated with either 

human IgG1 isotype control antibody or Durvalumab in mono-culture settings.        

M1- and M2-like polarized human macrophages were seeded at a density of 1 ∙ 106 cells per 

well either directly into a 12-well flat bottom cell culture plate or into a 12-well transwell insert 

that has been placed into a 12-well flat bottom culture plate. Then, the macrophages were 

allowed to acclimate for 6 h until medium was replaced by fresh culture medium and cells were 

stimulated with either human IgG1 isotype control antibody or Durvalumab in mono-culture 

settings.                                    

Pre-activated lymphocytes or isolated CD8+ T cells were seeded at a density of 1 ∙ 106 cells per 

well and left unstimulated or stimulated with human IgG1 isotype control and Durvalumab, 

respectively, in mono-culture settings. For direct co-culture with either PDECS or polarized 

human macrophages, the culture medium from PDECs and macrophages was aspirated and 

1 ∙ 106 pre-activated CD8+ T cells were added. Afterwards, the cells were left unstimulated or 
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stimulated with human IgG1 isotype control antibody and Durvalumab, respectively. For the 

triple co-culture setting, the culture medium from PancTu-I cells in the culture plates as well as 

the culture medium from M1-like polarized macrophages in the transwell inserts was aspirated. 

Then, 1 ∙ 106 pre-activated CD8+ T cells were added to the PancTu-I cells in direct co-culture 

in 1 ml co-culture medium. Finally, transwell inserts containing M1-like polarized 

macrophages were added and filled with 1 ml co-culture medium. For all co-culture and triple 

co-culture experiments respective mono- and co-culture control settings were run in parallel. A 

schematic illustration of the triple co-culture system is depicted in Figure 11.  

Day 4 

The culture duration of triple co-cultures and respective control groups ended after 48 h. 

Day 5 

The culture duration of mono-cultures as well as co-cultures and respective control groups 

ended after 72 h. 

 

Figure 11: Schematic illustration of the setting for co-culture of pre-activated CD8+ T lymphocytes, M1-polarized 
macrophages and PancTu-I cells. PancTu-I cells and CD8+ T lymphocytes are seeded in the lower well of a 12-well culture 
plate for direct co-culture. M1-polarized macrophages are seeded in transwell inserts with a pore size of 0.4 µm.  

 

3.1.11 Single-cell dissociation from human PDAC tissues 
Freshly isolated tumor tissues were obtained from PDAC patients during surgery at the 

community hospital in Kiel. Written and informed consent was obtained from all patients. 

Histopathological diagnosis was performed by board certified surgical pathologists in the 

pathology of the community hospital in Kiel. Isolation of vital tumor and stromal cells from 

PDAC tissues was performed with the human Tumor Dissociation Kit purchased from Miltenyi 

Biotec. Briefly, tumor tissue was cut with a scalpel into pieces of approximately 0.5 mm3 in 

size and incubated in 10 ml RPMI 1640 supplemented with an enzyme mix provided by the kit 
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for 1 h at 37°C on a roller mixer. Afterwards, remaining undissociated tissue pieces were 

filtered out with cell strainers (mesh sizes: 100 µm and 30 µm). Finally, the cells were 

centrifuged for 10 min at 300 ∙g and 4°C, washed with cold MACS buffer and counted for 

subsequent immunofluorescence staining (section 3.2.1.1) 

 

3.2 Immunobiological methods 

3.2.1 Immunofluorescence staining 

3.2.1.1 Flow cytometry 
Intracellular and cell surface proteins were detected on single-cell level by immunofluorescence 

staining followed by flow cytometric analysis. Unless otherwise stated, the following staining 

procedure was performed cold either on ice or in the refrigerator at 4°C. In case of intracellular 

and cell surface co-staining approaches, cell surface staining was performed first. Briefly, up to 

1 ∙ 107 cells were resuspended in 80 µl cold MACS buffer. Then, 20 µl human FcR Blocking 

Reagent were added, the cell suspension was well mixed and incubated for 10 min at 4°C in the 

refrigerator. Afterwards, 2 – 4 ∙ 105 cells per staining were transferred to a 96-well V-botton 

plate, cold MACS was added to a total volume of 200 µl and the cell suspension was centrifuged 

for 10 min at 300 ∙g and 4°C. Subsequently, the supernatant was dumped and the sedimented 

cells were carefully resuspended in 25 µl cold MACS buffer supplemented with respective 

antibodies at indicated concentrations (section 2.5.2). Incubation was carried out for 20 min at 

4°C in the refrigerator. Hereafter, the cells were washed twice with ice-cold MACS buffer by 

centrifugation for 10 min at 300 ∙ g and 4°C. If no additional intracellular staining was intended, 

the cells were resuspended in 100 µl fixation solution, transferred into FACS tubes, sealed with 

Parafilm and wrapped in aluminum foil for storage of up to 7 days until flow cytometric 

measurement. For additional intracellular staining, the cells were resuspended in 50 µl FixPerm 

solution after the second washing step and incubated for 10 min at RT in the dark. Afterwards, 

150 µl cold Perm Washing buffer were added and the cell suspension was centrifuged for 

10 min at 300 ∙g and 4°C. Then, the supernatant was dumped, and the cells were resuspended 

in 25 µl cold Perm Washing buffer supplemented with respective antibodies at indicated 

concentrations (section 2.5.2). Incubation was performed for 20 min at 4°C in the refrigerator. 

Finally, the cells were washed twice, once with ice-cold Perm Washing buffer and once with 

ice-cold MACS buffer, as described before, resuspended in 100 µl fixation solution, transferred 

into FACS tubes, sealed with Parafilm and wrapped in aluminum foil for storage of up to 7 days 

until flow cytometric measurement. Data acquisition was performed with a FACScalibur or 



Methods |  53 
 

   

LSRFortessa flow cytometer making use of the CellQuest Pro and FACSDiva software, 

respectively. For each measurement at least signals of 2 – 3 ∙105 cells were acquired. Specificity 

of each staining was verified by additional staining with respective isotype control antibody. 

Final data evaluation was carried out with FlowJo 10 software. Relative cell surface expression 

levels of PD-1, PD-L1, CD163 and CD206 were evaluated by calculation of the median 

fluorescence intensity (MFI) ratio, which is calculated by the following formula: 

MFI Ratio =
MFI (specific staining)

MFI (respective isotype control)
 

 

3.2.1.2 Immunofluorescence staining for PD-L1 on coverslip-seeded cells 
and cytospins 

For immunofluorescence staining (IF) of cell surface-associated PD-L1 expression in PDECs 

and polarized macrophages, PDECs and macrophages were seeded into a 12-well culture plate 

as described in section 3.1.10 onto sterile 18 mm glass coverslips and Thermanox plastic 

coverslips, respectively. After cultivation, the medium was aspirated, and the cells were rinsed 

with cold PBS.                 

Cytospins were generated from naive and activated lymphocytes for subsequent 

immunofluorescence staining of cell surface located PD-L1 and PD-1. For this purpose, a 

SuperFrost Plus adhesion slide was inserted with a filter cartridge and an 8 ml cyto-chamber on 

top in a cyto-clamping plate. Then, 2.5 ∙ 105 cells in 500 µl PBS were transferred into the cyto-

chamber and centrifuged for 3 min at 340 ∙g and RT with an acceleration of 1/9 and deceleration 

7/9. Finally, the cyto-chamber was removed, and the slides were centrifuged for 1 min at 

1380 ∙g with acceleration 3/9 and deceleration 9/9. Hereafter, cytospins were subjected to IF 

staining for PD-L1 and PD-1.                   

For this purpose, the cells on coverslips and cytospins were fixed by incubation in 4.0 % PFA 

for 10 min at RT. Afterwards, the cells were washed thrice with PBS for 5 min. IF staining for 

PD-L1 was carried out with the Alexa Fluor 488 Tyramide SuperBoost, goat anti-rabbit IgG 

Kit provided by Thermo Scientific according to the manufacturer’s instructions. Briefly, 

coverslip/adhesion slide-attached cells were incubated with stabilized 3 % Hydrogen Peroxide 

Solution (Component C2) for 1 h at RT in a humified chamber. Hereafter, the cells were 

thoroughly rinsed and incubated with Blocking buffer (Component A) for 1 h at RT in a 

humified chamber. Then, the cells were incubated with anti-PD-L1 antibody (clone E1L3N, 

Cell Signaling) diluted at 4.37 µg/ml in PBS supplemented with 1 % (w/v) BSA overnight in a 
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humified chamber. Subsequently, the cells were thoroughly washed thrice with PBS for 5 min 

and incubated with goat anti-rabbit poly-HRP-conjugated secondary antibody (Component B) 

for 1 h at RT in a humified chamber. Afterwards, the cells were again thoroughly washed three-

times with PBS for 5 min and incubated with freshly prepared Tyramide working solution for 

10 min at RT in the dark. Thereafter, Tyramide working solution was aspirated, an equal 

volume of freshly prepared Reaction Stop Reagent was added and incubated for 5 min at RT in 

the dark. For subsequent nuclei staining, the cells were rinsed and incubated in Hoechst 33258 

diluted at 2 µg/ml in PBS supplemented with 1 % (w/v) BSA for 45 min at RT in a humified 

chamber. Finally, the cells were thoroughly rinsed thrice with PBS and once with ddH2O before 

the coverslips were sealed upside-down in a drop of Fluoro-Gel onto an object slide with clear 

nail polish. After drying of the nail polish, slides were stored at 4°C in the refrigerator. 

Fluorescence signals were detected, acquired and evaluated with a Lionheart FX Automated 

Microscope. 

 

3.2.1.3 Immunofluorescence co-staining of PD-L1 and CD68 in pancreatic 
tissue sections 

For IF staining, formalin-fixed paraffin-embedded (FFPE) pancreatic tumor tissue sections 

from PDAC patients were deparaffinized with Xylene and rehydrated with a descending alcohol 

series. Afterwards, tissue sections were washed in PBS before antigen-retrieval was performed 

by incubation in a steamer for 20°C in pre-warmed citrate buffer pH 6.0. After cool-down to 

RT, quenching of tissue autofluorescence was performed via incubation in 70 % (v/v) ethanol 

in ddH2O supplemented with 0.1 % (w/v) Sudan Black B for 20 min at RT. Then, IF staining 

of PD-L1 with the Alexa Fluor 488 Tyramide SuperBoost, goat anti-rabbit IgG Kit was carried 

out as described in section 3.2.1.2. For co-staining, an anti-human CD68 antibody was applied 

at the indicated concentration (section 2.5.2) simultaneously with the anti-human PD-L1 

antibody. Moreover, a goat anti-mouse IgG (H+L)-AF546 antibody (section 2.5.2) was added 

to the secondary antibody incubation step. Image acquisition and staining evaluation was 

performed with a Lionheart FX Automated Microscope. 
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3.2.2 Immunohistochemistry 
Immunohistochemical PD-L1 staining in FFPE pancreatic tumor tissue sections from PDAC 

patients was carried out on a BOND-MAX Automated IHC/ISH Stainer in the Institute of 

Pathology at the UK-SH in Kiel. For this purpose, FFPE tissue sections were deparaffinized 

with xylene and rehydrated in a descending alcohol series. Afterwards, heat-induced epitope 

retrieval was performed by incubation for 20 min at 100°C in BOND Epitope Retrieval ER2 

solution (pH 9.0). Subsequent staining was conducted with the Polymer Refine Detection Kit 

provided by Leica according to the program listed in Table 4. 

 
Table 4: BOND-MAX Automated IHC/ISH Stainer program for immunohistochemical detection of PD-L1 in 
deparaffinized, rehydrated formalin-fixed tissue sections. 

Step Reagent Time (min) 

Peroxide block Polymer Refine Detection Kit, Peroxide Block 5 

Primary antibody anti-PD-L1 (E1L3N) diluted at 8.76 µg/ml 20 

Linker antibody Polymer Refine Detection Kit, Post-Primary 8 

Polymer antibody Polymer Refine Detection Kit, Polymer 8 

Imaging Polymer Refine Detection Kit; Mixed DAB Refine 10 

Counterstaining Polymer Refine Detection Kit, Hematoxylin 5 

 

Finally, stained tissue sections were dehydrated by incubation in ascending alcohol series and 

xylene before conservation with SignalStain Mounting Medium. Specificity of the staining was 

ensured by application of a respective rabbit IgG isotype control antibody revealing no staining. 

Immunohistochemical staining for CD3, CD4, CD8, CD25, FoxP3, γδTCR, CD68, HLA-DR, 

CD163, α-SMA, Vimentin, E-Cadherin, L1CAM, PanCK and Ki67 referred to in this study 

have been performed and described in a previous study [88].  

 

3.2.3 Multiplex analysis of culture supernatants 
Supernatants from lymphocyte and CD8+ T cell cultures were analyzed for the abundance of 

cytokines, chemokines and effector molecules related to a cytostatic/cytotoxic T cell activation 

status. For this purpose, cell culture supernatants were collected and centrifuged for 10 min at 

15000 ∙g and 4°C to remove remaining cells and cellular debris. Resulting supernatants were 

stored at -80°C until further processing. Analysis of supernatants was performed with a 

customized human LEGENDplex panel, a bead-based flow cytometric multiplex assay, 
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purchased from BioLegend and carried out with adapted antibody concentrations according to 

the manufacturer’s instructions. The compiled custom panel included antibodies for the 

detection of human VEGF-A, TNFα, IL-6, IL-8, IL-17A, soluble Fas, soluble Fas ligand, 

Granzyme A, Granzyme B, IFNγ, Granulysin and Perforin. Prior to assay procedure, all 

reagents were pre-warmed at RT, supplied pre-mixed beads and antibodies were incubated for 

10 min in an ultrasonic bath and Wash Buffer was diluted with ddH2O. Then, the provided 

lyophilized standard was reconstituted in 250 µl Assay Buffer by briefly vortexing and 

incubation for 10 min at RT. Afterwards, the solubilized standard stock (standard C7) was 

diluted in a serial dilution with Assay Buffer to 1:4 (C6), 1:16 (C5), 1:64 (C4), 1:256 (C3), 

1:1024 (C2) and 1:4096 (C1). Assay Buffer was used as blank sample (C0). First, 50 µl of 

Assay Buffer were added to each well of a 96-well V-bottom plate. Secondly, 12.5 µl of 

standard dilutions (C7 to C0) were added to the respective standard wells and 12.5 µl of cell 

culture supernatants were added to the respective sample wells. Thirdly, 12.5 µl of sonicated 

pre-mixed bead cocktail were added to each well, the plate was sealed with a plate sealer, 

wrapped in aluminum foil and incubated for 2 h at 800 rpm and RT on a plate shaker. Hereafter, 

the plate was centrifuged for 5 min at 250 ∙g and RT. Then, the supernatant was dumped by 

quickly inverting and flicking the plate before 200 µl 1X Wash Buffer were added to each well. 

Then, beads were resuspended by incubating the plate for 1 min at 800 rpm on a shaker. 

Afterwards, beads were sedimented again by centrifugation for 5 min at 250 ∙g and RT. Then, 

12.5 µl Assay Buffer and 12.5 µl Detection Antibody Cocktail were added to each well, beads 

were carefully resuspended, and the plate was sealed with a plate sealer, wrapped in aluminum 

foil and incubated for 1 h at 800 rpm and RT on a plate shaker. Subsequently, 12.5 µl Assay 

Buffer and 12.5 µl SA-PE Cocktail were added to each well, thoroughly mixed and the plate 

was sealed with a plate sealer, wrapped in aluminum foil and incubated for 10 min at 800 rpm 

and RT on a plate shaker. Finally, the plate was centrifuged for 5 min at 250 ∙g and RT, the 

supernatant was dumped, the beads were resuspended in 200 µl 1X Wash Buffer and transferred 

to a 1.5 ml Eppendorf tube for subsequent analysis. Data acquisition was carried out with a 

FACSverse flow cytometer and FACSDiva software (Beckton Dickinson). Data processing and 

analysis was performed with the LEGENDplex Data Analysis software v8 (VigeneTech) 

according to the provided manual. 
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3.3 Molecular biological methods 

3.3.1 RNA Isolation and quantification 
Isolation of RNA from PDECs, macrophages and lymphocytes was performed making use of 

the peqGOLD Total RNA Kit purchased from peqLab according to manufacturer’s instructions.           

Briefly, adherent cells (PDECs and macrophages) were washed with PBS directly in the culture 

plate, lyzed in 300 µl lysis buffer T and lysates were transferred into a 1.5 ml Eppendorf tube. 

Lymphocytes were centrifuged for 10 min at 300 ∙g and 4°C, resuspended in PBS and again 

sedimented by centrifugation. Then, lymphocytes were resuspended in 300 µl lysis buffer T. 

Lysates were either frozen at -80 °C for storage or immediately subjected to RNA isolation. In 

the latter case, the lysates were transferred onto DNA removing column. After centrifugation 

for 1 min at 11.000 ∙g and RT, 300 µl 70 % (v/v) ethanol were added to RNA in the flow 

through. Gently mixed RNA suspension was transferred onto PerfectBind column and 

centrifuged for 1 min at 11.000 ∙g and RT. Subsequently, the column with bound RNA was 

washed once with 500 µl RNA washing buffer I and once with 600 µl RNA washing buffer II. 

Finally, the empty binding column was centrifuged for 2 min at 11.000 ∙g before 40 µl RNase-

free water were pipetted onto the membrane. After incubation for 2 min, RNA was eluted by 

centrifugation for 2 min at 8.000 ∙g into a 1.5 ml Eppendorf tube. RNA samples were stored at 

-80 °C.                     

Nucleic acid concentrations were determined using a Tecan Infinite 200PRO 

spectrophotometer in combination with NanoQuant plate application. 

 

3.3.2 Complementary DNA synthesis via reverse transcription 
In this study, the RevertAid First Strand cDNA Synthesis Kit provided by Fermentas was used 

for synthesis of complementary DNA (cDNA) from isolated RNA according to the 

manufacturer’s instructions.                    

Briefly, 0.1 - 500 ng of RNA template were prepositioned in a 1.5 ml Eppendorf tube. Then, 

1 µl of oligo dT primer was added and suspension filled up to a volume of 12.5 µl with 

nuclease-free water. Afterwards, suspension was incubated for 5 min at 65 °C, spun-down and 

again cooled down on ice. Following this, 7.5 µl of the prepared master mix (Table 5) were 

added, gently mixed and incubated for 1 h at 42 °C in a block heater. 
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Table 5: Master Mix composition per sample for complementary DNA synthesis from mRNA templates. 

Reagent Volume (µl) 

Reaction buffer (5x) 4 

RiboLock RNase inhibitor (20 U/µl) 0.5 

10 mM dNTP Mix 2 

RevertAid M-MuLV RvT (200 U/µl) 1 

 

Finally, the reaction was stopped by heating the sample for 5 min at 70 °C. Resulting single 

stranded cDNA was stored at -20 °C. 

 

3.3.3 Quantitative real-time polymerase chain reaction 
Quantitative real-time polymerase chain reaction (qPCR) was performed for relative 

quantification of activation- and differentiation-associated cytokine and chemokine expression 

in lymphocytes and polarized macrophages as well as EMT-related marker expression in 

PDECs.                

For this purpose, synthesized cDNA (section 3.3.2) was diluted at 1:3 with nuclease-free water 

and 2.5 µl of this dilution were pipetted into wells of a 96-well PCR plate. In order to detect 

variances due to pipetting inaccuracies, each sample was analyzed in technical triplicates. 

Afterwards, 7.5 µl of the respective master mix (Table 6) were added to each well. For 

appropriate mixture of cDNA template and master mix, PCR plates were centrifuged for 2 min 

at 300 ∙g and 4 °C. 

 
Table 6: Master Mix composition per sample for quantitative real-time polymerase chain reaction from cDNA 
templates. 

Reagent Volume (µl) 
(Eurofins primer) 

Volume (µl) 
(RealTime primer) 

Light Cycler SYBR Green I Master 5 5 

Forward Primer 1 - 

Reverse Primer 1 - 

Forward/Reverse Primer Mix - 1 

Nuclease-free distilled water 0.5 1.5 
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Light Cycler SYBR Green I Master is endowed with FastStart Taq DNA polymerase, SYBR 

Green I dye, dNTPs as wells as appropriate ionic concentrations and components for hot start 

reaction. Template amplification and measurement were carried out with a LightCycler 480 II 

applying the program listed in Table 7. 

 
Table 7: Light Cycler program for cDNA amplification and analysis in quantitative real-time polymerase chain 
reaction.  

Step No. Time Temperature (°C) Step 

1 5 min 95 Initial Denaturation 

2 10 s 95 Denaturation 

3 20 s 2.4.1 Annealing 

4 30 s 72 Elongation 

5 ―     Steps 2-4 (40-50 cycles)   ― 

6 10 min 72 Final elongation 

7 5 min 72 to 95 Melting curve 

8 ∞ 4 Cooling 

 

Evaluation of qPCR results was accomplished by 2-ΔΔCt-method. Therefore, cycle threshold (Ct) 

was defined and mean Ct-value of technical triplicates was calculated. As internal quality 

controls technical replicates were excluded from further analysis when Ct-values differed by 

more than ± 0.5 from each other and specificity of amplification process was verified by melting 

curve analysis. Finally, gene of interest‘s (GOI) Ct-values were referred to respective Ct-value 

of the housekeeper gene according to the following formula: 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒 = 2−�
𝐶𝐶𝐶𝐶 (𝐺𝐺𝐺𝐺𝐺𝐺)

𝐶𝐶𝐶𝐶 (ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)� 
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3.4 Biochemical methods 

3.4.1 Isolation and quantification of proteins 
For analyses of alterations in cellular protein synthesis, whole cell lysates were prepared, and 

protein content was determined followed by SDS-PAGE (section 3.4.2) and western blotting 

(section 3.4.3). For this purpose, culture medium was aspirated, cells were washed with PBS 

and 100 - 150 µl Lämmli buffer supplemented with 1 mM sodium orthovanadate were added 

to the cells dependent on the cellular confluency and cell number, respectively. After 

detachment of the cells, cell lysates were transferred into a 1.5 ml Eppendorf tube and treated 

with a sonicator to ensure protein solubilization by cellular decomposition. Whole cell lysates 

were stored at -20 °C.                   

Protein concentrations were determined making use of the colorimetric DCTM Protein Assay kit 

provided by Bio-Rad according to the manufacturer’s instructions. This kit endowes all 

components for a modified protein assay according to Lowry [262]. For calibration, a standard 

row containing defined concentrations of BSA solved in Lämmli buffer was applied. For this 

purpose, the provided BSA standard with a concentration of 1.55 mg/ml was diluted at 1:2, 1:4 

and 1:8. Additionally, samples containing only Lämmli buffer (zero value) and only reaction 

mix (blank value) were prepared. First, a volume of 5 µl for protein samples and standard row 

samples were applied in technical duplicates into the wells of 96-well transparent flat-bottom 

plate. Then, 25 µl of a 1:50 dilution of reagent S in reagent A were added to each well followed 

by additional 200 µl of reagent B. Reaction was incubated for 15 min in darkness at RT before 

light absorption was measured at λ = 750 nm using a Tecan Infinite 200PRO 

spectrophotometer. Protein concentrations were calculated based on the resulting linear 

regression formula for standard samples values.   

 

3.4.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried out for 

pre-separation of proteins in whole cell lysates for subsequent western blot analysis (section 

3.4.3).                    

For this purpose, whole cell lysate samples were adjusted to an equal protein content with 

Lämmli buffer. Then, loading dye (4x) was added at a dilution of 1:4 and samples were mixed. 

Finally, lysates were heated for 10 min at 95°C in a heating block and spun-down before they 

were applied to the polyacrylamide gel. Buffers and gel system for SDS-PAGE were applied 

according to Lämmli as indicated in section 2.2 [263]. Polyacrylamide content in running gels 
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varied in a range from 10 to 15 % according to the intended resolution of proteins at low or 

high molecular weight, respectively. Electrophoresis was performed with a MINI-Protean Tetra 

Cell system at constant voltage of 90 V. 

 

3.4.3 Western blotting 
Western blotting (WB) was performed with the semi-dry Trans-Blot Turbo Transfer System 

provided by Bio-Rad. Therefore, PVDF membrane was activated by deposition in methanol for 

10 s. Afterwards, gel was removed from the electrophoresis chamber and Whatman filter papers 

were soaked in Trans-Blot Turbo 5x Transfer buffer diluted 1:5 in ethanol/ddH2O (1:3). Finally, 

Whatman filter papers, PVDF membrane, polyacrylamide gel and again Whatman filter papers 

were air bubble-free stacked onto the anode of the transfer chamber. Protein transfer onto the 

PVDF membrane was performed at 2.5 mA (constant) and 25 V (maximum) for 10 min. 

Afterwards, the PVDF membrane was washed with TBS-T for 10 min before the membrane 

was blocked by incubation in TBS-T supplemented with 5 % (w/v) milk powder (Blotto) on a 

3D shaker for 1 h at RT. Then, the membrane was incubated in primary antibodies solved at 

respective dilutions (section 2.5.2) in BlueBlock PF (10x), pre-diluted 1:10 in ddH2O, 

overnight at 4°C on a roller mixer. Hereafter, the membrane was washed with TBS-T three 

times for 10 min, before it was incubated in secondary antibody solution at appropriate dilutions 

(section 2.5.2) for 1 h at RT on a roller mixer. Finally, the membrane was washed thrice with 

TBS-T for 10 min and incubated in Western Bright ECL substrate for 2 min in the dark. 

Chemiluminescence signals were recorded with the Fusion SL detection system and processed 

with the corresponding FUSION-CAPT 16.06 software. Densitometric analyses were 

performed with ImageJ. In this process, signals for proteins of interest were normalized to 

examined signal intensities of respective loading controls. 
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3.5 Microscopical analysis 

3.5.1 Evaluation of PD-L1 staining in pancreatic tissue sections from 
PDAC patients 
Evaluation of immunohistochemical PD-L1 staining in pancreatic tumor and peritumoral tissue 

sections from PDAC patients was carried out with an Axioplan 2.0 microscope (Zeiss). Briefly, 

whole tissue sections (1-6 cm2) were screened at 200-fold magnification and each microscopic 

field of view (FoV, ø 0.87 mm) was rated with regard to the percentage of PD-L1 positive cells 

and the mean staining intensity of stained cells. Notably, only membranous staining was 

assessed in epithelial/tumor cells while stromal cells were rated positive for any staining. 

Moreover, only ductal epithelial, tumor and stromal cells as well as tumor-associated lymph 

follicles were included in the rating. Fat and neural tissue as well as acinus and endothelial cells 

were excluded from evaluation. The following immunoreactivity scoring system (IRS) was 

applied for each microscopic FoV as previously published in [264]: (I) the presence and 

percentage of PD-L1+ cells were graded as 0 (negative), 1 (≤ 1% positive) or 2 (> 1% positive), 

(II) the mean staining intensity of FoV comprising PD-L1+ cells were graded as 1 (weak), 2 

(moderate) or 3 (strong). The total number of graded FoV (30-600) depended on the size of the 

tumor tissue section. Hereafter, the IRS for each FoV was calculated by summation of both 

scores resulting in values ranging from 0 to 5. Finally, the „Tissue Score“ for each specimen 

was determined by calculating the mean value of its total IRS scores. In order to characterize 

the intratumoral/local scattering of PD-L1 positive cells within each tissue section, the 

proximity of PD-L1 expressing cells towards each other within FoV with an IRS >0 was graded 

as 0 (PD-L1 positive cells are widely distributed) or 1 (formation of PD-L1+ cell cluster). The 

resulting „Cluster Score“ for each specimen represents the mean value of all rated FoV resulting 

in values between 0 and 1. In order to score PD-L1 expression in tumor-associated lymph 

follicles, staining intensity within each follicle was graded as 0 (negative), 1 (weak) or 2 

(strong). The resulting „Lymph Score“ for each specimen represents the median value of all 

rated tumor-associated lymph follicles. Correlation of Tissue Scores with post-surgical patient 

survival resulted in classification of PD-L1low and PD-L1high tissue sections. Hereafter, 

proportion of PD-L1+ PanCK+ and PD-L1+ PanCK- cells within PD-L1high tissue sections was 

evaluated by immunohistochemical PanCK/PD-L1 staining. Therefore, tissue sections were 

screened at 400-fold magnification to count the number of PanCK+ PD-L1+ and PanCK- PD-

L1+ cells within each FoV. FoV comprising more PanCK+ PD-L1+ cells were graded as 1 and 

FoV comprising more PanCK- PD-L1+ cells were rated as 2. Cell Scores 1 (≥ 90% FoV rated 

as 1), 2 (≥ 90% FoV rated as 2) and 3 (∑FoV=1 ≈ ∑FoV=2) are based on the overall proportion 
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of FoV graded as 1 or 2 within the tissue section. All evaluations were performed twice in a 

blinded manner. In case of discrepant results, sections were additionally evaluated by a second 

investigator. 

 

3.5.2 Cellular confluency analysis 
PDECs seeded on coverslips were stained with CellTracker Red CMPTX dye and Hoechst 

33258 for subsequent microscopical analysis. Therefore, the culture medium was aspirated, and 

cells were incubated in fresh culture medium supplemented with 5 µM CellTracker Red 

CMTPX dye for 30 min at 37°C, 5 % CO2 and 86 % humidity. Afterwards, cells were rinsed 

twice with PBS and fixed with 4.0 % PFA for 10 min at RT in the dark. Then, cells were washed 

three-times with PBS for 5 min and stained with Hoechst 33528 diluted at 2 µg/ml in PBS 

supplemented with 1 % (w/v) BSA for 45 min at RT in a humidified chamber. Finally, 

coverslips were washed thrice with PBS, once with ddH2O and sealed upside down in a drop 

of Fluoro-Gel onto a microscopic slide with clear nail polish. Staining was stored at 4°C in the 

refrigerator until analysis.                        

For analysis, coverslips with stained PDECs were scanned with a Lionheart FX Automated 

Microscope at 4-fold magnification and images were stitched with Gen5 Data Analysis 

Software in “Process” mode. Afterwards, a representative square area (Plug) with a size of 

64000000 µm2 was selected via implemented “Cellular Analysis” tool of the “Analyze” mode. 

Finally, cellular area was discriminated from cell-free area based on acquired signals in DAPI 

(LED 356 nm | EX 377/50 | EM 447/60) and RFP (LED 523 nm | EX 531/40 | EM 593/40) filter 

channels by parameter settings listed in Table 8. 

 
Table 8: Parameters for cellular confluency analysis with Gen5 software “cell analysis” application.  

Parameter Value 

Threshold 5000 - 7000 

Background Dark 

Split touching objects Unchecked 

Fill holes in the mask Checked 

Min. object size 5 µm 

Max. object size 10000 µm 

Include primary edge objects Checked 

Analyze entire Image Unchecked 
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―     Advanced detection options     ― 

Background flattening Checked 

Auto Unchecked 

Rolling Ball diameter 5 µm 

4 pixels 

Image smoothing strength 10 Cycles of 3x3 average filter 

Evaluate background on 1 % of lowest pixels 

Primary mask Use threshold mask 

 

Cellular confluency in the Plug was calculated by following formula: 

Cellular confluency (%) = �
Object sum area (µ𝑚𝑚2) 

𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃 𝑒𝑒𝑟𝑟𝑠𝑠𝑟𝑟 (µ𝑚𝑚2) � ∙ 100 

 

3.6 Statistical analysis 
Statistical analyses were performed using SigmaPlot v12.5. First, data were tested for normality 

and equal variance by Shapiro-Wilk and Equal Variance test, respectively. For comparison of 

two-groups comprising parametric distributed datasets, t-test was applied. Two groups of 

datasets that failed normality or equal variance test were analyzed with Mann-Whitney Rank 

Sum test. Parametric data including multiple groups were tested by one-way analysis of 

variance (one-way ANOVA) for statistical significance. Non-parametrical datasets of multiple 

groups were analyzed with Kruskal-Wallis one-way ANOVA on ranks test. Statistically 

significant differences between the groups were assumed at p-values < 0.05 according to 

Student-Newman-Keuls method (parametric data) and Dunn’s method (non-parametric data), 

respectively.                            

Data acquired by histological analyses were examined as raw scores, categorized by 

dichotomization and resulting values were compared between groups by Chi-square or Fisher 

Exact test. Survival curves were estimated according to Kaplan-Meier method and potential 

influence factors were identified by Log-Rank test. 
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4. Results 

4.1 In situ characterization of PD-L1 expression in PDAC tissue 
The immunohistochemical detection and pathological classification of PD-L1 expression status 

in tumor biopsies via companion diagnostics is a common method for identification of patients 

that potentially benefit from therapeutic approaches targeting either PD-1 or PD-L1 by 

monoclonal antibodies [229,230]. In the case of PDAC, several studies already reported the 

expression of PD-L1 in pancreatic tumor tissue [98,265–268]. However, PDAC is well known 

for its exceptional intra- and inter-tumoral heterogeneity and none of the previously published 

studies elaborated this topic in detail. Therefore, the first aim of this study was to 

comprehensively characterize PD-L1 expression status in tumoral and stromal compartment via 

IHC in a well-characterized cohort of 59 PDAC tissues and 18 peritumoral pancreatic tissues. 

The study cohort comprised mainly patients with malignant diseases staged T3N1M0 (86.4%), 

the most common PDAC stage subjected to curative surgical resection. Further patient 

characteristics are listed in Table 9. 

 
Table 9: Clinic-pathological characteristics of PDAC patients included in the study cohort 

Parameter Number of cases 
Patients 59 
Median age (range)  66 (46-85) 
Sex (male/female) 34 / 25 
Tumor stage T1/T2/T3/T4 0 / 0 / 58 / 1 
Nodal stage N0/N1 8 / 51 
Metastasis stage M0/M1 57 / 2 
Tumor grade 1 (well differentiated) 7 
Tumor grade 2 (moderately differentiated) 27 
Tumor grade 3 (poorly differentiated) 24 
Post-surgical survival in months (range) 13 (0-108) 
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4.1.1 Pancreatic tumor tissues from PDAC patients displays high 
heterogeneity in terms of PD-L1 staining in various tumor 
compartments 

In order to consider intra-tumoral heterogeneity, whole sections of pancreatic tumor tissues 

were analyzed for PD-L1 staining in neoplastic and stromal cells as well as tumor-associated 

lymph follicles. First screenings revealed prominent intra- and intertumoral differences in PD-

L1 staining with respect to staining intensity and relative proportion of PD-L1+ cells. Therefore, 

staining intensities in each microscopic FoV were scored from 1 to 3 (weak, moderate and 

strong) (Figure 12 A-C) and the proportion of PD-L1+ cells was rated from 0 to 2 (0%, ≤ 1% 

and > 1% PD-L1+ cells) (Figure 12 D-F). In order to compare the different PDAC tissue 

sections within the cohort with each other, Intensity and Quantity Scores were generated for 

each PDAC tissue by calculating the median value of scored microscopic FoV.           

Tumor-associated lymph follicles are tertiary lymphoid structures that are formed de novo by 

local infiltration of leukocytes. Since these structures represent an access point into the tumor 

for cells like CTLs, PD-L1 staining in tumor-associated lymph follicles was rated separately 

from the remaining tumor tissue. Here, three distinct staining patterns were discriminated: 0 

(negative), 1 (weak) and 2 (strong) (Figure 12 G-I). For following comparison of PDAC 

tissues, Lymph Score was generated for each tissue by calculating the median value of all 

tumor-associated lymph follicles within each tissue section.                     

Besides the prominent local clustering of PD-L1 staining observed within tumor-associated 

lymph follicles, some areas within the remaining tumor tissue also showed notable clusters of 

PD-L1+ neolastic and/or stromal cells while other areas displayed rather a scattered distribution 

of PD-L1 staining. Therefore, the respective staining pattern in each microscopic FoV was 

scored as 0 (scattered) or 1 (clustered) (Figure 12 J+K). Again, for subsequent comparison of 

PDAC tissue sections, Cluster Scores were generated by calculating the mean value of all rated 

FoV within each tissue section.  
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Figure 12: Heterogeneity of intra-tumoral PD-L1 expression in pancreatic tissue sections from PDAC patients. 
Representative images of immunohistochemical PD-L1 staining in pancreatic tissues of PDAC patients for different scoring 
values (red numbers) with regard to (A-C) the staining intensity, (D-F) the proportion of PD-L1+ cells, (G-I) the expression in 
tumor-associated lymph follicles as well as (J+K) the local distribution of PD-L1+ cells within the tumor. According to the 
evaluation system, PD-L1 mean staining intensity in fields of view (FoV) showing PD-L1+ cells was rated as (A) weak (1), (B) 
moderate (2) or (C) strong (3). The proportion of PD-L1+ cells within FoV was scored as (D) negative (0), (E) < 1% PD-L1+ 
cells (1) or (F) > 1% PD-L1+ cells (2). PD-L1 expression in tumor-associated lymph follicles was rated as (G) negative (0), 
(H) weak/moderate (1) or (I) strong (2). Finally, distribution of PD-L1+ cells within FoV was categorized as (J) 
„diffuse/patternless“ (0) and (K) „cluster formation“ (1). Original magnification/scale bar: 100-fold/200 µm (G-I); 200-
fold/50 µm (A-F; J+K). (published data [264]) 
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Implementation of this scoring system to all PDAC tissue sections within the cohort revealed 

that 3 of 59 tissues exhibited mainly tumor-associated lymph follicles and no neoplastic cells 

within the small proportion of adjacent tissue. Therefore, these sections were excluded from 

Intensity, Quantity and Cluster scoring. Moreover, 44 of the remaining 56 cases (78.6%) 

showed scarce overall PD-L1 staining causing Quantity and Intensity Scores of 0. However, 

some of these tissues exhibited small areas with pronounced PD-L1 staining in terms of quantity 

and/or intensity. In order to cope with this intra-tumoral heterogeneity, an immunoreactivity 

scoring (IRS) system was applied. Therefore, Quantity and Intensity Scores were summed up 

for each rated microscopic FoV and mean instead of median value was calculated for the whole 

tissue section (Tissue Score).                           

In summary, Tissue Scores revealed values in the range from 0 to 2.65 with a mean score of 

0.55. Lymph and Cluster Scores of PDAC tissue sections ranged from 0 to 2 with a median of 

1 (Lymph Score) and from 0 to 0.52 with a median of 0.14 (Cluster Score), respectively. As an 

additional indicator for overall PD-L1 staining within each tumor tissue section, the proportion 

of microscopic FoV containing at least one PD-L1+ cell (%FoV+) has been recorded for each 

tissue section. The proportion of PD-L1+ FoV within PDAC tissue sections ranged from 0 to 

92.4% with a median proportion of 22.9%. The overall results from staining evaluations are 

summarized in Supplementary Table 10. 

 

4.1.2 PD-L1 staining is characteristic for malignancy-associated 
desmoplastic but not healthy pancreatic tissue  

In pathological conditions pronounced PD-L1 expression in tissues is attributed to local 

inflammation and/or malignant disease formation [269]. However, in certain tissues PD-L1 is 

commonly expressed under physiological conditions, e.g. lymph nodes, tonsils, lung, placenta 

and liver [270,271]. In order to investigate whether PD-L1 is primarily or even exclusively 

expressed under pathological conditions in the pancreas or also expressed in physiological 

pancreatic tissues, 18 peritumoral tissue sections were evaluated by the established scoring 

system. Staining evaluations showed that PD-L1 is rarely expressed within tumor-distant acini, 

pancreatic ducts, islets of Langerhans as well as blood and lymph vessels. Therefore, these 

tissue areas were excluded from the scoring system. Instead an area around 2 mm from the 

tumor margin into the healthy tissue as well as the desmoplastic tumor tissue was included for 

scoring (peritumoral tissue) (Figure 13). Comparative examination of the staining revealed a 

significantly lower proportion of PD-L1+ FoV in peritumoral pancreatic tissue sections 



Results |  69 
 

   

compared to tumor tissue sections (12.2% vs. 22.9%) (Figure 13 A). In line with this, 

comparing the results from scoring of PD-L1 staining in 13 peritumoral tissue sections and their 

corresponding tumor sections showed significantly higher Tissue Scores in tumor tissues 

compared to peritumoral tissues (Median Peritumoral/Tumor Tissue Score = 0.144) (Figure 13 

B). However, in 4 of 18 peritumoral tissues comparatively high Tissue Scores (≥ 0.8) and high 

proportions of PD-L1+ FoV (> 30%) were identified. Notably, these peritumoral tissues 

exhibited either only a small or no neoplastic-cell-free tumor margin (Figure 13 C). Moreover, 

all peritumoral but not tumoral located lymph follicles displayed PD-L1 staining (Lymph Score 

>0) and Cluster Scores > 0.4 were exclusively found in neoplastic pancreatic tissues 

(Supplementary Table 10). 

 

4.1.3 PD-L1 staining correlates with patient survival and tumor 
differentiation grade 

Tissue Score results from scoring of PD-L1 staining revealed marked differences between 

tumor and peritumoral tissues and but also within each group (Figure 13 D). On the search for 

a reasonable threshold within the established scoring system that identifies a tumor biological 

or clinically relevant PD-L1 expression status in PDAC tissue, Tissue Scores and respective 

post-surgical patient life span were subjected to Log-Rank test according to Kaplan-Meier 

method. Indeed, analysis showed a significant correlation between a higher Tissue Score > 0.8 

(PD-L1high) and decreased overall survival (Median survival 23 vs. 7 months) (Figure 13 E). 

Notably, despite the pathological homogeneity within the present cohort (98% T3 and 87% 

T3N1M0), post-surgical survival markedly differed between patients (Table 9), a common 

problem for correlation of TNM status and disease prognostics in PDAC. Interestingly, 

statistical analysis of Tissue Scores with regard to the respective pathological tumor grade 

indicated a correlation between a high overall PD-L1 staining and a poor tumor differentiation 

status (Median Tissue Scores (Tumor grade): 0.255 (1) vs. 0.481 (2) vs. 0.588 (3)) (Figure 13 

F). 
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Figure 13: PD-L1 expression is enhanced in PDAC tumor area compared to peritumoral tissue and correlates with 
clinic-pathological patient characteristics. (A) Proportion of analyzed microscopic fields of view (FoV) with at least one 
PD-L1+ cell in PDAC tumor and peritumoral tissue sections presented as Box-and-whisker plot. (B) Ratio of PD-L1 Tissue 
Scores in PDAC tumor tissue and respective peritumoral pancreatic tissue presented as Box-and-whisker plot. (C) 
Representative images of immunohistochemical PD-L1 staining in different areas of pancreatic tissue from a PDAC patient. 
Shown are adjacent healthy acinus tissue (left, “Healthy”), peritumoral margin with desmoplastic stroma (middle, 
“Peritumoral”) and intratumoral tissue (right, “Tumor”). (D) Tissue Scores of each PDAC tumor and peritumoral tissue section 
are presented as dots by a scatter plot. Red line at a value of 0.8 indicates the identified threshold between PD-L1low and PD-
L1high tissue sections. (E) Survival LogRank analysis correlates overall survival time (months) of PDAC patients with 
intratumoral PD-L1 expression (Tissue Score: PD-L1low vs. PD-L1high). Considering surgery-related mortality, patients with 
survival times of less than 4 months were excluded from analysis. (F) PD-L1 Tissue Scores are presented as Box-and-whisker 
plots with regard to the pathological defined tumor grade. n = 56 (D, F); 39 (E). Original magnification/scale bar: 200-
fold/100 µm. n = 56 vs. 18 (A); 13 (B). * = p<0.05. (published data [264]) 
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4.1.4 PD-L1 staining is predominantly located to stromal but not 
neoplastic cells in PDAC 

Aberrant PD-L1 expression by neoplastic cells is regarded as one of the central immune escape 

mechanisms in other tumor entities like malignant melanoma or some cases of non-small 

cellular lung carcinoma [129,272,273]. However, in the last years the awareness grew that PD-

L1 expression by various non-neoplastic cell populations like TAMs, MDSCs, Tregs, 

endothelial cells and fibroblasts also represents a factor for an impaired anti-tumor response 

[128,274].                             

In order to address this topic by precise discrimination of stromal- and neoplastic cell-associated 

PD-L1 staining, PD-L1/PanCK IHC co-staining of PD-L1high classified PDAC tissue sections 

was performed. Cell Scores resulting from this analysis indicate whether PD-L1 is primarily 

expressed by PanCK+ epithelial/cancer cells (Cell Score 1; Figure 14 A-C), PancCK- stromal 

cells (Cell Score 2; Figure 14 D-F) or whether PD-L1 is expressed by both populations to a 

similar extent (Cell Score 3; Figure 14 G-I). Staining evaluations showed that only 4 cases 

(23.5%) displayed PD-L1 staining exclusively located in PanCK+ cells (Cell Score 1). In 

contrast, 53% of PD-L1high classified PDAC sections exhibited PD-L1 staining primarily in 

stromal cells (Cell Score 2). Noteworthy, 5 of these tissue sections showed in less than 10% of 

all cells stained for PD-L1 a co-localisation of PD-L1 and PanCK. A nearly equal ratio (40:60 

to 60:40) of PanCK- to PanCK+ cells positively stained for PD-L1 was found in 4 cases (23.5%) 

(Cell Score 3) (Figure 14 J). 
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Figure 14: PD-L1 expression in PDAC is not restricted to epithelial/tumor cells but is localized to a large extent within 
the tumor stroma. (A-I) Representative images of immunohistochemical PD-L1 (brown)/PanCK (red) staining in PD-L1high 
graded pancreatic tissues of PDAC patients. Cellular origin of PD-L1 expression observed in single staining (A, D+G) was 
evaluated in PD-L1/PanCK double staining (B+C, E+F, H+I). Tissues were classified into 3 groups with regard to the prevalent 
cellular origin of PD-L1 expression: Cell Score 1 (PanCK+ PD-L1+), Cell Score 2 (PanCK- PD-L1+) and Cell Score 3 (PanCK+/- 
PD-L1+). (J) Pie chart illustrates the proportion of PDAC tissues rated as Cell Score 1 (black), 2 (grey) and 3 (white) within 
PD-L1high graded tissues. Original magnification/scale bar: 200-fold/100 µm (B, E+H); 400-fold/100 µm (A, C, D, F, G+I). 
(published data [264]). 

 

In summary, examined Cell Scores revealed that within this PDAC cohort PD-L1 is 

predominantly expressed by stromal cell populations and only to a minor proportion either 

partially or exclusively by neoplastic cells. 

 

4.1.5 Comprehensive IHC-based determination of PD-L1 status in 
PDAC by POLE Score 

In order to comprehensibly consider all data obtained from the evaluation of 

immunohistochemical PD-L1 staining in the PDAC cohort, a scoring system that resembles the 

structure of the TNM system was established. For this purpose, compiled Tissue, Cell, Lymph 

and Cluster Scores were converted into a four-letter code (POLE Score) that comprises intra-

tumoral overall PD-L1 staining (P), cellular Origin of PD-L1 staining (O), PD-L1 status in 

tumor-associated Lymph follicles (L) and the Enumerated spatial distribution of PD-L1+ cells 

(E) by single digits. Definition criteria of POLE Score parameters are listed in Supplementary 

Table 11.                     
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According to these definition criteria, collected data were converted into respective POLE 

Scores (Figure 15 A). In summary, P-Score proportions highlight that strong PD-L1 staining 

is observed in only 30.4% (P2) of PDAC tissues, while most specimens show either weak 

(25.0%; P1) or absent (44.6%; P0) PD-L1 staining. Since O-Score represents one-to-one the 

former Cell Score, it indicates that 76.5% of P2 rated PDAC tissue sections exhibit either 

exclusive (O2, 53.0%) or prominent (O3, 23.5%) PD-L1 staining located in stromal cells. 

Noteworthy, L0 rated tissue sections were only found within the P0 subgroup. Finally, 

remarkable formation of clusters comprising neoplastic and/or stromal cells stained for PD-L1 

were only detected within the P2 subgroup (Figure 15 B). 

 
Figure 15: Characterization of PD-L1 expression in PDAC by the POLE Score system.   
(A) Tree diagram illustrates the distribution of POLE Scores for PD-L1 expression in pancreatic tissue sections of PDAC 
patients. Scoring values P0-2 (overall PD-L1 expression), O1-3 (PD-L1 cellular Origin), L0-2 (PD-L1 expression in tumor-
associated Lymph follicles) and E0-1 (Enumerated spatial distribution of PD-L1+ cells) are depicted at the end of the branches. 
Number of cases are indicated in brackets. (B) Pie charts illustrate the proportion of compiled POLE Scores within the entire 
cohort (right, n=56) and subset of P2 scored (left, n=17) PDAC tissues. X = not rated (excluded in pie charts). (published data 
[264]). 
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4.1.6 POLE Score correlates with a pattern of immunological 
markers that characterizes a distinct cellular tumor stroma 
composition 

Data from IHC analyses indicate that marked PD-L1 expression is mainly attributed to stromal 

cell populations in PDAC tissue and correlates with malignancy-associated histopathological 

alterations. The tumor stroma of PDAC commonly consists of a wide variety of different non-

neoplastic cell populations, e.g. CD4+, CD8+ and regulatory T lymphocytes as well as TAMs 

and fibroblasts [62,65,88]. In order to investigate whether there is an interrelationship between 

POLE Score parameters and tumor stroma composition, data obtained on PD-L1 expression in 

the present study were correlated with IHC-based data of a former study, which used serial 

tissue sections of the same cohort [88]. These data included markers for infiltration of various 

T lymphocyte populations, macrophage infiltration and polarization, fibroblast proportion and 

activation status as well as proportion, differentiation and proliferation of neoplastic cells [88].        

For this purpose, POLE Scores (except for E-Score) were dichotomized prior to statistical 

analyses into: 

I) +P1 vs. +P2 (P0 + P1 vs. P2)          

II) +O1 vs. +O2 (O1 vs. O2 + O3) 

III) +L1 vs. +L2 (L0 vs. L1 + L2) 

This form of dichotomization was chosen to explicitly separate specimens with strikingly high 

overall PD-L1 staining from those with low/absent PD-L1 staining, specimens with exclusively 

PanCK+ PD-L1+ cells from those with high stromal attributed PD-L1 staining as well as 

specimens with absent PD-L1 staining in tumor-associated lymph follicles from those that show 

PD-L1 staining in the majority of tumor-associated lymph follicles.       

Subsequent statistical analyses of dichotomized POLE Score parameters and markers related  

to the infiltration of T lymphocytes in general (CD3+), T helper lymphocytes (CD3+ CD4+), 

cytotoxic T lymphocytes (CD3+ CD8+),  regulatory T cells (CD3+ CD4+, CD25+, FoxP3+) and 

γδ T cells (γδ TCR+) revealed significant interrelations between the cellular origin of PD-L1 

staining and overall T cell infiltration as well as PD-L1 staining in tumor-associated lymph 

follicles and the presence of T helper lymphocytes (Figure 16 A). In detail, dominant PD-L1 

staining in PanCK- cells exclusively correlated with high stromal infiltration by CD3+ T cells. 

Conversely, all specimens with PD-L1 staining restricted to epithelial cells were characterized 

by a low abundance of CD3+ T cells (Figure 16 B). Likewise, PD-L1 staining in tumor-

associated lymph follicles positively correlated with the presence of CD4+ cells. Thus, 18 of 23 
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cases (78.2%) showed either +L1/CD4low or +L2/CD4high status (Figure 16 C).        

Moreover, a significant coherence between PD-L1 staining in tumor-associated lymph follicles 

and the local abundance of markers for TAMs (CD68+, CD163+, HLA-DR) was found (Figure 

16 A). In detail, 16 of 23 specimens (69.5%) rated as +L2 were associated with a high 

proportion of CD68+ or CD163+ cells in close proximity to epithelial cells (duct-associated) 

(Figure 16 D).                 

Indicating a link between cellular origin of PD-L1 staining and the proportion of stromal 

myofibroblasts, an exclusive correlation between +O1/α-SMAlow and +O2/α-SMAhigh rated 

specimens was identified (Figure 16 E).              

 

Figure 16: PD-L1 expression characterized by POLE Score correlates with intra-tumoral proportion of distinct immune 
cell populations. (A) Heatmap illustrates results from statistical correlation of dichotomized POLE Scores, markers for stromal 
cell populations, EMT and Ki67 status assessed by immunohistochemical staining. Dichotomization was performed according 
to the following pattern: +P1 (=P0+P1) vs. +P2 (=P2); +O1 (=O1) vs. +O2 (=O2+O3); +L1 (=L0) vs. +L2 (=L1+L2). P-values 
from statistical analyses are illustrated by color gradient (dark green: p=0.01 to dark red: p=1.0; white: statistical analysis not 
possible). Pie charts show proportion of subgroups within correlations of (B) +O-Score vs. CD3 (% stroma), (C) +L-Score vs. 
CD4 (% stroma), (D) +L-Score vs. CD68/CD163 (duct-associated), (E) +O-Score vs. α-SMA (intensity), (F) +O-Score vs. 
PanCK (% section), (G) +O-Score vs. Ki67 (% epithelium) and (H) +P-Score vs. E-Score. Statistical analyses were performed 
by Chi-square/Fisher exact test. (published data [264]). 

 

Moreover, the overall proportion of PanCK+ cells and PanCK+ Ki67+ epithelial cells in PDAC 

tissue sections tended to correlate with respective PD-L1 staining in tumor-associated lymph 

follicles (p=0.069; p=0.053) (Figure 16 A). In detail, 16 of 23 specimens showed either 

+L1/PanCKlow or +L2/PanCKhigh status and 17 of 23 cases displayed either +L1/Ki67low or 

+L2/Ki67high status (Figure 16 F+G). Indeed, spot-checking areas in PDAC tissues with low or 
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absent stromal PD-L1 staining for Ki67 staining in respective serial tissue sections verified the 

coincidently low proportion of Ki67+ epithelial cells. In contrast strong stromal PD-L1 staining 

was associated with a high proportion of Ki67+ PanCK+ cells in serial tissue section (Figure 

17). 

 
Figure 17: Intratumoral areas enriched for PD-L1+ stromal cells show high proportion of Ki67+ cells within the 
epithelial tumor compartment. Representative images of (A+C) PD-L1 and (B+D) Ki67 immunohistochemical staining in 
serial pancreatic tissue sections from PDAC patients. Original magnification/scale bar: 200-fold/100 µm (published data [264]). 

 

Finally, PDAC tissue sections exhibiting prominent formation of PD-L1+ cell clusters (E1) were 

only found within the subgroup of tissue sections exhibiting strong overall PD-L1 staining. 

Hence, 30 of 36 E0 rated specimens showed low overall PD-L1 staining (Figure 16 H).  

Taken together, these data show that PD-L1 expression in PDAC markedly varies in terms of 

the tumor compartment (neoplastic vs. stromal cells vs. tumor-associated lymph follicles) and 

correlates with distinct patterns of tumor stroma composition. Furthermore, data indicate that 

strong PD-L1 staining in the stromal compartment is associated with high tumor infiltration by 

CD3+ T lymphocytes and presence of activated myofibroblasts. Interestingly, most correlations 

were identified between strong PD-L1 staining within tumor-associated lymph follicles and the 

presence of CD4+ and CD8+ T lymphocytes as well as a high proportion of proliferative 

epithelial cells. 
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4.1.7 PD-L1 staining in PDAC tissues is predominantly found within 
distinct tumor regions and associated with a local 
accumulation of specific immune cell populations   

As outlined in section 4.1.1 immunohistochemical detection of PD-L1 in PDAC tissues 

displayed a very heterogenous staining pattern characterized by low overall and locally strong 

PD-L1 staining in P2 scored specimens. In order to investigate whether PD-L1 enriched areas 

are located in distinct tumor regions and display a particular stromal composition as indicated 

by the results from statistical analyses, PD-L1high areas in P2 tissues were examined in more 

detail in serial tissue sections stained for CD3, CD4, CD68, CD163, α-SMA and PanCK. 

The first type of tumor area that frequently showed remarkable PD-L1 staining was located at 

the tumor-lymph follicle interface. A representative example of this type of area is depicted in 

Figure 18. This type of area exhibiting notable PD-L1 staining (Figure 18 B+D) was 

characterized by a high proportion of PanCK+ neoplastic cells in close proximity or even 

surrounded by a tumor-associated lymph follicle (Figure 18 A+C). Neoplastic ductal structures 

were surrounded by tumor stroma primarily streaked by α-SMA+ cells (Figure 18 G+J). CD68+ 

cells predominantly accumulated at the tumor-lymph follicle interphase coinciding with PD-L1 

staining (Figure 18 F+I, arrow heads). Interestingly, PD-L1 staining appeared to be polarized 

towards adjacent tissue comprising neoplastic PanCK+ cells. Thus, the tumor-lymph follicle 

interface but not tumor-averted border of the lymph follicle showed strong PD-L1 staining 

(Figure 18 B, arrow heads). Notably, this correlation between the local presence of malignant 

cells and strong PD-L1 staining had been observed previously in the comparison of tumor and 

peritumoral tissue sections (section 4.1.2) as well as in the statistical analyses of tumor stroma 

composition and POLE Score parameters in section 4.1.6. Furthermore, CD4+ cell clusters 

showed overlapping areas with PD-L1 staining inside the tumor-associated lymph follicle but 

not within the tumor tissue (Figure 18 E+H, arrow heads). 
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Figure 18: Polarized PD-L1 expression at the tumor-lymph follicle interface coincides with the presence of CD68+ 
macrophages. Representative images of (A+C) pan-cytokeratin (PanCK), (B+D) PD-L1, (E+H) CD4, (F+I) CD68 and (G+J) 
α-SMA immunohistochemical staining in serial pancreatic tissue sections from a PDAC patient. 
(B) Shown is an infiltrated tumor-associated lymph follicle exhibiting high proportion of PD-L1+ cells at the tumor margin (red 
arrow heads) and absence of PD-L1 expression at the tumor-averted border (black arrow heads). PD-L1 expression is co-
localized with (E) CD4 (yellow arrow heads) and (F) CD68 staining (green arrow heads). Original magnification/scale bar: 25-
fold/500 µm (overviews; A+B, E-G); 100-fold/200 µm (detail; C+D, H-J). (published data [264]). 

 

The second type of tumor area that frequently exhibited high accumulation of PD-L1+ cells was 

located at the tumor margin comprising neoplastic cells in close proximity to remaining 

adjacent acinus tissue. A representative example of this type of area is presented in Figure 19. 

This type of area displayed a wide tumor margin with invasive growing neoplastic cells (Figure 

19 A+E) being associated with pronounced PD-L1 staining (Figure 19 B+F). Additionally, this 

area coincided with dense infiltration of CD3+ T lymphocytes (Figure 19 C+G) being not CD4+ 

(Figure 19 D+H) but CD8+ (Figure 19 I+M). Moreover, CD68+ TAMs (Figure 19 J+N) and 
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especially a CD163+ subpopulation (Figure 19 K+O) were found at high frequency and tightly 

associated with neoplastic cells. In contrast, local α-SMA staining was weak compared to the 

inner tumor area (Figure 19 L+P, compare upper area vs. marked area). Notably, PD-L1 

staining co-localized within this type of area with both neoplastic and stromal cell populations.  

 

Figure 19: PD-L1 is markedly expressed within tumor areas that show high proportion of CD8+ T cells and 
macrophages. Representative images of (A+E) PanCK, (B+F) PD-L1, (C+G) CD3, (D+H) CD4, (I+M) CD8, (J+N) CD68, 
(K+O) CD163 and (L+P) α-SMA immunohistochemical staining in serial pancreatic tissue sections from a PDAC patient. 
Original magnification/scale bar: 25-fold/200 µm (overviews; A-D+I-L); 200-fold/100 µm (detail; E-H+M-P). (published data 
[264]). 
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Overall, the analyses on serial tissue sections confirmed the results from previous statistical 

analyses correlating POLE Score parameters with tumor stroma composition (section 4.1.6). 

While it has been highlighted that PD-L1 is very heterogenously expressed PDAC, it has been 

also shown that pronounced accumulation of PD-L1+ cells is restricted to tumor areas, which 

are associated with a high infiltration by CD8+ T lymphocytes and CD68+ CD163+ TAMs.  

 

4.1.8 Tumor-associated macrophages represent one of the major 
PD-L1 expressing stromal cell populations in PDAC 

Analysis of various lineage markers by IHC in serial sections of PDAC tissues suggested that 

not epithelial/neoplastic cells but rather leukocytes represent the major cellular origin of intra-

tumoral PD-L1 expression. Particularly, T lymphocytes and myeloid cells accumulated within 

tumor regions of strong PD-L1 staining indicated by prominent local CD3 and CD68 staining 

in serial sections.                  

In order to specify PD-L1 expressing cell populations in PDAC in more detail, multicolour flow 

cytometric analysis of freshly isolated cells from enzymatically dissociated PDAC specimens 

was performed. The established staining panel allowed the discrimination of cell surface 

expressed PD-L1 on cells of epithelial origin (panCK+ PD-L1+), leukocytes (CD45+ PD-L1+) 

as well as TAMs (CD45+ SSChigh CD68+ PD-L1+) (Figure 20 A). The results from flow 

cytometric analyses of tumor specimens from three PDAC patients very well reflected both 

tumor heterogeneity and cellular origin of PD-L1 staining previously described in IHC-based 

analyses. In detail, PD-L1+ cells within the subgroup of panCK+ cells were either absent or 

represented a minor proportion (3.27%, 0.78 % and 0.0%) (Figure 20 B). Moreover, median 

fluorescence ratios (MFI Ratio) of panCK+ PD-L1+ cells indicated very low surface expression 

levels (MFI Ratio 1.42, 1.27 and 1.05) (Figure 20 C). TAMs were found in two of three 

specimens at varying proportion. Hence, one of these specimens possessed a high proportion 

of PD-L1+ TAMs (87.9% PD-L1+) (Figure 20 B) along with high surface expression level (MFI 

Ratio 2.53) (Figure 20 C). In contrast, the other specimen exhibited just a minor population of 

PD-L1+ TAMs (7.2%) (Figure 20 B) along with low cell surface expression levels (MFI Ratio 

1.55) (Figure 20 C). In addition to flow cytometric analyses, PD-L1 expression by TAMs was 

also verified by co-localization of CD68 and PD-L1 in immunofluorescence staining of P2 rated 

PDAC tissue sections (Figure 20 D). Notably, both flow cytometry and immunofluorescence 

staining highlighted that not all TAMs show PD-L1 expression and that other leukocyte 

populations clearly contribute to intra-tumoral PD-L1 expression in PDAC. Thus, PD-L1+ non-
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myeloid leukocytes (CD45+ CD68- PD-L1+) were identified in every specimen, at varying 

proportions (62.1%, 11.6% and 35.9%) (Figure 20 B) with considerable surface levels (MFI 

Ratio 2.42, 2.96 and 1.53) (Figure 20 C). Moreover, additional staining of PD-1 within the flow 

cytometry panel revealed that only non-myeloid leukocytes (CD45+ CD68-) exhibited 

detectable cell surface expression levels of PD-1 (data not shown). 

 

Figure 20: Tumor-associated macrophages represent a PD-L1 expressing stromal cell population in some PDAC 
patients or distinct tumor areas. (A) Gating strategy for detection of cell surface PD-L1 expression by flow cytometry in 
distinct populations of freshly isolated cells in resected PDAC specimens. Epithelial/tumor cells were discriminated from 
leukocytes by panCK/CD45 staining. Tumor-associated macrophages (TAMs) within the CD45+ leukocyte populations were 
discriminated from other leukocyte populations via side scatter (SSC) and CD68 expression. Specificity of staining (red contour 
plots/histograms) was ensured by detection of signals from respective isotype staining (black contour plots/histograms) in 
parallel. (B, C) Scatter plots summarize results from flow cytometric detection of PD-L1 cell surface expression in freshly 
isolated TAMs (CD45+ CD68+; black symbols), non-TAM leukocytes (CD45+ CD68-; red symbols) and epithelial/tumor cells 
(CD45- panCK+; white symbols) of PDAC specimens from three different patients with regard to (B) proportion of PD-L1+ 
cells and (C) median fluorescence intensity (MFI) ratio (MFIPD-L1/MFIIsotype). (D) Representative images of CD68 and PD-L1 
immunofluorescence co-staining in PDAC tissue sections from two different patients. Shown are grey scale signals from single 
channels for detection of CD68 (left) and PD-L1 (middle) staining as well as overlay (right) of CD68 (orange), PD-L1 (green) 
and nuclei staining by Hoechst (blue) for analysis of co-localization. Marked are PD-L1+ CD68+ (white arrow heads) and PD-
L1- CD68+ (red arrow heads) TAMs as well as a cluster of PD-L1+ CD68+ TAMs (white quadrant). Original magnification/scale 
bar: 200-fold/50 µm. (published data [264]). 

 

Taken together, the findings from in situ analyses clearly show that PD-L1 expression in the 

present cohort of PDAC tissues is very heterogenous and mainly absent or at low overall level. 

Moreover, hot spots for accumulation of PD-L1+ cells are located within distinct tumor regions, 

namely tumor-lymph follicle interfaces and the tumor margin. Finally, these areas are 

characterized by a distinct cellular composition that includes proliferative neoplastic cells along 

with high infiltration by T lymphocytes and TAMs. By trend, PD-L1 expression was mostly 
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attributed to stromal cell populations like TAMs and other leukocytes rather than 

epithelial/neoplastic cells. 

 

4.2 In vitro analyses on the immune-regulatory role of PD-L1 
in co-culture settings that resemble cellular compositions 
in PDAC tissues 

In order to investigate the immune-regulatory potential of PD-L1 expression within areas of 

PDAC that are characterized by a cellular composition of neoplastic cells, T lymphocytes and 

macrophages, the next aim of this this study was the establishment of an in vitro co-culture 

system that mimics the cellular composition with variable PD-L1 expression. For this purpose, 

different PDAC cell lines and human primary polarized macrophages were screened for basal 

levels and inducibility of PD-L1 expression. Moreover, an experimental setup for isolation, 

activation and characterization of human primary T lymphocytes has been developed.  

 

4.2.1 Premalignant pancreatic ductal epithelial cell lines and most 
PDAC cell lines exhibit basal surface expression of PD-L1 but 
not PD-1  

In situ analyses indicated that just a minor proportion of neoplastic cells in PDAC exhibit 

considerable PD-L1 cell surface expression. In order to examine whether this also applies to 

well-established PDAC cell lines, benign, premalignant and malignant pancreatic ductal 

epithelial cell (PDEC) lines were analyzed for basal PD-L1 expression by flow cytometry and 

western blotting (Figure 21). For this initial screening, H6c7eR-pBp and H6c7eR-kras cells, 

models for benign and premalignant PDEC, respectively, as well as the PDAC cell lines Panc1, 

PancTu-I, Panc89, MIA PaCa-2, BxPc3 and Colo357 were chosen. Western blot analyses of 

whole-cell lysates revealed that H6c7eR-pBp and H6c7-eR-kras cells exhibited the highest 

basal PD-L1 levels (Figure 21 A). Notably, H6c7eR-kras cells, showed the highest PD-L1 

expression. Within the group of PDAC cell lines PancTu-I cells displayed the highest PD-L1 

expression level. While BxPc3 and Colo357 cells showed both an intermediate basal PD-L1 

expression, Panc89 and MIA PaCa-2 cells exhibited a low basal PD-L1 level. In contrast, PD-

L1 was not detectable by western blotting in whole-cell lysates of Panc1 cells (Figure 21 A). 

Flow cytometric analyses of PD-L1 cell surface levels verified relative PD-L1 levels detected 

in whole-cell lysates. Hence, flow cytometry showed the highest PD-L1 signal intensity for 
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H6c7eR-kras cells (MFI Ratio 6.46) (Figure 21 B) and comparatively lower signal intensities 

for PanTu-I cells (MFI Ratio 3.35 ± 0.35) (Figure 21 B+C). In line with western blotting results, 

PD-L1 was not detectable by flow cytometry on the cell surface of Panc1 cells (Figure 21 B). 

Notably, PD-1 was not detectable at the cell surface of H6c7eR-kras, PancTu-I and Panc1 cells 

(Figure 21 B+C). 

 

Figure 21: Basal PD-1 and PD-L1 expression in various PDEC cell lines. Cells for analyses were obtained from standard 
culture conditions of respective cell lines. (C) Representative western blot of whole-cell lysates from various pancreatic ductal 
epithelial cell lines from three independent experiments. Alpha tubulin was detected as loading control. Molecular weights in 
kDa are indicated according to the applied standard. Exp. = decreased/increased time of light exposure for signal detection. (B) 
Representative dot plots from flow cytometric analyses of H6c7eR-kras (top), Panc-1 (middle) and PancTu-I cells (bottom). 
Shown are the gating strategy in FSC/SSC dot plots (left) as well as signals detected by PD-1/PD-L1 antibody staining (red) 
and respective isotype control staining (grey) in dot plots with attached histograms. (C) PD-1 (white) and PD-L1 (black) cell 
surface expression levels in PancTu-I cells detected by immunofluorescence staining and subsequent flow cytometric analysis. 
Bar chart presents mean values and SEM of median fluorescence intensity ratios detected in three independent experiments. 
The dashed line marks an MFI ratio of “1”.  

 

4.2.2 IFNγ is the strongest inducer of PD-L1 expression in pre-
malignant PDEC and most PDAC cell lines 

Besides the basal cellular levels, potential inducers for PD-L1 expression in PDAC cells are 

even more relevant for the qualitative and comparative evaluation of different PD-L1 

expression levels within the tumor. As outlined, up to 80% of the PDAC tumor mass consists 

of non-neoplastic cells. Within this non-neoplastic compartment infiltrating leukocytes and 

activated fibroblasts generate a complex tumor microenvironment composed of various 

cytokines, chemokines and other paracrine active factors that essentially affect the proliferation, 

differentiation, polarization and activation status of each cell population in the tumor [62,65]. 
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In order to gain a better understanding of intra-tumoral differences in PD-L1 expression and 

interrelate these with the respective local cellular composition, several cytokines and growth 

factors, which are well-known to be present in the tumor microenvironment of PDAC, have 

been checked for their potential to induce PD-L1 expression in PDECs.      

IFNγ is a key mediator of activated T lymphocytes and a well-known potent inducer for PD-L1 

expression via downstream activation of Stat1. Stimulation of H6c7eR-kras, Panc1, PancTu-I, 

Panc89, Colo357 and BxPc3 cells with 10 ng/ml recombinant human IFNγ for 72 h caused 

considerable upregulation of total Stat1 levels as well as phosphorylation of Stat1, its 

transcriptional regulatory active form (Figure 22 A+B). At the same time, markedly increased 

PD-L1 expression was detected in whole-cell lysates of all tested cell lines, except for Panc1 

cells (Figure 22 A+B).                       

EGF is a prominent mitogen secreted by neoplastic cells and macrophages in PDAC. Binding 

to its receptor causes downstream activation of MAPK signaling commonly detected by 

phosphorylation of ERK1/2. Stimulation of H6c7eR-kras, Panc1, PancTu-I, Panc89, Colo357 

and BxPc3 cells with 20 ng/ml recombinant human EGF for 72 h did hardly affect total ERK1/2 

levels and markedly increased levels of phosphorylated ERK1/2 only in H6c7-kras, Panc1 and 

BxPc3 cells (Figure 22 A+B). Noteworthy, simultaneous slightly increased PD-L1 expression 

levels were observed only in H6c7eR-kras cells in biological replicates (Figure 22 A+B).  
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Figure 22: Induction of PD-L1 expression by various cytokines and growth factors in premalignant PDEC and PDAC 
cell lines. H6c7eR-kras, Panc-1, PancTu-I, Panc89, Colo357 and BxPc3 cells were cultured for 72 h in respective standard 
culture medium supplemented with 10 ng/ml IFNγ, 20 ng/ml EGF, 10 ng/ml TNFα, 10 ng/ml IL-6, 60 ng/ml IL-2 or 20 ng/ml 
TGF-β1. (A+B) Representative western blots of whole-cell lysates from (A) H6c7eR-kras, Panc-1 and PancTu-I as well as (B) 
Panc89, Colo357 and BxpC3 cells after stimulation (+) with recombinant human EGF or IFNγ in comparison to unstimulated 
(-) cells. Hsp90 was detected as loading control. * = PD-L1 signal, ** = p-Stat1 signal (C) Representative western blot of 
whole-cell lysates from PancTu-I cells after indicated stimulations. Alpha tubulin was detected as loading control. Molecular 
weights in kDa are indicated according to the applied standard. (D) Densitometric analysis of PD-L1 levels detected by western 
blotting in whole-cell lysates of PancTu-I cells after stimulation with indicated cytokines. Relative PD-L1 signal intensities 
were normalized to unstimulated PancTu-I cells. Bar chart presents mean values and SEM from three independent experiments. 
(E) Representative histograms from flow cytometric analysis of unstimulated (blue) and IFNγ stimulated (red) PancTu-I cells 
stained with fluorochrome-conjugated PD-L1 antibody (blue and red) or respective isotype control antibody (grey). (F) 
Representative fluorescence microscopical images of immunofluorescence PD-L1 (red) staining in unstimulated and IFNγ 
stimulated PancTu-I cells. Nuclei were stained with Hoechst (blue). Scale bar = 50 µm 

 

Further stimulation experiments included only PancTu-I and Panc1 cells, because of their 

contrary basal and IFNγ-inducible PD-L1 expression levels.               

TNFα and IL-6 are two major pro-inflammatory cytokines in PDAC predominantly secreted by 

TAMs and to some extent by neoplastic cells and activated myofibroblasts [275,276]. In 
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contrast, TGF-β1 represents an anti-inflammatory cytokine secreted by TAMs and neoplastic 

cells [58,62]. IL-2 is an essential cytokine for T lymphocyte activation and survival secreted by 

activated CD4+ T lymphocytes [277]. Western blotting and subsequent densitometric analysis 

verified IFNγ as the most potent inducer of PD-L1 expression in PancTu-I cells (Figure 22 

C+D). In line with western blotting results, increased PD-L1 cell surface levels in IFNγ 

stimulated compared to unstimulated PancTu-I cells were also detected by flow cytometry 

(Figure 22 E) and immunofluorescence staining (Figure 22 F).  While stimulation of PancTu-

I cells with 10 ng/ml TNFα or 20 ng/ml TGF-β1 for 72 h slightly increased PD-L1 levels, 

stimulation with 10 ng/ml IL-6 and 60 ng/ml IL-2 for 72 h did not affect PD-L1 expression 

levels (Figure 22 C+D). Notably, none of the tested cytokines resulted in PD-L1 expression 

levels detectable by western blotting, flow cytometry or immunofluorescence in Panc1 cells 

(data not shown).  

In summary, the results from these initial screening experiments suggest PancTu-I cells as a 

suitable in vitro model for PDAC cells exhibiting notable basal and inducible PD-L1 cell 

surface expression levels. 

 

4.2.3 GM-CSF differentiated M1-like polarized primary human 
macrophages exhibit remarkable PD-L1 surface expression 
levels 

Tumor-associated macrophages have been identified as a major source for intra-tumoral PD-

L1 expression in the present PDAC cohort. In order to generate macrophages for in vitro 

studies, human primary monocytes were isolated from leukocyte retaining systems via density 

gradient centrifugation (section 3.1.3) followed by counterflow centrifugation (section 3.1.4). 

Finally, monocytes were differentiated into either M1-like polarized pro-inflammatory (M1 

MΦ) or M2-like polarized anti-inflammatory macrophages (M2 MΦ) by stimulation with 

human recombinant GM-CSF and M-CSF, respectively (section 3.1.9). Resulting phenotypes 

of GM-CSF and M-CSF derived macrophages have been extensively characterized in 

previously published studies and regularly verified in this study by flow cytometry and qPCR 

analysis of differentiation markers and gene expression profiles [58,260,261].     

After differentiation culture, polarized macrophages were analyzed by flow cytometry for PD-

1 and PD-L1 cell surface expression levels. Immunofluorescence co-staining of the lineage 

marker CD14 was performed as internal control for differentiation of monocytes into 

macrophages and not dendritic cells (Figure 23 A). Flow cytometric analyses showed that PD-
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L1 is highly expressed at the cell surface of both M1 MΦ (MFI Ratio 7.84 ±1.29) and M2 MΦ 

(MFI Ratio 3.01 ±0.92) (Figure 23 B). Notably, M1 MΦ exhibited significantly higher PD-L1 

cell surface levels than M2 MΦ (p=0.001). PD-1 was not detectable by flow cytometry at the 

cell surface of both M1 and M2 MΦ (Figure 23 B). In line with flow cytometry results, western 

blotting revealed higher PD-L1 levels in M1 MΦ than in M2 MΦ. Moreover, macrophages of 

both polarizations showed markedly higher basal PD-L1 levels than PDAC cell lines Panc1, 

PancTu-I, Panc89, MIA PaCa-2, BxPc3, Colo357 and Capan-1 (Figure 23 C). 

 

Figure 23: Basal PD-1 and PD-L1 expressions levels in M1- and M2-polarized macrophages. Polarized primary human 
macrophages were generated by in vitro stimulation of monocytes with either GM-CSF (M1 MΦ) or M-CSF (M2 MΦ) for 
seven days. (A) Representative dot plots from flow cytometric analyses of M1 MΦ (top) and M2 MΦ (bottom). Shown are the 
gating strategy in FSC/SSC dot plots (left) and discrimination of CD14+ macrophages (red) from CD14- cells (blue) (middle) 
as well as signals detected by PD-1/PD-L1 antibody staining in M1 MΦ (red) and M2 MΦ (blue). Signal specificities were 
verified by staining with respective isotype control antibodies (grey). (B) PD-1 (white) and PD-L1 (black) cell surface 
expression levels in M1- and M2 MΦ detected by immunofluorescence staining and subsequent flow cytometric analysis. Bar 
chart presents mean values and SEM of median fluorescence intensity ratios detected in three independent experiments. The 
dashed line marks an MFI ratio of “1”. (C) Representative western blot of whole-cell lysates from M1- and M2 M Φ as well 
as various PDAC cell lines. Hsp90 was detected as loading control. Exposure = decreased/increased time of light exposure for 
signal detection; * = p<0.05 
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4.2.4 GM-CSF, M-CSF and IFNγ are potent inducers of PD-L1 
expression in human macrophages 

Macrophages represent a leukocyte population characterized by high cellular plasticity; a 

property owed to their great immune-regulatory functional diversity. Therefore, gene 

expression in macrophages is exceptionally strong affected by extracellular stimuli [70,79]. In 

order to examine which cytokines have the potential to induce PD-L1 expression in TAMs, M1- 

and M2-like polarized macrophages were stimulated in vitro with cytokines that are commonly 

found in the tumor microenvironment of PDAC. Besides IFNγ, TNFα and TGF-β1, whose 

cellular origin and function have been briefly outlined in section 4.2.2, macrophages were 

stimulated with either 2.4 ng/ml recombinant human GM-CSF or 50 ng/ml recombinant human 

M-CSF for 72 h. GM-CSF is commonly secreted by a variety of cell populations like 

T lymphocytes, endothelial cells fibroblasts, tumor cells and macrophages and exhibits 

immune-stimulatory properties [278–280]. An immune-stimulatory function also applies to M-

CSF, which is primarily secreted by endothelial cells, fibroblasts, tumor cells and macrophages 

[260,280,281].                

Flow cytometric analysis of M1 MΦ and M2 MΦ after 72 h of stimulation followed by cell 

surface staining of PD-L1 was performed as depicted in Figure 23 A. Flow cytometry results 

for M1 MΦ showed an increase of relative PD-L1 cell surface levels after stimulation with GM-

CSF (+14.5%), M-CSF (+8.7%) and IFNγ (+11.6%) compared to unstimulated macrophages. 

In contrast, relative PD-L1 cell surface levels were decreased due to stimulation with TNFα (-

9.9%) and TGF-β1 (-11.0%) (Figure 24 A). In line with flow cytometric measurements, the 

same effects of GM-CSF, M-CSF, IFNγ, TNFα and TGF-β1 on PD-L1 expression levels in M1 

MΦ were detected by immunofluorescence staining followed by microscopical analysis 

(Figure 24 B) as well as western blotting analysis of whole-cell lysates (Figure 24 E). 
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Figure 24: Induction of PD-L1 expression by various cytokines in M1- and M2-polarized macrophages. Polarized primary 
human macrophages were generated by in vitro stimulation of monocytes with either GM-CSF (M1 MΦ) or M-CSF (M2 MΦ) 
for seven days. Macrophages were cultured for 72 h in respective standard culture medium supplemented with 2.4 ng/ml GM-
CSF, 50 ng/ml M-CSF, 10 ng/ml IFNγ, 10 ng/ml TNFα or 20 ng/ml TGF-β1. (A+C) Relative PD-L1 cell surface expression 
levels in (A) M1- and (C) M2 MΦ after stimulation with indicated cytokines in comparison to unstimulated macrophages. Bar 
charts present percentage changes in median fluorescence intensity ratios resulting from single flow cytometric analysis of PD-
L1 immunofluorescence staining. (B+D) Representative fluorescence microscopical images of immunofluorescence PD-L1 
(green) staining in (B) M1- and (D) M2 MΦ after stimulation with indicated cytokines. Nuclei were stained with Hoechst (blue) 
(Scale bar = 50 µm). (E) Representative western blot of whole-cell lysates from M1 MΦ after indicated stimulations. Hsp90 
was detected as loading control. Molecular weights in kDa are indicated according to the applied standard.  

 

Similar effects on relative PD-L1 cell surface expression levels were detected in M2 MΦ. Flow 

cytometric analysis after PD-L1 staining of M2 MΦ revealed an increase in relative PD-L1 

surface levels after stimulation with GM-CSF (33.8%), M-CSF (11.9%) and IFNγ (2.1%) 

compared to unstimulated M2 MΦ. Stimulation with TNFα or TGF-β1 decreased relative PD-

L1 cell surface levels by 29.6% and 7.0%, respectively (Figure 24 C). Immunofluorescence 

staining of PD-L1 followed by microscopical analysis verified effects of GM-CSF, M-CSF, 

IFNγ, TNFα and TGF-β1 stimulation on PD-L1 expression in M2 MΦ (Figure 24 D).             

Taken together, GM-CSF, M-CSF and IFNγ have been identified as potent inducers of PD-L1 

expression in both M1 and M2 MΦ.  However, answering the question, which macrophage 
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polarization status is predominantly found within the areas of the tumor margin and tumor 

lymphatics interface that exhibit high accumulation of PD-L1+ cells, is hard to determine based 

on the available in situ data. In this context, Helm and colleagues reported that TAMs in PDAC 

exhibit both M1- and M2-associated properties [58]. Since monocyte differentiation via GM-

CSF stimulation generated macrophages with a significantly higher PD-L1 expression than M-

CSF stimulation and both GM-CSF as well as IFNγ are cytokines secreted by CD8+ cytotoxic 

tumor-infiltrating T lymphocytes, a cell population shown to be highly enriched within PDAC 

areas exhibiting pronounced PD-L1 expression, M1 MΦ were chosen as a model for TAMs in 

the following in vitro settings. 

 

4.2.5 Characterization of T lymphocyte activation status after 
stimulation with CD3- and CD28-targeting antibodies 

The third cell population that has been identified to be present at high abundance in PDAC 

tissues exhibiting high PD-L1 staining were T lymphocyte subsets. In order to generate pre-

activated T lymphocytes for the following in vitro experiments, a protocol for isolation and in 

vitro activation of human primary T lymphocytes has been developed.            

In the first step, lymphocytes were isolated from leukocyte retaining system via density gradient 

centrifugation (section 3.1.3) and subsequently separated from monocytes via counterflow 

centrifugation (section 3.1.4). Then, lymphocyte fraction containing αβ- and γδ-T lymphocyte 

subsets as well as B cells and NK cells were stimulated with immobilized CD3- and soluble 

CD28-targeting antibodies. Microscopical analysis in the time course of five days revealed the 

formation of activation clusters, centers for clonal expansion of activated T lymphocytes, 

already after 24 h. Activation clusters of anti-CD3/CD28 stimulated lymphocytes showed 

continuous growth within the whole cultivation duration of five days. In contrast, unstimulated 

lymphocytes did not form any activation clusters even after five days (Figure 25 A). Western 

blotting analysis of whole-cell lysates after days 3 and 5 revealed markedly increased levels of 

phosphorylated ERK1/2 and Stat1 in anti-CD3/CD28 stimulated but not in unstimulated 

lymphocytes compared to initially seeded cells (d0) (Figure 25 B). Moreover, anti-CD3/CD28 

stimulated lymphocytes showed clearly increased PD-L1 expression levels compared to 

unstimulated as well as initially seeded cells (Figure 25 B). Notably, both pStat1 and PD-L1 

expression levels were highest in anti-CD3/CD28 stimulated lymphocytes after three days and 

decreased at day 5 (Figure 25 B). Immunofluorescence staining of PD-L1 and PD-1 in 

cytospins of unstimulated and anti-CD3/CD28 stimulated lymphocytes after day 5 of culture 
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verified higher PD-L1 expression levels in stimulated cells and, additionally, showed 

concomitantly elevated levels of PD-1 (Figure 25 C). 

 

 

Figure 25: Lymphocyte activation by anti-CD3/CD28 stimulation. Primary human lymphocytes were isolated from 
leukocyte retaining systems by density gradient centrifugation followed by counterflow centrifugation. Afterwards, 
lymphocytes were seeded in standard culture medium and either left unstimulated or were stimulated with immobilized CD3- 
and soluble CD28-targeting antibodies for 3 to 5 days. (A) Representative light microscopical images of unstimulated and anti-
CD3/CD28 stimulated lymphocytes after indicated culture durations (Scale bar = 500 µm). (B) Representative western blot of 
whole-cell lysates from unstimulated (-) and anti-CD3/CD28 stimulated (+) lymphocytes after seeding (d0) and three (d3) and 
five (d5) days of culture, respectively. Molecular weights in kDa are indicated according to the applied standard. (C) 
Representative fluorescence microscopical images of immunofluorescence PD-1 (green) and PD-L1 (orange) staining in 
cytospins of unstimulated or anti-CD3/CD28 stimulated lymphocytes after five days of culture. Nuclei were stained with 
Hoechst (blue). Scale bar = 30 µm 

 

In order to characterize lymphocytes activated by stimulation with anti-CD3/CD28 antibodies 

in more detail, flow cytometric analyses of CFSE, CD4, CD8, PD1 and PD-L1 co-staining was 

performed on days 3 and 5 after seeding of lymphocytes. The gating strategy of flow cytometric 

analysis is depicted in Figure 26.  
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Figure 26: Schematic illustration of the gating strategy for flow cytometric analyses of lymphocyte populations. 
Primary human lymphocytes were isolated from leukocyte retaining systems by density gradient centrifugation followed by 
counterflow centrifugation. Afterwards, lymphocytes were stained with CFSE, seeded in standard culture medium and were 
either left unstimulated or were stimulated with immobilized CD3- and soluble CD28-targeting antibodies. First, vital 
lymphocytes were discriminated in FSC/SSC plot. Secondly, resting (blue) and proliferating (red) population were identified 
via CFSE staining intensity. Thirdly, CD4+ (blue) CD8+ (red) and CD4- CD8- (grey) populations were discriminated by staining 
with fluorochrome-conjugated antibodies targeting CD4 and CD8, respectively. Finally, PD-1 and PD-L1 cell surface levels 
were quantified within resting (blue) and proliferating (red) populations of CD4+ (top) and CD8+ (bottom) lymphocytes by 
respective immunofluorescence signals. Signal specificities were verified by staining with respective isotype control antibodies 
(grey).  

 

In detail, anti-CD3/CD28 stimulated lymphocytes showed in FSC/SSC plots the formation of 

an additional population larger in size and markedly more granulated than unstimulated 

lymphocytes, a characteristic phenotype of lymphoblasts (Figure 26). Flow cytometric 

evaluation of CFSE staining revealed a typical pattern for proliferating lymphocytes resulting 

from 1:2 dye dilution in every cell division. Gating for proliferating CFSElow cells showed a 

significantly higher proportion of proliferating cells in anti-CD3/CD28 stimulated lymphocytes 

compared to unstimulated lymphocytes after 3 (0.2% vs. 18.7%) and 5 (1.2% vs. 72.9%) days 

of culture duration. Moreover, the proportion of proliferating cells in both stimulated and 

unstimulated lymphocytes significantly increased in the time course of day 3 to 5 (Figure 27 

A). However, an increased number of vital cells was detected first at day 5 in anti-CD3/CD28 

stimulated lymphocytes (1.93 ±0.30 (day 5) vs. 1.13 ±0.09 (day 3) ∙106 cells; p=0.046) (Figure 

27 B). In order to examine whether anti-CD3/CD28 stimulation caused activation of CD4+ and 

CD8+ lymphocyte subsets to a similar extent, CFSE profiles of pre-gated proliferating CD4+ 

and CD8+ lymphocytes were analyzed. CFSE profiles at day 3 after stimulation revealed up to 

three distinguishable cell divisions within both CD4+ and CD8+ lymphocyte populations with 

the majority of cells having divided once or twice. Notably, CD4+ and CD8+ showed very 

similar CFSE profiles at day 3 (CD4/CD8: 47.0/48.0 vs. 36.6/35.5 vs. 16.6/16.4 % of 

proliferating cell population in CFSE peaks 1 to 3) (Figure 27 C). At day 5 after anti-
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CD3/CD28 stimulation up to 5 distinguishable cell divisions were detected for both CD4+ and 

CD8+ lymphocytes. Most lymphocytes were located in CFSE peaks of low median fluorescence 

intensity indicating that lymphocytes had divided four to five times. Thus, these data suggest 

that initially activated cells continuously proliferate during a course of 5 days. Again, CD4+ and 

CD8+ lymphocytes showed similar CFSE profiles at day 5 (CD4/CD8: 10.6/8.0 vs. 12.6/12.6 

vs. 18.6/20.3 vs. 23.3/26.7 vs. 34.7/27.3 % of proliferating cell population in CFSE peaks 1 to 

5) (Figure 27 D). 

 

Figure 27: Proliferation within CD4+ and C8+ lymphocyte populations after anti-CD3/CD28 stimulation. Primary human 
lymphocytes were isolated from leukocyte retaining systems by density gradient centrifugation followed by counterflow 
centrifugation. Afterwards, lymphocytes were CFSE stained, seeded in standard culture medium and either left unstimulated 
or were stimulated with immobilized CD3- and soluble CD28-targeting antibodies for 3 to 5 days. (A) Proportion of 
proliferating cells and (B) vital cell numbers in unstimulated and anti-CD3/CD28 stimulated lymphocyte populations after three 
(white) and five (black) days. (C+D) CFSE profiles of proliferating lymphocytes within the CD4+ (black) and CD8+ (white) 
population after (C) three and (D) five days of anti-CD3/CD28 stimulation. Data presents mean values and SEM of lymphocytes 
having divided 1 to 5 times. The maximum numbers of clearly distinguishable peaks in respective CFSE profiles are indicated 
by “+X”. (E) Proportion of proliferating lymphocytes within the CD4+ and CD8+ population after three (white) and five (black) 
days of anti-CD3/CD28 stimulation. Box plots present median values with quartiles (Q0.75 as upper, Q0.25 as lower deviation) 
and bar charts present mean values with SEM of three independent experiments. * = p<0.05 
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Verifying the similar effectiveness of anti-CD3/CD28 stimulation in terms of cell proliferation 

in CD4+ and CD8+ T lymphocyte subsets, no significant differences in proportions of 

proliferating CD4+ and CD8+ lymphocytes were observed at day 3 (20.12 ±6.74 % vs. 22.90 

±2.40 %) and a significant increase of proliferating cells in the time course from day 3 to day 5 

after stimulation was shown for both CD4+ (p<0.001) and CD8+ (p<0.001) lymphocytes. 

Interestingly, a significantly higher proportion of proliferation cells within CD8+ compared to 

CD4+ lymphocytes was detected at day 5 (82.23 ±0.23 % vs. 68.83 ±2.06 %; p=0.035) (Figure 

27 E).                               

Analyzing how lymphocyte activation by anti-CD3/CD28 stimulation alters cell surface levels 

of PD-1 and PD-L1 in CD4+ and CD8+ T cell subsets, flow cytometric analyses revealed 

significantly increased PD-1 surface levels within the proliferating population of the CD4+ 

lymphocyte subset compared resting cells that was constant from day 3 (MFI Ratio 8.06 ±0.27 

vs. 1.85 ±0.08; p<0.001) up to day 5 (MFI Ratio 8.53 ±1.17 vs. 1.70 ±0.06; p<0.001) after 

stimulation (Figure 28 A). Similarly, PD-L1 cell surface levels were significantly increased in 

the proliferating compared to the resting CD4+ lymphocyte subset at day 3 (MFI Ratio 8.68 

±0.19 vs. 2.00 ±0.16; p<0.001) and day 5 (MFI Ratio 4.69 ±0.23 vs. 2.49 ±0.17; p<0.001) after 

stimulation. In contrast to PD-1, PD-L1 cell surface expression levels were not stable over the 

course of time but significantly decreased in the proliferating CD4+ lymphocyte subset at day 

5 compared to levels at day 3 after anti-CD3/CD28 stimulation (p<0.001) (Figure 28 B). 

Similar, results were observed for the CD8+ T cell population in response to anti-CD3/CD28 

stimulation (section 4.2.6). 

 

Figure 28: PD-1 and PD-L1 cell surface levels in the CD4+ T lymphocyte population after anti-CD3/CD28 stimulation.  
Primary human lymphocytes were isolated from leukocyte retaining systems by density gradient centrifugation followed by 
counterflow centrifugation. Afterwards, lymphocytes were seeded in standard culture medium and stimulated with immobilized 
CD3- and soluble CD28-targeting antibodies for 3 to 5 days until immunofluorescence staining followed by flow cytometric 
analysis. (A) PD-1 and (B) PD-L1 cell surface expression levels in the resting (white) and proliferating (black) population of 
CD4+ lymphocytes after indicated culture durations. Bar charts present mean values and SEM of median fluorescence intensity 
ratios detected in three independent experiments. The dashed line marks an MFI ratio of “1”. * = p<0.05 
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T lymphocyte activation is accompanied by an increased expression of general (IFNγ and IL-

2) as well as various subset-specific (TNFα, TGF-β1, IL-10, IL-17A, sFasL, Perforin, 

Granulysin, Granzyme A and Granzyme B) cytokines and effector molecules [68]. Therefore, 

intracellular mRNA levels and supernatant protein levels of cytokines and chemokines 

associated with activation of T lymphocytes and other leukocyte populations (IL-1β, IL-6 and 

IL-8) were examined via qPCR (Figure 29) and multiplex assay (Figure 30).                

Quantitative real-time PCR analysis revealed significantly increased levels of IFNγ (3702.71 

vs. 1.58-fold; Figure 29 A) and IL-2 (651.52 vs. 128.5-fold; Figure 29 B) in anti-CD3/CD28 

stimulated lymphocytes compared to unstimulated lymphocytes at day 3. However, while still 

significantly increased mRNA levels of IFNγ in stimulated lymphocytes (880.26 vs. 1.19-fold; 

Figure 29 A) decreased from day 3 to 5, IL-2 mRNA levels (1165.88 vs. 651.52-fold; Figure 

29 B) were increased by trend in stimulated lymphocytes at day 5 after stimulation compared 

to day 3. By trend, a similar expression pattern over the course of 5 days as for IFNγ was 

detected for TNFα mRNA levels. TNFα levels were constantly higher in anti-CD3/CD28 

stimulated lymphocytes compared to unstimulated lymphocytes at day 3 (28.72 vs. 0.84-fold) 

and day 5 (22.04 vs. 1.55-fold) but slightly decreased from day 3 to day 5 after stimulation 

(Figure 29 C). TGF-β1 mRNA levels in anti-CD3/CD28 stimulated lymphocytes remained 

unchanged over the period of 5 days (1.23 ±0.20 (d3) vs. 1.03 ±0.32-fold (d5)) compared to 

basal levels in freshly isolated lymphocytes. In contrast, unstimulated lymphocytes showed by 

trend constantly lower TGF-β1 mRNA levels (0.46 ±0.06 (d3) vs. 0.48 ±0.08-fold (d5)) in 

comparison to levels in freshly isolated lymphocytes (Figure 29 D). IL-6 (d3: 23.25 vs. 3.73-

fold; Figure 29 E) and IL-10 (d3: 58.46 vs. 8.58-fold; Figure 29 F) mRNA levels were 

significantly higher in anti-CD3/CD28 stimulated lymphocytes compared to unstimulated 

lymphocytes after day 3, but both IL-6 (d5: 6.49 vs. 3.73-fold; Figure 29 E) and IL-10 (d5: 

28.88 vs. 26.02-fold; Figure 29 F) levels dropped in the course of time to levels detected in 

unstimulated lymphocytes at day 5. Macrophage-associated cytokines IL-1β (d3: 7.54 ±1.44 vs. 

3.10 ±0.77-fold; Figure 29 G) and IL-8 (d3: 6.35 ±3.55 vs. 1.11 ±0.52-fold; Figure 29 H) 

showed markedly higher mRNA levels in unstimulated compared to stimulated lymphocytes at 

day 3, but both mRNA levels, IL-1β (d5: 3.38 ±0.36 vs. 1.54 ±0.94-fold; Figure 29 G) more 

than IL-8 (d5: 4.64 ±1.94 vs. 1.20 ±0.45-fold; Figure 29 H) levels, markedly dropped in the 

course of time from day 3 to day 5 in unstimulated lymphocytes.   
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Figure 29: Gene expression profile of cytokines and chemokines associated with various lymphocyte populations after 
anti-CD3/CD28 stimulation of whole lymphocyte populations. Primary human lymphocytes were isolated from leukocyte 
retaining systems by density gradient centrifugation followed by counterflow centrifugation. Afterwards, lymphocytes were 
seeded in standard culture medium and were either left unstimulated or stimulated with immobilized CD3- and soluble CD28-
targeting antibodies for 3 (white) to 5 days (black). Relative mRNA levels of (A) IFNγ, (B) IL-2, (C) TNFα, (D) TGF-β1, (E) 
IL-6, (F) IL-10, (G) IL-1β and (H) IL-8 in unstimulated and anti-CD3/CD28 stimulated lymphocytes after three (white) and 
five (black) days of culture. Box plots present median values with quartiles (Q0.75 as upper, Q0.25 as lower deviation) and bar 
charts present mean values with SEM of three independent experiments. Messenger RNA levels were normalized to respective 
GAPDH levels as well as levels detected in freshly isolated lymphocytes prior to seeding (= 1). * = p<0.05 

  

Detection of cytokines associated with T lymphocyte activation via multiplex assay revealed 

significantly elevated levels of every analyte within the cytokine panel, except for IL-6 that was 

only increased by trend, in culture supernatants of anti-CD3/CD28 stimulated lymphocytes 

compared to unstimulated cells (Figure 30). Additionally, all cytokines detected in the 

supernatants of anti-CD3/CD28 stimulated lymphocytes, except for IFNγ, showed an increase 

in concentration over the culture duration of five days. In detail, IFNγ levels in supernatants of 

stimulated lymphocytes were increased at day three by 28.14 ng/ml (29.32 vs. 1.18 ng/ml) and 

at day five by 28.43 ng/ml (29.60 vs. 1.17 ng/ml) compared to unstimulated lymphocytes 
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(Figure 30 A). IL-6 levels were increased at day three by 3.39 ng/ml (4.06 vs. 0.67 ng/ml) and 

at day five by 5.20 ng/ml (5.76 vs. 0.56 ng/ml) (Figure 30 B). TNFα levels were increased after 

three days by 6207.84 pg/ml (6214.35 vs. 6.51 pg/ml) and after five days by 10.8 ng/ml 

(10809.36 vs. 9.10 pg/ml) (Figure 30 C). IL-17A supernatant levels were increased at day 3 by 

1306.79 pg/ml (1330.74 vs. 23.95 pg/ml) and after day 5 by 4.00 ng/ml (4090.96 vs. 87.70 

pg/ml) (Figure 30 D). Soluble FasL levels were increased at day 3 by 966.82 pg/ml (973.63 vs. 

6.81 pg/ml) and at day 5 after stimulation by 3.38 ng/ml (3406.36 vs. 22.27 pg/ml) (Figure 30 

E). Perforin levels were increased in supernatants of stimulated lymphocytes at day 3 by 3.25 

ng/ml (3.60 vs. 0.35 ng/ml) and at day 5 by 8.79 ng/ml (9.55 vs. 0.76 ng/ml) (Figure 30 F). 

Granzyme A levels were increased at day 3 by 9.87 ng/ml (10.50 vs. 0.63 ng/ml) and at day 5 

by 30.02 ng/ml (32.00 vs. 1.98 ng/ml) compared to unstimulated lymphocytes (Figure 30 G). 

Granzyme B levels were increased at day 3 by 75.77 ng/ml (76.32 vs. 0.55 ng/ml) and at day 5 

by 82.45 ng/ml (82.96 vs. 0.51 ng/ml) (Figure 30 H). Finally, Granulysin levels in supernatants 

of anti-CD3/CD28 stimulated lymphocytes were elevated by 21.39 ng/ml (22.14 vs. 0.75 ng/ml) 

and at day 5 by 82.01 ng/ml (85.05 vs. 3.04 ng/ml) compared to unstimulated lymphocytes 

(Figure 30 I). 
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Figure 30: Supernatant levels of T lymphocyte-associated cytokines after anti-CD3/CD28 stimulation of whole 
lymphocyte populations. Primary human lymphocytes were isolated from leukocyte retaining systems by density gradient 
centrifugation followed by counterflow centrifugation. Afterwards, lymphocytes were seeded in standard culture medium and 
were either left unstimulated or were stimulated with immobilized CD3- and soluble CD28-targeting antibodies for 3 to 5 days. 
Concentrations of (A) IFNγ, (B) IL-6, (C) TNFα, (D) IL-17A, (E) soluble Fas ligand, (F) Perforin, (G) Granzyme A, (H) 
Granzyme B and (I) Granulysin were measured by multiplex assay in the culture supernatant of unstimulated and anti-
CD3/CD28 stimulated lymphocytes after three (white) and five (black) days of culture. Box plots present median values with 
quartiles (Q0.75 as upper, Q0.25 as lower deviation) and bar charts present mean values with SEM of three independent 
experiments. * = p<0.05 

 

Taken together, these data show that the established protocol for activation of isolated primary 

human T lymphocytes via CD3- and CD28-targeting antibodies leads to specific activation of 

both CD4+ and CD8+ T lymphocyte subsets. Moreover, activation status of T lymphocytes 

progresses over the whole culture duration of five days. Notably, within the CD8+ T lymphocyte 

subset proliferating cells reached a proportion of almost 90%. Finally, both PD-1 and PD-L1 

cell surface levels have been shown to be upregulated exclusively in proliferating lymphocytes. 

In order to obtain a pre-activated T lymphocyte population that still possesses activation 

capacity and, therefore, might be susceptible to stimuli provided by PDAC cells and M1 MΦ, 



Results |  99 
 

   

an activation culture duration of 4 days was assumed to be ideal for subsequent co-culture 

experiments. 

 

4.2.6 Isolation and activation of CD8+ T lymphocytes from whole 
lymphocyte population for subsequent co-culture experiments  

In situ identified areas of high PD-L1 expression have been shown to be enriched for CD3+ 

T lymphocytes, especially CD8+ subsets. CD8+ TILs are part of the adaptive anti-tumor 

response exhibiting cytotoxic potential [68]. Therefore, the cytotoxic activity of activated CD8+ 

TILs within tissues has to be tightly regulated. Besides their T cell receptor antigen-specificity, 

PD-1 signaling in TILs via binding to target cell-expressed PD-L1 represents one central 

mechanism for escape from lysis and induction of anergy in TILs [175]. In order to evaluate 

whether PD-L1 expression by PDAC cells, macrophages and/or CD8+ T lymphocytes 

themselves represents a factor that negatively affects CD8+ T lymphocyte activation status in 

vitro, a protocol for isolation of primary human CD8+ T lymphocytes and subsequent activation 

has been developed.                             

Briefly, lymphocytes were isolated from leukocyte retaining systems as already described in 

section 4.2.5. Then, CD8+ T lymphocytes were isolated by magnetic-activated cell separation 

negative selection (section 3.1.6). Afterwards, CD8+ T lymphocyte purity was controlled by 

αβTCR, CD4 and CD8 co-staining. Subsequent flow cytometric analyses revealed initial 

proportions of αβTCR+ cells in the range of about 60-80% and CD8+ T cells within the αβTCR+ 

population of about 18-30% (Figure 31 A). After magnetic-activated cell separation, 

proportions of >90% αβTCR+ CD8+ T lymphocytes were detected (92.50 ±2.05%) (Figure 31 

B). 
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Figure 31: Isolation of primary human CD8+ T lymphocytes from peripheral blood mononuclear cells. Primary 
human lymphocytes were isolated from leukocyte retaining systems by density gradient centrifugation followed by counterflow 
centrifugation. (A) Schematic illustration of the staining panel and gating strategy in flow cytometric analysis before (pre 
MACS) and after (post MACS) magnetic-activated cell separation. First, vital lymphocytes were gated in FSC/SSC plot. 
Secondly, αβ T cell receptor (αβTCR) positive (red) were discriminated from αβTCR negative cells (blue). Finally, the 
proportion of CD4+ (blue), CD8+ (red) and CD4-CD8- (grey) αβTCR+ T lymphocytes were examined. (B) Proportion of CD8+ 
T lymphocytes after isolation by MACS separation (white) and after 4 days of anti-CD3/CD28 stimulation (black). Bar chart 
presents mean values with SEM of six independent experiments. 

 

Finally, cells were stained with CFSE (section 3.1.7) and activated by stimulation with 

immobilized CD3- and soluble CD28-targeting antibodies. Since CD8+ T lymphocytes do not 

produce sufficient levels of IL-2 for self-preservation, recombinant human IL-2 was added to 

the activation culture (section 3.1.8). Flow cytometric phenotypic after 4 days of activation 

culture revealed a purity of αβTCR+ CD8+ T lymphocytes of >95% (97.47 ±0.38%) (Figure 31 

B).                      

Further characterization of anti-CD3/CD28 stimulated CD8+ T lymphocytes after 4 days of 

activation culture showed in FSC/SSC plots the formation of a dominant population with 

increased size and higher granularity than isolated cells (Figure 32 A). CFSE profile analysis 

revealed up to five distinguishable cell divisions within the population (Figure 32 B). However, 

the major proportion of CD8+ T lymphocytes within the proliferating population had undergone 

one (30.28 ±4.25%; p<0.001) or two (29.85 ±2.00%; p<0.001) cell divisions and more than 

80% of the population did not exceed three cell divisions 4 days after stimulation (Figure 32 

C). Overall, the proportion of proliferating cells within the population was >50% (53.14 

±4.46%) (Figure 32 D). Quantitative real-time PCR analysis showed markedly increased 

mRNA levels for IFNγ (3.19-fold) and TNFα (2.24-fold), while IL-2 (0.09-fold) and IL-6 (0.30-

fold) mRNA levels were clearly decreased in comparison to levels in whole lymphocyte 

populations (Figure 32 E). Finally, western blotting analysis revealed markedly elevated levels 

of phosphorylated ERK1/2 as well as total and phosphorylated Stat1 in whole-cell lysates of 

CD8+ T lymphocytes stimulated for four days with CD3- and CD28-targeting antibodies 
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compared to unstimulated cells underscoring high proliferative activity of CD8+ T lymphocytes 

after anti-CD3/CD28 stimulation (Figure 32 F). 

 

Figure 32: Activation of human CD8+ T lymphocytes by anti-CD3/CD28 stimulation. Primary human lymphocytes were 
isolated from leukocyte retaining systems by density gradient centrifugation followed by counterflow centrifugation. 
Afterwards, CD8+ T lymphocytes were isolated by negative MACS selection, stained with CFSE and stimulated with 
immobilized CD3- and soluble CD28-targeting antibodies as well as IL-2 for 4 days. (A) Representative FSC/SSC dot plots of 
CD8+ T lymphocyte populations directly after MACS isolation (d0) and four days of anti-CD3/CD28 stimulation. (B) 
Representative histogram of CFSE staining in CD8+ T lymphocytes after four days of anti-CD3/CD28 stimulation. The resting 
(blue) and proliferating (red) population are discriminated by CFSE dilution. The numbers indicate the quantity of cell divisions 
each population characterized by the respective peak has progressed through. (C) CFSE profile of proliferating CD8+ 
T lymphocytes after four days of anti-CD3/CD28 stimulation. Bar chart presents mean proportions with SEM of lymphocytes 
having divided 1 to 5 times in six independent experiments. (D) Overall proportion of proliferating CD8+ T lymphocytes after 
four days of anti-CD3/CD28 stimulation. Bar chart presents mean value with SEM of six independent experiments. (E) Relative 
mRNA levels of IFNγ, IL-2, IL-6 and TNFα in anti-CD3/CD28 stimulated CD8+ T lymphocytes after four days of culture. Bar 
chart presents mean values of technical triplicates from one representative experiment. Messenger RNA levels were normalized 
to respective GAPDH levels as well as levels detected in whole lymphocyte population after four days of anti-CD3/CD28 
stimulation (= 1). (F) Representative western blot of whole-cell lysates from unstimulated CD8+ T lymphocytes and after four 
days of anti-CD3/CD28 stimulation. Hsp90 was detected as loading control. Molecular weights in kDa are indicated according 
to the applied standard. * = p<0.05 
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In order to interrelate PD-1 and PD-L1 surface expression levels with cell proliferation, CFSE 

stained CD8+ T lymphocytes were additionally stained for PD-1 (Figure 33 A) and PD-L1 

(Figure 33 B). Subsequent flow cytometric analysis revealed significantly higher cell surface 

levels of PD-1 in the proliferating population of CD8+ T lymphocytes compared to both the 

initial levels in freshly isolated resting CD8+ T cells (MFI Ratio 9.70 ±0.90 vs. 2.66 ±0.22; 

p=0.001) and the whole population of anti-CD3/CD28 stimulated cells on day 4 (MFI Ratio 

9.70 ±0.90 vs. 4.17 ±0.82; p=0.002) (Figure 33 C). Correlation of PD-1 cell surface levels with 

the number of passed cell divisions indicated clearly lower PD-1 levels on the cell surface of 

CD8+ T lymphocyte clones having divided thrice or more (MFI Ratio 7.89 vs. 6.88 vs. 8.04) 

compared to those having divided only once or twice (MFI Ratio 16.63 vs. 11.80) (Figure 33 

E). Similar but less pronounced tendencies were observed for PD-L1 cell surface expression 

levels. In detail, flow cytometric analysis showed significantly higher PD-L1 cell surface levels 

in the proliferating population of anti-CD3/CD28 stimulated CD8+ T lymphocytes compared to 

levels detected in freshly isolated resting cells (MFI Ratio 3.44 ±0.48 vs. 1.22 ±0.18; p=0.007). 

In contrast to PD-1 levels, the cell surface levels of PD-L1 in the proliferating population 

showed hardly any differences in comparison to the overall population of stimulated CD8+ 

T lymphocytes (MFI Ratio 3.44 ±0.48 vs. 3.27 ±0.43) (Figure 33 D). Moreover, correlation of 

PD-L1 cell surface levels with CFSE dilution showed a minor decrease in populations having 

divided once to populations having divided up to 5 times (MFI Ratio 3.62 vs. 3.23 vs. 2.94 vs. 

2.71 vs. 2.63) (Figure 33 F). 
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Figure 33: PD-1 and PD-L1 cell surface expression levels in CD8+ T lymphocytes after anti-CD3/CD28 stimulation. 
Primary human lymphocytes were isolated from leukocyte retaining systems by density gradient centrifugation followed by 
counterflow centrifugation. Afterwards, CD8+ T lymphocytes were isolated by negative MACS selection, stained with CFSE 
and stimulated with immobilized CD3- and soluble CD28-targeting antibodies as well as IL-2 for 4 days. (A+B) Representative 
contour plots with attached histograms showing correlation between CFSE staining and (A) PD-1 or (B) PD-L1 staining within 
the resting (blue) and proliferating (red) population of anti-CD3/CD28 stimulated CD8+ T lymphocytes. Signal specificities 
were verified by staining with respective isotype control antibodies (grey). (C) PD-1 and (D) PD-L1 cell surface expression 
levels in the whole (white) and proliferating (black) population of CD8+ lymphocytes after indicated stimulations and culture 
durations. Bar charts present mean values and SEM of median fluorescence intensity ratios examined in six independent 
experiments. (E) PD-1 and (F) PD-L1 cell surface expression levels in anti-CD3/CD28 stimulated CD8+ T lymphocytes having 
divided one to five times. Bar charts present mean values and SEM of median fluorescence intensity ratios examined in six 
independent experiments. The dashed lines mark an MFI ratio of “1”. * = p<0.05 

 

In summary, these data show that sufficient amounts of highly purified CD8+ T lymphocytes 

can be isolated from whole lymphocytes population by magnetic-activated cell separation. 

Moreover, the established stimulation protocol generates an activated population of CD8+ 

T lymphocytes that is suitable for subsequent co-culture experiments. 
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4.2.7 M1 MΦ and activated autologous CD8+ T lymphocytes exhibit 
a more distinct phenotype after direct co-culture compared to 
mono-culture conditions 

In order to investigate how M1 MΦ affect the activation status of activated CD8+ T lymphocytes 

and vice versa, direct co-culture experiments have been performed.       

First, the activation status of mono- compared to co-cultured CD8+ T lymphocytes was 

analyzed. Flow cytometric analysis showed marked differences between mono- and co-cultured 

CD8+ T lymphocytes after three days of culture duration (Figure 34 A). In detail, CD8+ T 

lymphocytes co-cultured with M1 MΦ were larger in size and revealed higher granularity than 

mono-cultured cells, indicated by higher FSC (Mean 512.78 ±53.15 vs. 403.17 ±19.70; Figure 

34 B) and SSC (Mean 262.22 ±23.50 vs. 204.33 ±23.35; Figure 34 C) median values. 

Moreover, CD8+ T lymphocyte populations exhibited higher vital cell numbers by trend after 

co-culture with M1 MΦ than after mono-culture (1.56 ±0.63 vs. 1.16 ±0.20 ∙106 cells; Figure 

34 D). In line with results from vital cell counting, flow cytometric analyses of CFSE profiles 

revealed a higher proportion of proliferating CD8+ T lymphocytes after co-culture with M1 MΦ 

compared to those from mono-cultures (58.86 ±20.42% vs. 37.45 ±12.54%; Figure 34 E). 

Additionally, western blotting analysis showed markedly lower levels of phosphorylated 

ERK1/2 in mono-cultured but not co-cultured CD8+ T lymphocytes compared to levels in 

T lymphocytes directly after activation culture (Figure 35 C). CFSE profiles of both mono- and 

co-cultured T lymphocyte populations revealed a spectrum of up to seven distinguishable cell 

divisions. Interestingly, CFSE profiles of CD8+ T lymphocyte populations after mono- and co-

culture with M1 MΦ displayed only minor differences, predominantly within the proportion of 

proliferating cells having divided either only once or three to five times. By trend, T lymphocyte 

populations from co-culture conditions exhibited a higher proportion of cells having gone 

through only one cell division (30.03 ±11.47 % vs. 17.29 ±6.48 %) but lower proportions of 

cells having progressed through 3 (10.49 ±1.89 % vs. 13.3 ±0.99 %), 4 (10.87 ±2.87 % vs. 16.00 

±1.39 %) and 5 (12.95 ±0.01 % vs. 18.05 ±0.81 %) cell divisions in comparison to mono-

cultured cells (Figure 34 F). 
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Figure 34: Phenotype and proliferation of CD8+ T lymphocytes after direct co-culture with autologous M1-polarized 
macrophages. Activated primary human CD8+ T lymphocytes were mono-cultured or directly co-cultured for 72 h with M1-
like polarized macrophages, which were differentiated from autologous monocytes by GM-CSF stimulation. 
(A) Representative FSC/SSC contour plots from flow cytometric analysis of CD8+ T lymphocytes after 72 h of mono- and co-
culture with M1 MΦ, respectively. Comparison of (B) FSC medians, (C) SSC medians, (D) vital cell numbers and (E) the 
proportion of proliferating lymphocytes within CD8+ T lymphocytes populations after mono- or direct co-culture with M1 MΦ 
for 72 h. Data present mean values with SEM of three independent experiments. (F) CFSE profiles of proliferating lymphocytes 
within CD8+ T lymphocyte populations after mono- (white) or co-culture with M1 MΦ (black) for 72 h. Data presents mean 
proportions and SEM of lymphocytes having divided 1 to 7 times examined in three independent experiments. The maximum 
numbers of clearly distinguishable peaks in respective CFSE profiles are indicated by “+X”. 

 

Considering cell surface expression levels of PD-1 and PD-L1, CD8+ T lymphocytes exhibited 

markedly higher PD-1 levels in both resting (MFI Ratio 2.86 ±0.95 vs. 1.26 ±0.24) and 

proliferating (MFI Ratio 4.73 ±1.35 vs. 1.91 ±0.15) populations after co-culture with M1 MΦ 

compared to cells after mono-culture (Figure 35 A). However, in comparison to proliferating 

CD8+ T cells after activation culture (MFI Ratio 9.70 ±0.90; Figure 33 C) PD-1 cell surface 

levels in both mono- and co-cultured CD8+ T lymphocytes markedly decreased after 72 h of 

both mono- and co-culture. Similarly, PD-L1 cell surface levels in both the resting (MFI Ratio 

3.62 ±1.07 vs. 1.92 ±0.42) and the proliferating (MFI Ratio 2.45 ±0.10 vs. 1.65 ±0.08) 

population of co-cultured T lymphocytes were higher compared to respective populations in 

mono-cultured cells (Figure 35 B). Interestingly, in contrast to PD-1 levels, PD-L1 cell surface 

expression was higher in the resting than in the proliferating lymphocyte population. Notably, 

western blotting analysis revealed higher PD-L1 levels in CD8+ T lymphocytes after co-culture 

with M1 MΦ than in mono-cultured cells as well as in CD8+ T lymphocytes directly after 

activation culture (Figure 35 C). 
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Figure 35: PD-1 and PD-L1 cell surface levels in CD8+ T lymphocytes after direct co-culture with autologous M1-
polarized macrophages. Pre-activated primary human CD8+ T lymphocytes were mono-cultured or directly co-cultured for 
72 h with M1-like polarized macrophages, which were differentiated from autologous monocytes by GM-CSF stimulation.  
(A) PD-1 and (B) PD-L1 cell surface expression levels in the resting (white) and proliferating (black) population of CD8+ 
lymphocytes after indicated culture conditions. Bar charts present mean values and SEM of median fluorescence intensity ratios 
examined in three independent experiments. The dashed lines mark an MFI ratio of “1”. (C) Representative western blot of 
whole-cell lysates from CD8+ T lymphocytes directly after four days of anti-CD3/CD28 stimulation (activated (d0)) as well as 
after following 72 h of either mono- or co-culture with M1 MΦ. Molecular weights in kDa are indicated according to the 
applied standard. 

 

Besides the effects observed on the phenotype and proliferation of CD8+ T lymphocytes after 

co-culture conditions, the phenotype of mono- and co-cultured macrophages was examined, 

too, by staining of PD-L1, CD206 and CD163 followed by flow cytometric analysis (Figure 

36 A). Cell surface levels of PD-L1 were markedly higher in M1 MΦ after co-culture with 

CD8+ T lymphocytes compared to mono-cultured cells (MFI Ratio 10.77 ±3.21 vs. 1.76 ±0.46; 

p=0.05; Figure 36 A). While CD206 levels were not altered (MFI Ratio 3.43 ±0.54 vs. 3.05 

±0.02; Figure 36 B), CD163 cell surface levels were notably lower in co-cultured compared to 

mono-cultured M1 MΦ (MFI Ratio 2.12 ±0.52 vs. 14.30 ±7.07; Figure 36 C). 
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Figure 36: Cell surface expression levels of PD-L1, CD206 and CD163 in M1-polarized macrophages after co-culture 
with autologous activated CD8+ T lymphocytes. M1-polarized primary human macrophages were mono-cultured or directly 
co-cultured for 72 h with autologous pre-activated CD8+ T lymphocytes. (A) Representative histograms from flow cytometric 
analysis of PD-L1 (left), CD206 (middle) and CD163 (right) cell surface immunofluorescence staining in M1 MΦ after mono- 
(blue) or co-culture with CD8+ T lymphocytes (red). Signal specificities were verified by staining with respective isotype 
control antibodies (white/grey). (B) PD-L1, (C) CD206 and (D) CD163 cell surface levels in M1 MΦ after indicated culture 
conditions. Bar charts present mean values and SEM of median fluorescence intensity ratios examined in three independent 
experiments. The dashed lines mark an MFI ratio of “1”. 

 

Finally, the concentrations of various cytokines secreted by macrophages (IL-6, IL-8 and 

VEGF) were detected in supernatants of mono- and co-cultures. Thus, IL-8 as well as VEGF 

showed significantly higher levels in culture settings comprising M1 MΦ compared to mono-

cultured CD8+ T lymphocytes. Moreover, IL-6 was exclusively detected in cultures containing 

M1 MΦ. In detail, IL-8 concentrations in supernatants of M1 MΦ and CD8+ T lymphocyte co-

cultures were slightly higher than in M1 MΦ mono-cultures and both significantly exceeded 

concentrations detected in T lymphocyte mono-cultures (21.81 vs. 20.30 vs. 0.22 ng/ml; 

p<0.001) (Figure 37 A). The same proportions were detected for VEGF levels in supernatants 

of co-/mono-cultured M1 MΦ and CD8+ T lymphocyte mono-cultures (282.48 vs. 239.79 vs. 

15.16 pg/ml; p<0.001) (Figure 37 B). By trend, IL-6 levels were higher in supernatants of co-

cultured M1 MΦ than in those of mono-cultured M1 MΦ (3624.47 ±3154.86 pg/ml vs. 244.12 

±218.20 pg/ml) (Figure 37 C).                  

Same as macrophage-associated cytokines, levels of T lymphocyte-associated cytokines 

(TNFα, IFNγ, IL-17A, soluble Fas ligand, Perforin, Granulysin, Granzyme A and Granzyme 

B) in co-culture settings either significantly or at least by trend exceeded those detected in 

mono-culture supernatants. In detail, supernatants of M1 MΦ and CD8+ T lymphocyte co-
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cultures contained 61.63 pg/ml TNFα while in mono-cultures of either CD8+ T lymphocytes or 

macrophages only 3.23 pg/ml and 2.59 pg/ml were measured, respectively (p=0.011; Figure 

37 D). IFNγ was not detectable in supernatants of mono-cultured M1 MΦ. However, mono-

cultures of CD8+ T lymphocytes contained IFNγ concentrations of 623.51 pg/ml and 

significantly higher levels of IFNγ under co-culture conditions (12.78 ng/ml; p=0.004; Figure 

37 E). IL-17A concentrations in supernatants of co-cultures markedly exceeded levels detected 

in those of mono-cultured T lymphocytes (183.74 vs. 37.85 pg/ml) while IL-17A was hardly 

detectable in supernatants of mono-cultured M1 MΦ (5.80 pg/ml) (Figure 37 F). Soluble FasL 

levels in co-culture supernatants were clearly higher than in mono-cultures of CD8+ 

T lymphocytes or M1 MΦ (492.45 vs. 54.65 vs. 2.45 pg/ml) (Figure 37 G). The same trend 

applied to concentrations of Perforin (3846.59 vs. 1493.22 vs. 20.59 pg/ml) (Figure 37 H), 

Granulysin (37.96 vs. 5.87 vs. 0.03 ng/ml) (Figure 37 I) and Granzyme A (7189.51 vs. 829.27 

vs. 19.85 pg/ml; p=0.011) (Figure 37 J). Finally, Granzyme B concentrations were also 

significantly higher in supernatants of co-cultured than mono-cultured CD8+ T lymphocytes or 

M1 MΦ (64.97 vs. 0.34 vs. 0.54 ng/ml; p=0.025) (Figure 37 K). 
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Figure 37: Supernatant levels of T lymphocyte- and macrophage-associated cytokines, chemokines, growth factors and 
effector molecules after direct co-culture of activated CD8+ T lymphocytes with autologous M1-polarized macrophages. 
Pre-activated primary human CD8+ T lymphocytes and autologous M1-polarized macrophages were either mono-cultured or 
directly co-cultured for 72 h. Concentrations of (A) IL-8, (B) VEGF, (C) IL-6, (D) TNFα, (E) IFNγ, (F) IL-17A, (G) soluble 
Fas ligand, (H) Perforin, (I) Granulysin, (J) Granzyme A and (K) Granzyme B were measured by multiplex assay in the culture 
supernatant of mono-cultured CD8+ T lymphocytes (white) and M1 MΦ (grey) as well as direct co-cultures (black) after 72 h. 
Box plots present median values with quartiles (Q0.75 as upper, Q0.25 as lower deviation) and bar charts present mean values 
with SEM of three independent experiments. N.D. = not detectable; * = p<0.05; 
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In summary, these results indicate that both M1 MΦ and pre-activated CD8+ T lymphocytes 

exhibit a more pronounced pro-inflammatory and activated phenotype, respectively, after direct 

co-culture compared to respective phenotypes after mono-culture conditions.  

 

4.2.8 PD-L1 cell surface levels of PDAC cells might affect activation the 
status of pre-activated CD8+ T lymphocytes 

Next, it has been investigated whether and how different PDAC cell lines affect the activation 

status of activated CD8+ T lymphocyte populations in direct co-culture settings. For this 

purpose, three different PDAC cell lines were used that had shown neither basal and nor 

inducible PD-L1 cell surface expression levels (Panc1), moderate basal and inducible PD-L1 

expression (Panc89) or high basal and strongly inducible PD-L1 cell surface levels in previous 

experiments (section 4.2.1 and section 4.2.2).          

Flow cytometric analyses showed no differences between mono- and co-cultured CD8+ 

T lymphocytes in terms of size and granularity (data not shown). However, the overall 

proportion of proliferating CD8+ T lymphocytes was lower after co-culture with Panc89 or 

PancTu-I cells compared to CD8+ T lymphocytes after co-culture with Panc1 cells or mono-

culture (55.40 % vs. 57.45 % vs. 70.15 % vs. 68.40%) (Figure 38 A). In line, the median values 

for CFSE fluorescence intensities within the whole (MFI 554.00 vs. 422.50 vs. 165.50 vs. 

190.00) and the proliferating (MFI 162.50 vs. 144.00 vs. 85.55 vs. 91.10) CD8+ T lymphocyte 

populations were higher after co-culture with Panc89 or PancTu-I cells than after co-culture 

with Panc1 cells or mono-cultured CD8+ T lymphocytes (Figure 38 B). Subsequent analyses 

of CFSE profiles revealed that the CD8+ T lymphocyte populations from mono-cultures and 

co-culture with Panc1 cells showed very similar profiles with up to 5 distinguishable cell 

divisions and over 50 % of the population having progressed through 4 or more cell divisions 

(Figure 38 C). In contrast, CFSE profiles of CD8+ T lymphocytes after co-culture with Panc89 

and PancTu-I cells, respectively, showed that the majority of cells had only passed one to three 

cell divisions and the proportion of cells having proceeded through five cell divisions was 

markedly lower in lymphocyte populations co-cultured with Panc89 or PancTu-I cells 

compared to those after co-culture with Panc1 cells or mono-culture (Figure 38 D+E). 
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Figure 38: Proliferation of activated CD8+ T lymphocytes after direct co-culture with various PDAC cell lines. 
Pre-activated primary human CD8+ T lymphocytes were either mono- or directly co-cultured for 72 h with Panc1, Panc89 and 
PancTu-I cells, respectively. (A) Proportion of proliferating cells within CD8+ T lymphocytes after mono- (white) or indicated 
co-culture (black) conditions. Dashed line marks the proportion of proliferating cells in mono-cultured T lymphocytes.  
(B) Median fluorescence intensity (MFI) of CFSE staining in the whole (white) and proliferating (black) population of CD8+ 
T lymphocytes after indicated mono- and co-culture settings with PDAC cell lines. Dashed line indicates the CFSE MFI in the 
whole lymphocyte population and drawn through line indicates the CFSE MFI of the proliferating lymphocyte population of 
mono-cultured CD8+ T lymphocytes. (C-E) CFSE profiles of proliferating CD8+ T lymphocytes after mono-culture (white) 
and direct co-culture with (C) Panc1, (D) Panc89 and (E) PancTu-I cells. Data present proportions of lymphocytes having 
divided 1 to 5 times. The maximum numbers of clearly distinguishable peaks in respective CFSE profiles are indicated by “+”. 
(A-E) Graphs present data from one experiment. 

 

Interestingly, the observed alterations in terms of T lymphocytes’ proliferation after co-culture 

with either Panc89 or PancTu-I cells were associated with changes of PD-1 cell surface 

expression levels in CD8+ T lymphocytes as well as PD-L1 expression in Panc89 and PancTu-

I cells, respectively (Figure 39). In detail, PD-1 cell surface levels in CD8+ T lymphocytes co-

cultured with Panc1 cells were similar to those levels detected in the whole (MFI Ratio 2.53 vs. 

2.74) and proliferating (MFI Ratio 2.64 vs. 2.94) population of mono-cultured 

CD8+ T lymphocytes (Figure 39 A). In contrast, PD-1 levels at the cell surface of 

T lymphocytes co-cultured with Panc89 cells were clearly higher in the proliferating population 
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compared to the expression levels in the whole population (MFI Ratio 5.22 vs. 3.47) and, 

therefore, 26.6% higher in the whole and 77.6% higher in the proliferating population compared 

to mono-cultured CD8+ T lymphocytes (Figure 39 A). Similar but less pronounced, PD-1 cell 

surface levels in CD8+ T lymphocytes after co-culture with PancTu-I cells were higher in the 

proliferating population compared to expression levels of the whole population (MFI Ratio 4.10 

vs. 3.18). Hence, PD-1 cell surface levels in CD8+ T lymphocytes from PancTu-I co-cultures 

exceeded levels detected in mono-cultured T lymphocytes by 16.1% and 39.5% comparing 

expression levels in the whole and proliferating population, respectively (Figure 39 A). While 

PD-L1 expression was absent or at very low level on the cell surface of CD8+ T lymphocytes 

after both mono- and co-culture with each PDAC cell line (Figure 39 B), PD-L1 levels in both 

Panc89 and PancTu-I cells but not Panc1 cells were clearly elevated after co-culture with CD8+ 

T lymphocytes compared to mono-cultured cells (Figure 39 C). 

 

Figure 39: PD-1 and PD-L1 cell surface expression levels in CD8+ T lymphocytes as well as levels of proteins associated 
with differentiation and proliferation status in various PDAC cell lines after direct co-culture. Pre-activated primary 
human CD8+ T lymphocytes were either mono- or directly co-cultured for 72 h with Panc1, Panc89 and PancTu-I cells, 
respectively. (A) PD-1 and (B) PD-L1 cell surface levels in the whole (white) and proliferating (black) population of CD8+ 
T lymphocytes after indicated culture conditions. Bar charts present median fluorescence intensity ratios examined in one 
experiment. The dashed lines mark an MFI ratio of “1”. (C) Representative western blot of whole-cell lysates from Panc1, 
Panc89 and PancTu-I cells after mono- (-) or co-culture with activated CD8+ T lymphocytes (+). Hsp90 was detected as loading 
control. Molecular weights in kDa are indicated according to the applied standard. Triangle indicates decreased/increased time 
of light exposure for vimentin signal detection. 
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In section 4.2.6, it has been shown that CD8+ T lymphocytes express and secrete various pro-

inflammatory cytokines upon activation by anti-CD3/CD28 stimulation. Notably, it has been 

reported that tumor cells upon stimulation by some of these cytokines, e.g. IFNγ and IL-6, 

acquire a more mesenchymal phenotype due to cytokine-induced EMT-associated signaling 

pathways [48,52]. In order to investigate whether PDAC cell lines in the present co-culture 

setting show EMT-related alterations, the expression of E-cadherin and vimentin has been 

examined by western blotting. Indeed, western blotting analysis revealed increased vimentin 

and decreased E-cadherin expression in co-cultured Panc89 and PancTu-I cells. In contrast, 

Panc1 cells exhibited unaltered high vimentin and absent E-cadherin expression after both 

mono- and co-culture conditions (Figure 39 C). Notably, all PDAC cell lines showed markedly 

lower levels of phosphorylated ERK1/2 after co-culture with CD8+ T lymphocytes in 

comparison to levels detected in mono-cultured cells (Figure 39 C).                        

In summary, these data indicate a link between proliferation and PD-1 cell surface levels of 

CD8+ T lymphocytes as well as PD-L1 expression and EMT-associated alterations in PDAC 

cells in direct co-culture settings. Supporting the assumption that PDAC cells in the present co-

culture system affect the phenotype of CD8+ T lymphocytes and vice versa, results from 

multiplex quantitative analysis of cytokines revealed that culture supernatant concentrations of 

cytokines predominantly secreted by PDAC cells (VEGF, IL-6 and IL-8) or CD8+ 

T lymphocytes (IFNγ, IL-17A, sFasL, Perforin, Granulysin, Granzyme A and Granzyme B) 

markedly differ in co-culture settings compared to mono-cultures (Supplementary Figure 58). 

Moreover, microscopical time-lapse analyses indicated that CD8+ T lymphocytes get in contact 

with PancTu-I cells by directed cell-cell interactions (Supplementary Figure 59). Based on 

these and previous results (section 4.2.1 and section 4.2.2), PancTu-I cells were chosen as in 

vitro model for subsequent triple co-culture experiments with activated CD8+ T lymphocytes 

and M1 MΦ. 

 

4.2.9 Co-culture of activated CD8+ T lymphocytes with PancTu-I 
cells and M1 MΦ 

The next step was to examine phenotypic alterations in CD8+ T lymphocytes, PancTu-I cells 

and M1 MΦ after co-culture in a setting that comprises all three populations, a scenario that 

mostly resembles the situation in PDAC. In contrast to the previous setting, a direct co-culture 

of CD8+ T lymphocytes and PancTu-I cells combined with an indirect co-culture with M1 MΦ 

was applied (Figure 11). This modified experimental setup was made in order to enable 
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additional gene expression profile analyses in M1 MΦ macrophages by qPCR, which otherwise 

would not be possible without effortful separation of adherent growing M1 MΦ from PancTu-

I cells. Moreover, this setting allowed to investigate whether effects on T lymphocytes’ 

activation status in co-culture with M1 MΦ are mediated by paracrine interactions or whether 

direct cell-cell contact is necessary.           

Flow cytometric analysis of CD8+ T lymphocytes in FSC/SSC plots revealed slightly larger 

cells after co-culture with M1 MΦ or PancTu-I cells compared to mono-cultures (Mean 476.50 

±5.81 vs. 485.88 ±3.67 vs. 471.75 ±5.88). After co-culture with both PancTu-I cells and M1 

MΦ highest median FSC values were detected in CD8+ T lymphocyte populations by trend 

(Mean 490.38 ±1.56) (Figure 40 A). In terms of cellular granularity, only minor differences in 

T lymphocyte populations were detected after co-culture with PancTu-I cells (Mean 248.88 

±9.58) or M1 MΦ (Mean 250.13 ±11.62) in comparison to mono-cultured cells (Mean 252.88 

±8.96). In contrast, CD8+ T lymphocytes from co-culture with both M1 MΦ and PancTu-I cells 

showed clearly the lowest SSC values compared to the other culture settings (Mean 238.38 

±10.90) (Figure 40 B). By trend, vital cell counting revealed higher cell numbers in CD8+ 

T lymphocytes co-cultured with M1 MΦ (1.11 ±0.08-fold) and lower number of vital cells after 

co-culture with PancTu-I cells (0.92 ±0.06-fold) compared to mono-cultured cells. After co-

culture including all three cell populations, vital cell numbers of CD8+ T lymphocytes were 

similar to those detected in populations of mono-cultured CD8+ T lymphocytes (1.04 ±0.6-fold) 

(Figure 40 C). 
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Figure 40: Phenotype and proliferation of CD8+ T lymphocytes after co-culture with PancTu-I cells and autologous M1-
polarized macrophages. Pre-activated primary human CD8+ T lymphocytes were either mono-cultured (white), indirectly co-
cultured with autologous M1 MΦ (banded), directly co-cultured with PancTu-I cells (grey) or co-cultured with both autologous 
M1 MΦ (indirect) and PancTu-I cells (direct) (black) for 48 h. Comparison of (A) FSC medians, (B) SSC medians, (C) relative 
vital cell numbers and (D) the proportion of proliferating cells within CD8+ T lymphocytes from indicated culture settings. Bar 
charts present mean values with SEM of three independent experiments. (E) CFSE profiles of proliferating CD8+ 
T lymphocytes after 48 h of indicated mono- and co-culture conditions. Bar chart presents mean proportions with SEM of T 
lymphocytes having divided 1 to 5 times in three independent experiments. The maximum numbers of clearly distinguishable 
peaks in respective CFSE profiles are indicated by “+”. 

 

Analyses of CFSE staining in CD8+ T lymphocytes after mono-culture, indirect co-culture with 

M1 MΦ, direct co-culture with PancTu-I cells or co-culture with both M1 MΦ and PancTu-I 

cells showed neither significant nor by trend any differences with respect to the proportion of 

proliferating cells (52.57 ±6.91 % vs. 56.68 ±7.68 % vs. 54.67 ±6.98 % vs. 56.13 ±6.99 %) 

(Figure 40 D) and the respective CFSE profiles (Figure 40 E). In detail, CFSE profiles of CD8+ 

T lymphocytes after each culture condition revealed a spectrum of up to 5 distinguishable cell 

divisions with most cells having passed four (~20 %) to five (>35 %) cell divisions.     

Flow cytometric analysis of PD-1 (Figure 41 A) and PD-L1 (Figure 41 B) cell surface 

expression levels in CD8+ T lymphocytes after mono-culture or different co-culture settings 

showed no notable differences between CD8+ T lymphocytes from each culture condition. 

Noteworthy, in comparison to the levels detected in the whole population, PD-1 cell surface 

levels were markedly higher in the proliferating subset of CD8+ T lymphocytes after each 

culture setting (Figure 41 A), while PD-L1 levels were hardly differed in the proliferating 
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population from the whole population (Figure 41 B). Correlation of PD-1 cell surface levels 

and CFSE profiles showed only minor differences in CD8+ T lymphocytes from mono- and co-

culture settings (Figure 41 C). Thus, PD-1 cell surface levels in CD8+ T lymphocytes after co-

culture with PancTu-I cells as well as triple co-culture tended to be slightly higher in CD8+ T 

lymphocyte populations having divided one to six times (Figure 41 C). Correlation of PD-L1 

surface levels and CFSE profiles revealed neither significant nor by trend any differences 

between different culture settings (data not shown). 

 

Figure 41: PD-1 and PD-L1 cell surface expression levels in CD8+ T lymphocytes after co-culture with PancTu-I cells 
and autologous M1-polarized macrophages. Pre-activated primary human CD8+ T lymphocytes were either mono-cultured 
(white), indirectly co-cultured with autologous M1 MΦ (banded), directly co-cultured with PancTu-I cells (grey) or co-cultured 
with both autologous M1 MΦ (indirect) and PancTu-I cells (direct) (black) for 48 h. (A) PD-1 and (B) PD-L1 cell surface levels 
in the whole (white) and proliferating (black) population of CD8+ T lymphocytes after indicated culture conditions. (C) PD-1 
cell surface expression levels in populations of CD8+ T lymphocytes having divided one to six times after indicated mono- and 
co-culture conditions. (A-C) Bar charts present mean values with SEM of median fluorescence intensity ratios examined in 
three independent experiments. The dashed lines mark an MFI ratio of “1”. 

 

In order to characterize the phenotype of M1 MΦ after mono-culture as well as indirect co-

culture with CD8+ T lymphocytes, PancTu-I cells or both T lymphocytes and PancTu-I cells, 

macrophages were stained for PD-L1, CD206 or CD163. Subsequent flow cytometric analysis 

revealed minor differences in PD-L1 cell surface levels between M1 MΦ from different culture 

conditions (MFI Ratio 2.40 ±0.42 vs. 2.54 ±0.43 vs. 2.36 ±0.39 vs. 2.55 ±0.36) (Figure 42 A). 
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Likewise, CD206 cell surface levels varied only marginally between M1 MΦ from mono- and 

co-culture settings. By trend, lower CD206 levels were detected on the cell surface of 

macrophages from co-culture with CD8+ T lymphocytes (MFI Ratio 5.74 ±0.79), PancTu-I 

cells (MFI Ratio 5.55 ±0.66) and co-cultures with both CD8+ T lymphocytes and PancTu-I cells 

(MFI Ratio 5.32 ±0.82) in comparison to mono-cultured M1 MΦ (MFI Ratio 6.40 ±0.81) 

(Figure 42 B). Cell surface levels of CD163 tended to be lower in M1 MΦ after co-culture with 

CD8+ T lymphocytes (MFI Ratio 8.36 ±2.60) but higher after co-culture with PancTu-I cells 

(MFI Ratio 10.99 ±4.11) compared to M1 MΦ from mono-cultures (MFI Ratio 9.56 ±3.16) 

(Figure 42 C). In contrast, M1 MΦ from co-cultures with both CD8+ T lymphocytes and 

PancTu-I cells showed CD163 cell surface levels comparable to mono-cultured macrophages 

(MFI Ratio 9.61 ±3.58 vs. 9.56 ±3.16) (Figure 42 C). 

 

Figure 42: Cell surface expression levels of PD-L1, CD206 and CD163 in M1-polarized macrophages after co-culture 
with PancTu-I cells and autologous activated CD8+ T lymphocytes. Primary human M1-polarized macrophages were either 
mono-cultured (white), indirectly co-cultured with autologous pre-activated CD8+ T lymphocytes (banded), PancTu-I cells 
(grey) or both autologous CD8+ T lymphocytes and PancTu-I cells (black) for 48 h. (A) PD-L1, (B) CD206 and (C) CD163 
cell surface levels in M1 MΦ after indicated culture conditions. Bar charts present mean values with SEM of median 
fluorescence intensity ratios examined in three independent experiments. The dashed lines mark an MFI ratio of “1”. 

 

Furthermore, relative mRNA levels of cytokines, chemokines and growth factors associated 

with an M1- (IL-1β, IL-6, IL-8 and TNFα) or M2-like (IL-10, TGF-β1 and VEGF) polarization 

were analyzed by qPCR in M1 MΦ after respective culture conditions (Figure 43). In 

comparison to macrophages from mono-cultures, mRNA levels of pro-inflammatory cytokines 

IL-1β, IL-6 and TNFα were either markedly or even significantly lower in M1 MΦ from each 

co-culture setting. In detail, IL-1β mRNA were significantly lower in M1 MΦ from co-cultures 

with CD8+ T lymphocytes (0.58 ±0.14-fold; p=0.017), PancTu-I cells (0.63 ±0.03-fold; 

p=0.013) and co-cultures with both CD8+ T lymphocytes and PancTu-I cells (0.48 ±0.08-fold; 

p=0.010) compared to levels in mono-cultured M1 MΦ (Figure 43 A). IL-6 mRNA levels were 

lower by trend in M1 MΦ co-cultured with CD8+ T lymphocytes (0.59 ±0.25-fold) and 
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significantly lower after co-culture with PancTu-I cells (0.31 ±0.03-fold; p=0.011) as well as 

co-culture with both CD8+ T lymphocytes and PancTu-I cells (0.29 ± 0.03-fold; p=0.017) in 

comparison to M1 MΦ from mono-culture conditions (Figure 43 B). By trend, TNFα mRNA 

levels were lower in M1 MΦ from co-cultures with CD8+ T lymphocytes (0.56 ±0.27-fold), 

PancTu-I cells (0.50 ±0.20-fold) as well as after co-culture with both CD8+ T lymphocytes and 

PancTu-I cells (0.50 ±0.17-fold) compared to levels detected in mono-cultured macrophages 

(Figure 43 C). In contrast, IL-8 mRNA levels in M1 MΦ from co-cultures with both CD8+ 

T lymphocytes and PancTu-I cells (1.27 ±0.22-fold) by trend exceeded those detected in mono-

cultured macrophages while being comparatively lower in M1 MΦ after co-culture with CD8+ 

T lymphocytes alone (0.69 ±0.11-fold) (Figure 43 D). In terms of cytokines associated with an 

M2-polarized phenotype, mRNA levels were lower in M1 MΦ from each co-culture condition 

compared to levels in mono-cultured macrophages. In detail, IL-10 mRNA levels were slightly 

lower by trend in M1 MΦ after co-culture with CD8+ T lymphocytes (0.86 ±0.11-fold) and 

PancTu-I cells (0.81 ±0.14-fold) but markedly lower after co-culture with both CD8+ 

T lymphocytes and PancTu-I cells (0.50 ±0.15-fold) compared to levels detected in mono-

cultured macrophages (Figure 43 E). TGF-β1 mRNA levels were more or less pronounced 

lower in M1 MΦ from co-cultures with CD8+ T lymphocytes (0.49 ±0.22-fold), PancTu-I cells 

(0.73 ±0.27-fold) or triple co-culture settings (0.67 ±0.08-fold) in comparison to mono-cultured 

M1 MΦ (Figure 43 F). Finally, VEGF mRNA levels revealed least differences in M1 MΦ co-

cultured with CD8+ T lymphocytes (0.79 ±0.11-fold), PancTu-I cells (0.92 ±0.20-fold) or both 

CD8+ T lymphocytes and PancTu-I cells (0.84 ±0.21-fold) in comparison to levels detected in 

M1 MΦ from mono-cultures conditions (Figure 43 G). 
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Figure 43: Gene expression profiles of cytokines, chemokines and growth factors in M1-polarized macrophages after 
co-culture with PancTu-I cells and autologous activated CD8+ T lymphocytes. Primary human M1-polarized macrophages 
were either mono-cultured (white) or indirectly co-cultured with autologous pre-activated CD8+ T lymphocytes (banded), 
PancTu-I cells (grey) or both autologous CD8+ T lymphocytes and PancTu-I cells (black) for 48 h. Relative mRNA levels of 
(A) IL-1β, (B) IL-6, (C) TNFα, (D) IL-8, (E) IL-10, (F) TGF-β1 and (G) VEGF in M1 MΦ after indicated mono- and indirect 
co-culture conditions. Messenger RNA levels were normalized to respective GAPDH levels as well as levels detected M1 MΦ 
from mono-cultures, indicated by dashed lines. Bar charts present mean values with SEM of three independent experiments.  
* = p<0.05 

 

In order to examine the effect of each co-culture setting on the growth of PancTu-I cells, 

confluency analyses of phase-contrast pictures was performed after removal of CD8+ 

T lymphocytes and M1 MΦ (Figure 44 A). Analyses revealed a significantly lower cellular 

confluency after co-culture with CD8+ T lymphocytes (34.67 ±3.84 %; p=0.041) but not M1 

MΦ (43.46 ±2.86 %) in comparison to PancTu-I mono-cultures (50.11 ±2.57 %). Interestingly, 

the confluency of PancTu-I cells was even lower after triple co-culture with both CD8+ 

T lymphocytes and M1 MΦ (28.94 ±4.83 %) (Figure 44 B).        

Concerning the differentiation status of PancTu-I cells after co-culture settings, western blot 

analysis of whole-cell lysates indicated synergistic effects of co-culture with by both CD8+ 

T lymphocytes and M1 MΦ on protein levels associated with an epithelial and mesenchymal 

phenotype, respectively. Hence, levels of the mesenchymal protein vimentin were higher in 

PancTu-I cells after co-culture with CD8+ T lymphocytes in comparison to levels detected in 

mono-cultured cells but even exceeded by expression levels in triple co-cultures (Figure 44 C). 

While levels of the epithelial protein E-cadherin were lower in PancTu-I cells after co-culture 

with CD8+ T lymphocytes compared to mono-cultured cells, higher expression levels were 
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detected after co-culture with M1 MΦ. Interestingly, E-cadherin expression levels detected after 

co-culture of PancTu-I cells with both CD8+ T lymphocytes and M1 MΦ were similar to those 

in mono-cultured cells. (Figure 44 C). Finally, PD-L1 levels were markedly higher in PancTu-

I cells after any co-culture condition comprising CD8+ T lymphocytes in comparison to mono-

culture and co-culture conditions with only M1 MΦ (Figure 44 C). 

 

Figure 44: Cell growth and differentiation of PancTu-I cells after co-culture with activated CD8+ T lymphocytes and 
M1-polarized macrophages. PancTu-I cells were either mono-cultured (white), directly co-cultured with primary human pre-
activated CD8+ T lymphocytes (banded), indirectly co-cultured with M1-polarized macrophages (grey) or co-cultured with 
both CD8+ T lymphocytes and M1 MΦ (black) for 48 h. (A) Representative images of confluency analysis on light 
microscopical phase contrast pictures of PancTu-I cells after indicated culture conditions. (B) Confluency of PancTu-I cell after 
indicated mono- and co-culture conditions. Bar chart presents mean values with SEM of three independent experiments. 
(C) Representative western blot of whole-cell lysates from PancTu-I cells after indicated culture conditions. Hsp90 was 
detected as loading control. Molecular weights in kDa are indicated according to the applied standard. (B) * = p<0.05; (C) * = 
vimentin signal; Scale bar = 500 µm 

 

At last, concentrations of proteins secreted by activated CD8+ T lymphocytes (IFNγ, IL-17A, 

soluble FasL, Granulysin, Perforin, Granzyme A and Granzyme B) as well as macrophages and 

PancTu-I cells (VEGF, IL-6 and IL-8) were measured in the culture supernatant of each mono- 

and co-culture setting (Figure 45).                           

In detail, VEGF concentrations were higher in culture supernatants of settings comprising M1 

MΦ than in cultures including only PancTu-I cells (>450 pg/ml vs. <350 pg/ml). Notably, 
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highest VEGF levels were measured in culture supernatants of triple co-cultures (572.71 ±78.03 

pg/ml) but not co-cultures of M1 MΦ and PancTu-I cells (457.30 ±15.05 pg/ml) (Figure 45 A). 

Even more pronounced differences were found in terms of IL-8 concentrations. IL-8 levels in 

supernatants of culture settings comprising M1 MΦ (>16.8 ng/ml) were at least 32-fold higher 

than in those settings, in which PancTu-I cells but no M1 MΦ were present (<0.53 ng/ml). 

However, the presence of CD8+ T lymphocytes and/or PancTu-I cells did hardly affect IL-8 

concentrations in M1 MΦ co-cultures compared to mono-culture conditions (±4.17%) (Figure 

45 B). Moreover, IL-6 levels were higher in culture settings comprising M1 MΦ than in those 

including only PancTu-I cells but no M1 MΦ (>770 pg/ml vs. <200 pg/ml). Similarly to VEGF, 

IL-6 concentrations revealed highest levels in supernatants of co-cultures containing M1 MΦ, 

CD8+ T lymphocytes and PancTu-I cells (1100.92 ±380.56 pg/ml) (Figure 45 C).                     

With respect to T lymphocyte-associated cytokines, considerable concentrations of all analytes 

were exclusively detected in culture settings including CD8+ T lymphocytes. Since IFNγ 

concentrations in supernatants greatly varied between biological replicates and even 

normalization revealed no clear tendencies between the applied culture conditions (data not 

shown), multiplex analysis indicated no effects of co-culture with M1 MΦ (2.48 ±1.60 ng/ml), 

PancTu-I cells (3.82 ±3.15 ng/ml) or both M1 MΦ and PancTu-I cells (2.60 ±2.07 ng/ml) on 

IFNγ secretion by CD8+ T lymphocytes compared to mono-culture conditions (2.72 ±1.57 

ng/ml) (Figure 45 D). By trend, IL-17A concentrations were slightly lower in supernatants of 

CD8+ T lymphocytes after co-culture with M1 MΦ (126.03 ±33.20 pg/ml), PancTu-I cells 

(133.97 ±46.78 pg/ml) and triple co-culture (115.15 ±40.35 pg/ml) compared to levels detected 

in mono-cultures (156.41 ±39.63 pg/ml) (Figure 45 E). In contrast, cytokine levels of soluble 

FasL were comparatively higher in supernatants of CD8+ T lymphocytes co-cultured with M1 

MΦ (82.22 ±7.22 pg/ml), PancTu-I cells (77.10 ±25.77 pg/ml) and both M1 MΦ and PancTu-

I cells (96.58 ±23.02 pg/ml) than in supernatants of mono-cultured CD8+ T lymphocytes (54.25 

±14.62 pg/ml) (Figure 45 F). Same as for IFNγ, due to high variations between biological 

replicates no trends for supernatant levels of Granulysin were examined in co-cultures of CD8+ 

T lymphocytes with M1 MΦ (4.00 ±2.50 ng/ml), PancTu-I cells (8.81 ±6.87 ng/ml) or both M1 

MΦ and PancTu-I cells (5.83 ±3.78 ng/ml) in comparison to concentrations detected in mono-

cultures (5.98 ±4.16 ng/ml) (Figure 45 G).  
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Figure 45: Supernatant levels of various cytokines, chemokines and growth factors after co-culture of activated CD8+ 
T lymphocytes with autologous M1-polarized macrophages and PancTu-I cells. Pre-activated primary human CD8+ 
T lymphocytes (T), M1 MΦ (M) and PancTu-I cells (P) were either mono-cultured (white), co-cultured with a second cell 
population (grey) or co-cultured all together (black: direct co-culture of PancTu-I cells and CD8+ T lymphocytes and indirectly 
co-cultured with M1 MΦ). Concentrations of (A) VEGF, (B) IL-8, (C) IL-6, (D) IFNγ, (E) IL-17A, (F) soluble Fas ligand, (G) 
Granulysin, (H) Granzyme A, (I) Granzyme B and (J) Perforin were measured by multiplex assay in the culture supernatant 
of indicated mono- and culture settings. Bar charts present mean values with SEM of three independent experiments. (K) 
Relative Perforin levels in supernatants of T lymphocyte mono- and co-culture settings normalized to levels detected in 
supernatants of mono-cultured CD8+ T lymphocytes indicated by the dashed line. N.D. = not detectable; * = p<0.05 
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Granzyme A concentrations were lower by trend in each biological replicate of CD8+ T 

lymphocyte co-cultures with M1 MΦ compared to levels detected in mono-cultured 

T lymphocytes (2.54 ±0.75 vs. 3.75 ±1.27 ng/ml) but not in supernatants of T lymphocytes co-

cultured with PancTu-I cells (3.37 ±1.71 ng/ml) or both M1 MΦ and PancTu-I cells (2.88 ±1.26 

ng/ml) (Figure 45 H). In contrast, Granzyme B detection revealed by trend higher levels in 

supernatants of CD8+ T lymphocytes co-cultured with M1 MΦ (5.05 ±1.60 ng/ml), PancTu-I 

cells (5.46 ±3.20 ng/ml) as well as triple co-culture (8.64 ±4.46 ng/ml) in comparison to levels 

in mono-cultured CD8+ T lymphocytes (2.90 ±1.33 ng/ml) (Figure 45 I). The same tendencies 

applied to Perforin concentrations, which markedly exceeded those levels measured in 

T lymphocyte mono-cultures (590.47 ±135.25 pg/ml) when CD8+ T lymphocytes were co-

cultured with M1 MΦ (871.10 ±150.92 pg/ml), PancTu-I cells (728.46 ±247.70) or both of them 

(1070.92 ±287.38 pg/ml) (Figure 45 J). Moreover, comparison of normalized levels revealed 

that Perforin concentrations were statistically significant higher in supernatants of CD8+ 

T lymphocytes co-cultured with M1 MΦ (1.52-fold; p=0.047) than in those of mono-cultures. 

Notably, this trend was even more pronounced in supernatants of triple co-cultures (1.78-fold; 

p=0.010) (Figure 45 K).                    

Taken together, in review of the results from section 4.2.7 and section 4.2.8, the differences in 

the phenotype, proliferation as well as PD-1 and PD-L1 cell surface expression levels of CD8+ 

T lymphocytes were less pronounced under indirect co-culture with M1 MΦ or both M1 MΦ 

and PancTu-I cells compared to direct co-culture with M1 MΦ or PancTu-I cells. The same 

tendency applied to results regarding the phenotypical alterations of M1 macrophages from 

indirect co-culture settings compared to results from direct co-cultures with CD8+ T 

lymphocytes. These results suggest that besides paracrine interactions also direct cell-cell 

contacts play an essential role in the present co-culture setting. However, considering the 

culture supernatant concentrations of VEGF, IL-6, soluble Fas ligand, Granzyme B and Perforin 

as well as the growth and differentiation status of PancTu-I cells, results from triple co-culture 

conditions indicated a synergy of effects mediated by the presence of each population. 
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4.2.10 Application of Durvalumab does not affect the phenotype and 
proliferation but PD-L1 cell surface levels and cytokine 
secretion profile of mono-cultured activated CD8+ 
T lymphocytes 

Having identified some notable alterations in CD8+ T lymphocytes’ phenotype, proliferation 

and cytokine secretion profile as well as the differentiation status of M1 MΦ and PancTu-I cells 

due to the reciprocal interplay of these cell populations, it was next elucidated whether 

availability of PD-L1 as ligand for PD-1, the latter being exclusively expressed by CD8+ 

T lymphocytes in this system, plays a causal role. For this purpose, PD-L1 binding domain for 

PD-1 was blocked by application of Durvalumab (kindly provided by Astra Zeneca) in the 

following experimental settings.  

First, it was investigated whether PD-L1 blockade by Durvalumab affects the phenotype, 

proliferation and cytokine secretion of CD8+ T lymphocytes after activation culture. Flow 

cytometric analysis of FSC/SSC plots indicated no differences between activated CD8+ 

T lymphocyte populations treated with either human IgG1 isotype control antibody or 

Durvalumab in terms of cell size (Mean FSC 441.50 ±16.76 vs. 441.67 ±18.45) and granularity 

(Mean SSC 177.33 ±11.62 vs. 177.00 ±11.57), respectively (Figure 46 A+B). Moreover, 

neither vital cell numbers (1.04 ±0.04-fold) (Figure 46 C) nor the overall proportion of 

proliferating cells in the CD8+ T lymphocyte population treated with Durvalumab markedly 

varied in comparison to isotype control antibody treated cells (81.50 ±4.53 % vs. 81.36 ±4.74 

%) (Figure 46 D). In line with this, CFSE profiles of both control isotype and Durvalumab 

treated CD8+ T lymphocyte populations revealed up to five distinguishable cell divisions and 

no differences in distribution patterns (Figure 46 E). 
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Figure 46: Phenotype and proliferation of activated CD8+ T lymphocytes after treatment with Durvalumab. 
Anti-CD3/CD28 pre-activated CD8+ T lymphocytes were treated with 10 µg/ml Durvalumab (black) or respective IgG1 isotype 
control antibody (white) for 72h. Comparison of (A) FSC medians, (B) SSC medians, (C) n-fold vital cell numbers and (D) the 
proportion of proliferating cells within CD8+ T lymphocyte populations after indicated treatment. Bar charts present mean 
values with SEM of three independent experiments. (E) CFSE profiles of proliferating CD8+ T lymphocytes after 72 h of 
indicated treatment. Data present mean proportions with SEM of T lymphocytes having divided 1 to 5 times in three 
independent experiments. The maximum numbers of clearly distinguishable peaks in respective CFSE profiles are indicated 
by “+”. 

 

Flow cytometric analysis of PD-1 cell surface levels revealed no differences between IgG1 and 

Durvalumab treated CD8+ T lymphocyte populations (MFI Ratio 4.42 ±0.83 vs. 4.37 ±0.79) 

(Figure 47 A). Moreover, correlations of PD-1 cell surface levels with CFSE cell division 

profiles showed no variations between IgG1 and Durvalumab treated CD8+ T lymphocytes 

(Figure 47 B). In contrast, PD-L1 cell surface levels were significantly lower in CD8+ 

T lymphocytes after Durvalumab treatment in comparison to IgG1 isotype control antibody 

treated cells (MFI Ratio 1.26 ±0.09 vs. 1.84 ±0.17; p=0.014) (Figure 47 A). 
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Figure 47: PD-1 and PD-L1 surface expression in CD8+ T lymphocytes as well as cytokine levels in culture supernatants 
after treatment with Durvalumab. Anti-CD3/CD28 activated CD8+ T lymphocytes were treated with 10 µg/ml Durvalumab 
(black) or respective IgG1 isotype control antibody (white) for 72h. (A) PD-1 and PD-L1 cell surface expression levels in the 
IgG1 isotype control antibody (white) and Durvalumab (black) treated CD8+ lymphocytes. (B) PD-1 cell surface expression 
levels in CD8+ T lymphocytes having dived one to six times after indicated treatment. (A+B) Bar charts present mean values 
and SEM of median fluorescence intensity ratios examined in six independent experiments. The dashed lines mark an MFI 
ratio of “1”. (C) N-fold supernatant levels of cytokines and effector molecules. Concentrations have been measured by 
multiplex assay and normalized to levels detected in culture supernatants of CD8+ T lymphocytes treated with IgG1 isotype 
control antibody, indicated by the dashed line. Bar chart presents mean values and SEM of six independent experiments. 
* = p<0.05 

 

Interestingly, multiplex analysis of CTL-associated cytokines revealed lower concentrations of 

IL-17A (0.84 ±0.09-fold), IFNγ (0.72 ±0.25-fold), Granzyme B (0.79 ±0.14-fold) and 

Granulysin (0.74 ±0.20-fold) by trend as well as significantly lower levels of soluble Fas ligand 

(0.66 ±0.12-fold; p=0.044), Granzyme A (0.69 ±0.09-fold; p=0.029) and Perforin (0.67 ±0.10-

fold; p=0.031) in culture supernatants of CD8+ T lymphocytes after treatment with Durvalumab 

in comparison to CD8+ T lymphocytes treated with IgG1 isotype control antibody (Figure 47 

C).                         

In summary, these data show that treatment of activated CD8+ T lymphocytes in mono-culture 

does not affect the phenotype, proliferation and PD-1 cell surface levels, but is accompanied by 

markedly reduced PD-L1 cell surface expression levels in CD8+ T lymphocytes as well as 

decreased levels of major CTL-associated effector molecules in culture supernatants. 
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4.2.11 Durvalumab application in direct co-cultures markedly alters 
PD-1 cell surface levels of CD8+ T lymphocytes and PD-L1 cell 
surface levels in both M1 MΦ and T lymphocytes 

Next, it was investigated whether blocking of PD-L1 affects the previously observed 

differences in the phenotypes of CD8+ T lymphocytes and M1 MΦ after direct co-culture of 

both populations (section 4.2.7).               

Flow cytometric analysis indicated no differences in terms of size and granularity as well as 

proliferation of activated CD8+ T lymphocytes due to the application of Durvalumab in 

comparison to mono- and co-cultures stimulated with human IgG1 isotype control antibody 

(Figure 48). In detail, after co-coculture with M1 MΦ accompanied by treatment with human 

IgG1 or Durvalumab both CD8+ T lymphocyte populations were larger in size (Mean FSC 

520.50 ±47.64 vs. 526.67 ±49.52) and showed higher granularity (Mean SSC 257.50 ±28.80 vs. 

264.50 ±27.52) in comparison to respective mono-cultured CD8+ T lymphocytes treated with 

human IgG1 isotype control antibody (Mean FSC: 451.67 ±20.85; Mean SSC: 191.00 ±11.93) 

or Durvalumab (Mean FSC: 453.67 ±22.67; Mean SSC: 192.00 ±10.54) (Figure 48 A+B). 

Moreover, CD8+ T lymphocyte populations from co-cultures with M1 MΦ supplemented with 

either human IgG1 control antibody (81.57 ±8.31 vs. 77.02 ±9.58%) or Durvalumab (81.10 

±8.62 vs. 77.27 ±9.15%) both showed slightly higher proportions of proliferating cells than 

respective CD8+ T lymphocytes from mono-cultures (Figure 48 C). CFSE profiles of CD8+ 

T lymphocytes from mono- and co-cultures supplemented with Durvalumab showed no 

prominent differences in comparison to CFSE profiles of lymphocytes from respective IgG1 

treated cultures (Figure 48 D). CD8+ T lymphocyte populations after mono- and M1 MΦ co-

cultures with both treatments showed the same range of 5 to 6 distinguishable cell divisions, 

which only varied between biological replicates. However, CD8+ T lymphocyte populations 

from both IgG1 and Durvalumab treated co-cultures revealed by trend a higher proportion of 

cells having divided once to thrice and a lower proportion of cells having divided five times or 

more in comparison to CD8+ T lymphocyte populations from respective mono-cultures. Lastly, 

western blotting analysis revealed markedly higher levels of phosphorylated ERK1/2 in CD8+ 

T lymphocytes from co-culture setting with either treatment in comparison to respective mono-

cultures (Figure 48 E). Notably, all these findings for IgG1 isotype control antibody treated 

CD8+ T lymphocytes from mono- and co-cultures are in line with previous results from direct 

co-culture experiments of CD8+ T lymphocytes and M1 MΦ (section 4.2.7). 
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Figure 48: Phenotype and proliferation of activated CD8+ T lymphocytes after direct co-culture with autologous M1-
polarized macrophages and treatment with Durvalumab. Pre-activated primary human CD8+ T lymphocytes were mono-
cultured or directly co-cultured for 72 h with autologous M1-like polarized macrophages and treated with 10µg/ml of either 
human IgG1 isotype control antibody (white) or Durvalumab (black). Comparison of (A) FSC medians, (B) SSC medians and 
(C) the proportion of proliferating cells within CD8+ T lymphocyte populations after indicated culture settings and treatments. 
Bar charts present mean values with SEM of three independent experiments. (D) CFSE profiles of proliferating CD8+ 
T lymphocytes after 72 h of mono- (m) or co-culture (c) and indicated treatment. Data present mean proportions with SEM of 
T lymphocytes having divided one to five times in three independent experiments. The maximum numbers of clearly 
distinguishable peaks in respective CFSE profiles are indicated by “+”. (E) Representative western blot of whole-cell lysates 
from activated CD8+ T lymphocytes directly after four days of anti-CD3/CD28 stimulation and activated CD8+ T lymphocytes 
after indicated culture settings and treatments. Hsp90 was detected as loading control. Molecular weights in kDa are indicated 
according to the applied standard.  

 

Next, cell surface expression levels of PD-1 and PD-L1 in CD8+ T lymphocytes after mono- 

and co-cultures supplemented with IgG1 isotype control antibody or Durvalumab were analyzed 

by flow cytometry (Figure 49 A). In line with results from previous experiments (section 

4.2.7), human IgG1 treated proliferating CD8+ T lymphocytes from M1 MΦ co-cultures showed 

markedly higher PD-1 cell surface levels than respective CD8+ T lymphocytes from mono-

culture conditions (MFI Ratio 10.31 ±2.44 vs. 3.62 ±1.50). Interestingly, this trend was even 

more pronounced in Durvalumab treated co-culture settings (MFI Ratio 12.59 ±3.20 vs. 3.53 

±1.46) (Figure 49 B). Correlations with CFSE profiles showed that PD-1 cell surface levels in 

CD8+ T lymphocytes from Durvalumab supplemented M1 MΦ co-culture settings exceeded by 

trend PD-1 levels in CD8+ T lymphocytes from respective IgG1 treated co-cultures throughout 

the spectrum of lymphocytes having divided up to six times (Figure 49 A+C). Similar to 

previous results (section 4.2.6 and 4.2.7), PD-1 cell surface levels tended to be decreased in 

relation to progressive number of divisions CD8+ T lymphocytes have passed. Cell surface 

expression levels of PD-L1 were significantly higher in the proliferating population of CD8+ 
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T lymphocytes after IgG1 supplemented co-culture with M1 MΦ compared to respective mono-

cultured lymphocytes (MFI Ratio 2.88 ±0.19 vs. 2.01 ±0.29; p=0.007) (Figure 49 D). However, 

application of Durvalumab to the cultures was associated with markedly lower PD-L1 cell 

surface levels in proliferating CD8+ T lymphocytes from both mono- (MFI Ratio 1.39 ±0.01 vs. 

2.01 ±0.29) and co-culture (MFI Ratio 1.42 ±0.05 vs. 2.88 ±0.19; p<0.001) in comparison to 

respective IgG1 isotype control treated cells (Figure 49 D). Notably, PD-L1 surface expression 

of Durvalumab stimulated T lymphocytes from mono- and co-cultures dropped to very similar 

levels.                    

In summary, IgG1 isotype control treated CD8+ T lymphocytes showed the same alterations in 

phenotype and proliferation as well as PD-1 and PD-L1 cell surface expression levels after 

direct co-culture with M1 MΦ as observed in previous experiments (section 4.2.7). Durvalumab 

treatment only affected PD-1 and PD-L1 cell surface expression levels in CD8+ T lymphocytes. 

Hence, Durvalumab treated CD8+ T lymphocytes from both mono- and co-culture settings 

showed markedly decreased PD-L1 cell surface levels while PD-1 cell surface levels in 

Durvalumab treated CD8+ T lymphocytes were even more elevated exclusively after direct co-

culture with M1 MΦ in comparison to respective IgG1 isotype control treated CD8+ 

T lymphocytes. 
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Figure 49: PD-1 and PD-L1 cell surface expression levels in CD8+ T lymphocytes after direct co-culture with autologous 
M1-polarized macrophages and treatment with Durvalumab. Pre-activated primary human CD8+ T lymphocytes were 
mono-cultured or directly co-cultured for 72 h with autologous M1-like polarized macrophages and treated with 10µg/ml of 
either human IgG1 isotype control antibody (white) or Durvalumab (black). (A) Representative contour plots with attached 
histograms correlating CFSE with PD-L1 (top panel) and PD-1 (bottom panel) staining in CD8+ T lymphocytes from mono- 
(blue) and M1 MΦ co-cultures (red) treated with either human IgG1 isotype control antibody (left panel) or Durvalumab (right 
panel). Drawn through (mono-cultured CD8+ T lymphocytes) and dashed lines (co-cultured CD8+ T lymphocytes) indicate 
median fluorescence intensities detected for PD-L1 and PD-1 staining. (B) PD-1 and (D) PD-L1 cell surface expression levels 
in CD8+ T lymphocytes after indicated culture settings and treatments. (C) PD-1 cell surface expression levels in populations 
of CD8+ T lymphocytes having dived one to six times after indicated culture settings and treatments. (B-D) Bar charts present 
mean values with SEM of median fluorescence intensity ratios examined in three independent experiments. The dashed lines 
mark an MFI ratio of “1”. * = p<0.05 
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In order to examine the effects of co-culture conditions and PD-L1 blockade by Durvalumab 

on the phenotype of M1 MΦ, immunofluorescence staining of PD-L1, CD206 and CD163 were 

performed (Figure 50 A) as well as mRNA levels of various macrophage-associated cytokines 

and chemokines were analyzed by qPCR (Figure 51).             

In line with results from previous co-culture experiments (section 4.2.7), flow cytometric 

analysis revealed significantly higher PD-L1 cell surface levels in M1 MΦ from IgG1 

supplemented co-cultures with CD8+ T lymphocytes than levels detected in respective mono-

cultured M1 MΦ (MFI Ratio 6.35 ±1.04 vs. 2.95 ±0.75; p=0.006) (Figure 50 B). Similar to the 

observation for CD8+ T lymphocytes, adding Durvalumab to the culture media resulted in 

significantly reduced and similar PD-L1 cell surface levels in macrophages from both mono- 

(MFI Ratio 1.26 ±0.03 vs. 2.95 ±0.75) and co-culture conditions (MFI Ratio 1.29 ±0.18 vs. 6.35 

±1.04) compared to M1 MΦ from IgG1 isotype control treated cultures (Figure 50 B). However, 

western blotting analyses of whole-cell lysates showed only a minor decrease in overall cellular 

PD-L1 level in M1 MΦ treated with Durvalumab compared to M1 MΦ treated with human IgG1 

isotype control (Supplementary Figure 60 A). In accordance with flow cytometry results, 

mRNA levels of PD-L1 were lower by trend in mono-cultured M1 MΦ treated with 

Durvalumab (0.71-fold) than in control antibody treated macrophages but higher in M1 MΦ 

from co-cultures supplemented with IgG1 antibody (1.56-fold) in comparison to M1 MΦ from 

respective mono-cultures (Supplementary Figure 60 B). Interestingly, relative mRNA levels 

of PD-L1 in M1 MΦ after co-culture with CD8+ T lymphocytes and addition of Durvalumab 

showed the highest value (3.18-fold), a clear contradiction to cell surface levels detected by 

flow cytometry (Supplementary Figure 60 B). CD206 cell surface levels were marginally 

lower in M1 MΦ after co-culture with CD8+ T lymphocytes and IgG1 isotype control antibody 

treatment in comparison to respective mono-cultured macrophages (MFI Ratio 4.81 ±0.79 vs. 

5.81 ±1.13). PD-L1 blockade by Durvalumab did not affect CD206 surface levels in M1 MΦ 

from mono- (MFI Ratio 5.50 ±1.17) and co-culture conditions (MFI Ratio 4.72 ±0.63) 

compared to IgG1 isotype control treated macrophages (Figure 50 C). Lastly, CD163 cell 

surface expression was very low in M1 MΦ from co-cultures with CD8+ T lymphocytes 

supplemented with either IgG1 control antibody (MFI Ratio 2.42 ±0.73) or Durvalumab (MFI 

Ratio 2.29 ±0.32) while CD163 was highly expressed to a similar extent at the cell surface of 

both control IgG1 isotype control (MFI Ratio 37.80 ±10.40) and Durvalumab (MFI Ratio 33.81 

±14.27) treated macrophages from mono-cultures (Figure 50 D).  
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Figure 50: Cell surface expression levels of PD-L1, CD206 and CD163 in M1-polarized macrophages after co-culture 
with autologous activated CD8+ T lymphocytes and treatment with Durvalumab. Primary human M1-polarized 
macrophages were mono-cultured or directly co-cultured with anti-CD3/CD28 pre-activated autologous CD8+ T lymphocytes 
and treated with 10µg/ml of either human IgG1 isotype control antibody (white, blue) or Durvalumab (black, red) for 72 h. 
(A) Representative histograms from flow cytometric analysis of PD-L1 (left), CD206 (middle) and CD163 (right) cell surface 
immunofluorescence staining in M1 MΦ after the indicated culture conditions and treatment. Signal specificities were verified 
by staining with respective isotype control antibodies (dashed). (B) PD-L1, (C) CD206 and (D) CD163 cell surface levels in 
M1 MΦ after indicated culture settings and treatments. Bar charts present mean values and SEM of median fluorescence 
intensity ratios examined in three independent experiments. The dashed lines mark an MFI ratio of “1”. * = p<0.05 

 

Relative quantification of macrophage-associated cytokine, chemokine and growth factor 

mRNA levels revealed markedly lower levels of IL-1β (0.42-fold; Figure 51 A), IL-6 (0.26-

fold; Figure 51 B), IL-8 (0.19-fold; Figure 51 C), IL-10 (0.13-fold; Figure 51 D), TGF-β1 

(0.24-fold; Figure 51 E) and VEGF (0.28-fold; Figure 51 F) in M1 MΦ from co-cultures with 

CD8+ T lymphocytes that were supplemented with isotype control IgG1 antibody than in 

respective M1 MΦ from mono-cultures. In contrast, TNFα mRNA levels in co-cultured M1 

MΦ treated with human IgG1 isotype control antibody were higher than in respective mono-

cultured cells (3.33-fold; Figure 51 G). Interestingly, addition of Durvalumab to the medium 

of M1 MΦ mono-cultures resulted in higher mRNA levels of IL-1β (1.50-fold; Figure 51 A), 

IL-6 (2.06-fold; Figure 51 B), IL-8 (1.32-fold; Figure 51 C) and VEGF (1.11-fold; Figure 51 

F) but lower levels of IL-10 (0.73-fold; Figure 51 D) and TGF-β1 (0.12-fold; Figure 51 E) in 

comparison to respective IgG1 isotype control antibody treated M1 MΦ. In co-culture settings 

with CD8+ T lymphocytes, Durvalumab treatment was associated with even higher TNFα 
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mRNA levels in M1 MΦ than those detected in respective IgG1 treated M1 MΦ (8.57-fold vs. 

3.33-fold; Figure 51 G). TGF-β1 mRNA levels in Durvalumab treated M1 MΦ from co-culture 

conditions were also higher than levels in respective IgG1 treated macrophages but still 

markedly lower than those levels detected in IgG1 control antibody treated M1 MΦ from mono-

cultures (0.62-fold vs. 0.24-fold; Figure 51 E). Durvalumab treatment in co-cultures with CD8+ 

T lymphocytes did hardly affect the mRNA levels of IL1-β (0.42-fold vs. 0.41-fold; Figure 51 

A), IL-6 (0.37-fold vs. 0.24-fold; Figure 51 B), IL-8 (0.17-fold vs. 0.19-fold; Figure 51 C), IL-

10 (0.11-fold vs. 0.13-fold; Figure 51 D) and VEGF (0.32-fold vs. 0.28-fold; Figure 51 F) in 

M1 MΦ compared to levels detected in macrophages from co-cultures supplemented with IgG1 

isotype control antibody.  

 

Figure 51: Gene expression profiles of cytokines, chemokines and growth factors in M1-polarized macrophages after 
co-culture with autologous activated CD8+ T lymphocytes and treatment with Durvalumab. Primary human M1-polarized 
macrophages were mono-cultured or directly co-cultured with anti-CD3/CD28 pre-activated autologous CD8+ T lymphocytes 
and treated with 10µg/ml of either human IgG1 isotype control antibody (white) or Durvalumab (black) for 72 h. Relative 
mRNA levels of (A) IL-1β, (B) IL-6, (C) IL-8, (D) IL-10, (E) TGF-β1, (F) VEGF and (G) TNFα in M1 MΦ after indicated 
culture settings and treatments. Messenger RNA levels were normalized to respective GAPDH levels as well as levels detected 
in M1 MΦ from mono-cultures treated with IgG1 isotype control antibody, indicated by dashed lines. Bar charts present mean 
values of technical triplicates resulting from one experiment. 
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Finally, it was investigated whether Durvalumab treatment in mono- and co-cultures of CD8+ 

T lymphocytes and M1 MΦ affects the levels of cytokines, chemokines, effector molecules and 

growth factors secreted by macrophages (VEGF, IL-6 and IL-8) and CD8+ T lymphocytes (IL-

17A, soluble Fas ligand, Perforin, Granulysin, Granzyme A and Granzyme B) (Figure 52).   

Considering the macrophage-associated soluble factors, VEGF levels tended to be lower in 

supernatants of control IgG1 antibody supplemented M1 MΦ co-cultures compared to 

respective mono-cultures (579.59 ±18.68 vs. 647.47 ±70.50 pg/ml). Moreover, Durvalumab 

treatment was associated with slightly lower VEGF levels in both M1 MΦ from mono- (605.92 

±46.76 vs. 647.47 ±70.50 pg/ml) and co-cultures (564.20 ±24.53 vs. 579.59 ±18.68 pg/ml) 

(Figure 52 A). IL-8 concentrations did not markedly differ between M1 MΦ from mono- and 

co-cultures supplemented with either IgG1 control antibody (20.00 vs. 19.80 ng/ml) or 

Durvalumab (18.91 vs. 19.51 ng/ml) (Figure 52 B). In contrast to VEGF, IL-6 levels in co-

culture supernatants were clearly higher in both IgG1 (9.40 vs. 2.21 ng/ml) and Durvalumab 

(10.56 vs. 2.08 ng/ml) treated M1 MΦ cultures than in respective M1 MΦ mono-cultures 

(Figure 52 C). Notably, Durvalumab treatment did not affect IL-6 levels in culture supernatants 

of M1 MΦ mono- and co-cultures.                        

In terms of CTL-associated cytokines, concentrations of soluble Fas ligand were higher by 

89.06 pg/ml in IgG1 and by 129.40 pg/ml in Durvalumab treated CD8+ T lymphocyte co-

cultures compared to respective CD8+ T lymphocyte mono-cultures (Figure 52 D). Similarly, 

Granulysin levels were clearly higher in supernatants of both IgG1 (45.21 vs. 11.62 ng/ml) and 

Durvalumab (24.55 vs. 6.23 ng/ml) supplemented CD8+ T lymphocyte co-cultures with M1 

MΦ than in respective mono-cultures of CD8+ T lymphocytes (Figure 52 E). The same trend 

applied to Granzyme B concentrations. Here, Granzyme B levels in co-culture supernatants of 

IgG1 isotype antibody and Durvalumab treated CD8+ T lymphocytes and M1 MΦ exceeded 

those levels detected in respective CD8+ T lymphocyte mono-cultures by 7.31 ng/ml and 15.24 

ng/ml, respectively (Figure 52 F). By trend, Perforin concentrations in supernatants of CD8+ 

T lymphocytes co-cultured with M1 MΦ were higher than levels detected in CD8+ 

T lymphocyte mono-culture supernatants irrespective of the treatment (IgG1 isotype: 2.61 vs. 

2.22 ng/ml; Durvalumab: 2.69 vs. 1.4 ng/ml) (Figure 52 G). 
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Figure 52: Levels of T lymphocyte- and macrophage-associated cytokines, chemokines, growth factors and effector 
molecules in supernatants of directly co-cultured activated CD8+ T lymphocytes and autologous M1-polarized 
macrophages treated with Durvalumab. Pre-activated primary human CD8+ T lymphocytes (CD8+ Tc) and M1 MΦ were 
mono-cultured or directly co-cultured for 72 h and treated with 10µg/ml of either human IgG1 isotype control antibody (white) 
or Durvalumab (black). Concentrations of (A) VEGF, (B) IL-8, (C) IL-6, (D) soluble Fas ligand, (E) Granulysin, (F) Granzyme 
B, (G) Perforin, (H) IL-17A and (I) Granzyme A were measured by multiplex assay in the culture supernatant of indicated 
culture settings and treatments. Box plots present median values with quartiles (Q0.75 as upper, Q0.25 as lower deviation) and bar 
charts present mean values with SEM of three independent experiments. N.D. = not detectable; * = p<0.05 

 

In contrast to sFasL, Granulysin and Granzyme B levels, IL-17A concentrations were 

significantly lower in supernatants of both IgG1 isotype control (87.48 ± vs. 248.60 ± pg/ml; 

p=0.022) and Durvalumab (100.09 ± vs. 282.24 ± pg/ml; p=0.004) treated co-culture settings 

compared to levels detected in respective CD8+ T lymphocytes mono-cultures (Figure 52 H). 

The same applied to Granzyme A concentrations, which were lower by 3.82 ng/ml (p=0.041) 

in IgG1 and by 1.53 ng/ml in Durvalumab supplemented co-cultures than in supernatants of 
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mono-cultured CD8+ T lymphocytes (Figure 52 I).                 

Taken together, having a closer look on the effects of Durvalumab on cytokine secretion by M1 

MΦ and CD8+ T lymphocytes, results described in section 4.2.10 showed that Durvalumab 

treatment of activated CD8+ T lymphocytes in mono-culture was associated with markedly 

decreased levels of effector molecules in culture supernatants. In contrast, analyses of 

normalized cytokine levels revealed elevated levels of IL-6, IFNγ, IL17-A, sFasL, Granzyme 

A and Granzyme B in supernatants of CD8+ T lymphocytes co-cultured with M1 M Φ and 

treated with Durvalumab in comparison to levels detected in supernatants of IgG1 treated co-

cultures (Supplementary Figure 61). Hence, data indicate that effects of Durvalumab on CD8+ 

T lymphocytes differ in mono- and co-culture setting with M1 MΦ. Notably, same applied to 

the effect of Durvalumab on M1 MΦ, since mRNA levels of IL-1β, IL-6, IL-10. TGF-β1 and 

TNFα in M1 MΦ were differentially altered after Durvalumab treatment in mono- and co-

culture with CD8+ T lymphocytes (Figure 51). 

 

4.2.12 Durvalumab treatment has only minor effects on CD8+ 
T lymphocytes and PancTu-I cells in direct co-culture settings 

Finally, it was investigated whether blocking of PD-L1 by application of Durvalumab in direct 

co-culture settings comprising activated CD8+ T lymphocytes and PancTu-I cells causes 

alterations in the phenotype and/or proliferation of CD8+T lymphocytes (Figure 53 and Figure 

54), the differentiation and/or growth of PancTu-I cells (Figure 55 and Figure 56) as well as 

release of selected effector molecules in the cell culture supernatants (Figure 57).                         

Starting with examinations of the phenotype and proliferation of CD8+ T lymphocytes, flow 

cytometric analysis revealed no differences between the size of either IgG1 isotype control or 

Durvalumab treated CD8+ T lymphocytes after mono- (Mean FSC 431.33 ±29.43 vs. 429.67 

±32.30) and co-culture (Mean FSC 433.83 ±28.67 vs. 433.00 ±28.29) with PancTu-I cells 

(Figure 53 A). However, the granularity of CD8+ T lymphocytes was lower by trend, but to a 

similar extent, in population from both IgG1 control antibody (Mean SSC 151.33 ±16.45 vs. 

163.67 ±18.59) and Durvalumab (Mean SSC 151.17 ±16.66 vs. 162.00 ±18.26) treated co-

culture settings compared to those of CD8+ T lymphocytes from respective mono-cultures 

(Figure 53 B). In terms of CD8+ T lymphocyte proliferation, vital cell counting revealed 

significantly lower vital cell numbers of CD8+ T lymphocytes after co-culture with PancTu-I 

cells and treatment with both IgG1 (0.87 ±0.02-fold) and Durvalumab (0.91 ±0.06-fold) 

compared to mono-cultured and IgG1 isotype control treated CD8+ T lymphocytes (Figure 53 

C). In line, the proportion of proliferating CD8+ T lymphocytes from co-cultures treated with 
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IgG1 isotype control (83.83 ±1.87 % vs. 85.70 ±1.25 %) or Durvalumab (83.57 ±1.94 % vs. 

85.73 ±1.02 %) was lower by trend than in CD8+ T lymphocyte populations from respective 

mono-cultures (Figure 53 D). However, western blotting did not show marked differences 

between total and phosphorylated ERK1/2 levels in CD8+ T lymphocyte population from each 

culture setting (Figure 53 E). Analysis of CFSE profiles revealed that predominantly the 

proportion of CD8+ T lymphocytes that had divided five to six times was lower in both IgG1 

and Durvalumab treated populations from co-cultures than those from respective mono-culture 

settings (Figure 53 F).  

 

Figure 53: Phenotype and proliferation of activated CD8+ T lymphocytes after direct co-culture with PancTu-I cells and 
treatment with Durvalumab. Pre-activated primary human CD8+ T lymphocytes were mono-cultured or directly co-cultured 
for 72 h with PancTu-I cells and treated with 10µg/ml of either human IgG1 isotype control antibody (white) or Durvalumab 
(black). Comparison of (A) FSC medians, (B) SSC medians, (C) n-fold vital cell numbers and (D) the proportion of 
proliferating cells within CD8+ T lymphocyte populations after indicated culture settings and treatments. Bar charts present 
mean values with SEM of three independent experiments. (E) Representative western blot of whole-cell lysates from CD8+ 
T lymphocytes after indicated culture settings and treatments. Hsp90 was detected as loading control. Molecular weights in 
kDa are indicated according to the applied standard. (F) CFSE profiles of proliferating CD8+ T lymphocytes after 72 h of mono- 
(m) or co-culture (c) and indicated treatment. Data present mean proportions with SEM of T lymphocytes having divided one 
to six times in three independent experiments. * = p<0.05 

 

Moreover, subsequent flow cytometric analysis revealed no remarkable changes of PD-1 cell 

surface expression levels in the proliferating population of CD8+ T lymphocytes from IgG1 or 

Durvalumab treated mono- (MFI Ratio 5.21 ±0.75 vs. 5.05 ±0.74) and co-cultures with PancTu-
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I cells (MFI Ratio 5.22 ±0.51 vs. 4.64 ±0.13) (Figure 54 A). Correlation of CFSE profiles with 

PD-1 staining showed that PD-1 cell surface levels in both IgG1 antibody and Durvalumab 

treated T lymphocyte populations from co-culture with PancTu-I cells tended to be lower than 

those detected in populations from respective mono-cultures, especially in CD8+ T lymphocytes 

having divided one to five times. Notably, this tendency applied to a similar extent in CD8+ 

T lymphocyte populations from both IgG1 isotype control and Durvalumab treated co-cultures 

(Figure 54 B). With respect to PD-L1 expression, co-culture with PancTu-I cells did not affect 

PD-L1 cell surface levels in the proliferating population of IgG1 control antibody treated CD8+ 

T lymphocytes compared to respective CD8+ T lymphocytes from mono-cultures (MFI Ratio 

1.84 ±0.13 vs. 1.67 ±0.18). In contrast, Durvalumab treatment was associated with markedly 

lower but still similar PD-L1 cell surface expression level in CD8+ T lymphocytes from both 

mono- (MFI Ratio 1.14 ±0.17; p=0.073) and co-culture settings (MFI Ratio 1.24 ±0.08; 

p=0.037; p=0.046) compared to levels detected in respective IgG1 supplemented cultures 

(Figure 54 C). 

 

Figure 54: PD-1 and PD-L1 cell surface expression levels in activated CD8+ T lymphocytes after direct co-culture with 
PancTu-I cells and treatment with Durvalumab. Pre-activated primary human CD8+ T lymphocytes were mono-cultured 
(m) or directly co-cultured (c) for 72 h with PancTu-I cells and treated with 10µg/ml of either human IgG1 isotype control 
antibody (white) or Durvalumab (black). (A) PD-1 and (C) PD-L1 cell surface expression levels in CD8+ T lymphocytes after 
indicated culture settings and treatments. (B) PD-1 cell surface expression levels in populations of CD8+ T lymphocytes having 
divided one to six times after indicated culture settings and treatments. (A-C) Bar charts present mean values with SEM of 
median fluorescence intensity ratios examined in three independent experiments. The dashed lines mark an MFI ratio of “1”.  
* = p<0.05 
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Next, the effect of Durvalumab on growth and differentiation status of mono- and co-cultured 

PancTu-I was examined. As observed in previous experiments (section 4.2.9), the confluency 

of PancTu-I cells after co-culture with activated CD8+ T lymphocytes was significantly lower 

than in mono-cultures (p<0.001) (Figure 55 A+B). However, PancTu-I cells from IgG1 isotype 

control and Durvalumab treated mono- (64.30 ±2.80 % vs. 67.06 ±6.86 %) and co-cultures 

(17.68 ±3.47 % vs. 15.16 ±2.73 %) showed very similar levels of confluency (Figure 55 B). In 

line, both IgG1 (0.60 ±0.16-fold; p=0.018) and Durvalumab (0.65 ±0.11-fold; p=0.018) treated 

PancTu-I cell populations co-cultured with CD8+ T lymphocytes showed significantly and 

similarly lower vital cell numbers compared to respective PancTu-I cells from mono-cultures 

(Figure 55 C).  

 

Figure 55: Cell growth, phenotype and PD-L1 expression levels of PancTu-I cells after direct co-culture with activated 
CD8+ T lymphocytes and Durvalumab treatment. PancTu-I cells were mono-cultured or directly co-cultured for 72 h with 
anti-CD3/CD28 pre-activated CD8+ T lymphocytes and treated with 10µg/ml of either human IgG1 isotype control antibody 
(white) or Durvalumab (black). (A) Representative fluorescence microscopical images of PancTu-I cells stained with 
CellTracker Red CMTPX dye (orange) and Hoechst (blue) after indicated culture settings and treatments. Scale bar = 500 µm 
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(B) Confluency and (C) n-fold vital cell numbers of PancTu-I cell after indicated culture settings and treatments. Bar charts 
presents mean values with SEM of three independent experiments. (D) Representative fluorescence microscopical images of 
PancTu-I cells stained for PD-L1 (green) after indicated culture settings and treatments. Nuclei were stained with Hoechst. 
Scale bar = 200 µm. (E) Representative western blot of whole-cell lysates from PancTu-I cells after indicated culture settings 
and treatments. Hsp90 was detected as loading control. Molecular weights in kDa are indicated according to the applied 
standard. (F) Relative PD-L1 mRNA levels in PancTu-I cells after indicated culture settings and treatments. Messenger RNA 
levels were normalized to respective GAPDH levels as well as levels detected in PancTu-I cells from mono-cultures treated 
with IgG1 isotype control antibody. Box plots present median values with quartiles (Q0.75 as upper, Q0.25 as lower deviation) of 
three independent experiments. (G) PD-L1 cell surface expression levels in PancTu-I cells after indicated culture settings and 
treatments. Bar chart presents mean values with SEM of median fluorescence intensity ratios examined in three independent 
experiments. * = p<0.05 

 

Subsequent analysis of PD-L1 protein levels by immunofluorescence staining (Figure 55 D) 

and western blotting (Figure 55 E) revealed clearly higher levels in PancTu-I cells after direct 

co-culture with activated CD8+ T lymphocytes than after mono-culture. Notably, both detection 

methods indicated no remarkable difference concerning PD-L1 levels between treatments with 

IgG1 isotype control antibody and Durvalumab, respectively. The same trend applied to results 

from qPCR analysis on PD-L1 mRNA levels, which were markedly increased to a similar extent 

in both IgG1 (11.92-fold) and Durvalumab (13.32-fold) treated PancTu-I cells from co-culture 

compared to detected levels in mono-cultured PancTu-I cells (Figure 55 F). However, while 

flow cytometric analysis verified significantly higher PD-L1 cell surface levels in PancTu-I 

cells from co-cultures treated with IgG1 isotype control antibody compared to PancTu-I cells 

from respective mono-cultures (MFI Ratio 6.22 ±0.48 vs. 2.92 ±0.19), treatment with 

Durvalumab was associated with almost complete loss of PD-L1 signal at the cell surface in 

both mono- (MFI Ratio 1.05 ±0.03) and co-cultured PancTu-I cells (MFI Ratio 1.07 ±0.06) 

(Figure 55 G). Since the antibody clone E1L3N, which has been used for immunostaining and 

western blotting, binds to the cytoplasmic domain of PD-L1, these controversial findings from 

flow cytometric analysis to western blotting, immunostaining and qPCR analysis indicate that 

antibody clone MIH1, which has been used for immunostaining in flow cytometric analyses, 

competes with Durvalumab for a similar epitope within the extracellular variable 

immunoglobulin region of PD-L1. Noteworthy, these findings clearly disprove the statement 

by Karzai and colleagues, who reported that the clone MIH1 does not compete with 

Durvalumab and, therefore, can be used for PD-L1 detection subsequent to Durvalumab 

treatment [282]. Notably, these findings also suggest that decreased PD-L1 cell surface 

expression levels in CD8+ T lymphocytes and M1 MΦ after Durvalumab treatment observed in 

section 4.2.10 and 4.2.11 are based on the blockade of the detection antibody’s binding epitope 

by Durvalumab. However, overall these data show that Durvalumab treatment of PancTu-I cells 

in mono- and co-culture with activated CD8+ T lymphocytes does not affect the proliferation 

and PD-L1 cell surface expression levels in PancTu-I cells.  
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Analyses of the expression profiles of genes coding for proteins that are associated with a 

mesenchymal (vimentin, L1CAM, Zeb-1) or epithelial (E-Cadherin) differentiation status of 

PDAC cells, revealed no differences between vimentin mRNA levels in IgG1 control antibody 

treated PancTu-I cells from mono- and co-culture with CD8+ T lymphocytes (Figure 56 A). 

Addition of Durvalumab was associated by trend with lower vimentin mRNA levels in PancTu-

I cells from mono-cultures (0.82 ±0.04-fold) while slightly higher expression levels were 

detected in PancTu-I cells from co-cultures treated with Durvalumab in comparison to IgG1 

treated PancTu-I cells from co-cultures (1.10 ±0.19-fold vs. 0.99 ±0.13-fold)  (Figure 56 A). 

Interestingly, results from western blotting analysis of vimentin levels showed clearly higher 

levels in PancTu-I cells from co-culture with CD8+ T lymphocytes, but indicated no effect of 

Durvalumab on vimentin expression levels (Figure 55 E). L1CAM was not detectable on 

protein level by western blotting of PancTu-I whole-cell lysates, but mRNA levels were 

significantly higher in both IgG1 (1.60 ±0.21-fold; p=0.018) and Durvalumab (1.54 ±0.10-fold; 

p=0.028) treated PancTu-I cells after co-culture with CD8+ T lymphocyte compared to those 

levels detected in PancTu-I cells from respective mono-cultures (Figure 56 B). Similarly, Zeb-

1 mRNA levels were significantly higher in IgG1 control antibody (5.32 ±0.71-fold; p=0.015) 

and markedly higher in Durvalumab (3.43 ±1.31-fold) treated PancTu-I cells from co-cultures 

with CD8+ T lymphocytes in comparison to PancTu-I cells from respective mono-cultures 

(Figure 56 C). Moreover, significantly higher E-cadherin mRNA levels were detected in 

PancTu-I cells from IgG1 supplemented co-culture settings than in IgG1 isotype control treated 

mono-cultured PancTu-I cells (1.86 ±0.15-fold; p=0.002) (Figure 56 D). Interestingly, 

Durvalumab treatment was associated with contrary effects on E-cadherin expression in 

PancTu-I cells from mono- and co-culture settings. Thus, E-Cadherin mRNA levels in PancTu-

I cells from mono-cultures were lower by trend (0.70 ±0.12-fold) while being significantly 

higher in Durvalumab treated PancTu-I cells from co-culture (2.53 ±0.17-fold vs. 1.86 ±0.15-

fold; p=0.006) in comparison to levels detected in respective IgG1 isotype control treated 

PancTu-I cells (Figure 56 D). Notably, relative E-cadherin mRNA levels in PancTu-I from 

each culture setting correlated diametrically with E-cadherin protein levels detected by western 

blotting in respective culture and treatment settings (Figure 55 E). 
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Figure 56: Gene expression profiles of EMT-associated proteins in PancTu-I cells after co-culture with activated CD8+ 
T lymphocytes and treatment with Durvalumab. PancTu-I cells were mono-cultured or directly co-cultured for 72 h with 
anti-CD3/CD28 pre-activated CD8+ T lymphocytes and treated with 10µg/ml of either human IgG1 isotype control antibody 
(white) or Durvalumab (black). Relative mRNA levels of (A) Vimentin, (B) L1CAM, (C) Zeb-1 and (D) E-cadherin in PancTu-
I cells after indicated culture settings and treatments. Messenger RNA levels were normalized to respective GAPDH levels as 
well as levels detected in PancTu-I cells from mono-cultures treated with IgG1 isotype control antibody, indicated by dashed 
lines. Box plots present median values with quartiles (Q0.75 as upper, Q0.25 as lower deviation) and bar charts present mean 
values with SEM of three independent experiments. * = p<0.05 

 

Lastly, the effects of Durvalumab treatment on the release of selected cytokines, chemokines, 

effector molecules and growth factors secreted by PancTu-I cells (VEGF, IL-6 and IL-8) or 

activated CD8+ T lymphocytes (IL-17A, soluble Fas ligand, Perforin, Granzyme A and 

Granzyme B) in mono- and co-culture settings were investigated by multiplex analysis of the 

cell culture supernatants (Figure 57).                     

In line with results from previous experiments (section 4.2.8 and Supplementary Figure 58), 

VEGF (905.17 ±114.95 vs. 524.60 ±87.62 pg/ml) and IL-6 (509.70 ±141.11 vs. 138.48 ±23.19 

pg/ml; p=0.007) levels were markedly higher, but IL-8 (305.74 ±35.94 vs. 612.80 ±72.64 pg/ml; 

p=0.002) concentrations were significantly lower in supernatants of IgG1 isotype control treated 

co-cultures than in respective PancTu-I cell mono-cultures (Figure 57 A-C). Interestingly, 

Durvalumab treatment was associated with elevated levels of VEGF (1011.45 ±209.23 pg/ml; 

Figure 57 A), IL-6 (596.10 ±138.35 pg/ml; Figure 57 B) and IL-8 (360.61 ±64.42 pg/ml; 
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Figure 57 C) in co-cultures but not in mono-cultures of PancTu-I cells.      

Considering T cell-associated effector molecule concentrations, multiplex analyses revealed 

even opposing effects of Durvalumab treatment in mono- and co-cultures of CD8+ 

T lymphocytes. In line with results shown in section 4.2.10, IL-17A, soluble Fas ligand, 

Perforin, Granzyme A and Granzyme B levels were markedly decreased in mono-cultures of 

Durvalumab treated CD8+ T lymphocytes compared to levels detected in supernatants of IgG1 

isotype control treated CD8+ T lymphocytes. In contrast, elevated concentrations of IL-17-A 

(188.35 ±78.29 vs. 152.42 ±47.41 pg/ml; Figure 57 D), soluble Fas ligand (213.45 ±55.74 vs. 

154.08 ±15.90 pg/ml; Figure 57 E), Perforin (2.82 ±0.73 vs. 2.02 ±0.27 ng/ml; Figure 57 F), 

Granzyme A (6.65 ±4.00 vs. 4.51 ±2.11 ng/ml; Figure 57 G) and Granzyme B (8.96 ±2.71 vs. 

6.69 ±1.01 ng/ml; Figure 57 H) were detected in Durvalumab treated co-cultures of CD8+ 

T lymphocytes and PancTu-I cells in comparison to IgG1 isotype control treated co-cultures.  
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Figure 57: Levels of cytokines, chemokines, growth factors and effector molecules in supernatants of directly co-
cultured activated CD8+ T lymphocytes and PancTu-I cells treated with Durvalumab. Pre-activated primary human CD8+ 
T lymphocytes (CD8+ Tc) and PancTu-I cells were mono-cultured or directly co-cultured for 72 h and treated with 10µg/ml of 
either human IgG1 isotype control antibody (white) or Durvalumab (black). Levels of (A) VEGF, (B) IL-6, (C) IL-8, (D) IL-
17A, (E) soluble Fas ligand, (F) Perforin, (G) Granzyme A and (H) Granzyme B were measured by multiplex assay in the 
culture supernatant of indicated culture settings and treatments. Bar charts present mean values with SEM of three independent 
experiments. N.D. = not detectable; * = p<0.05 

 

Taken together, effects due to co-culture of activated CD8+ T lymphocytes with PancTu-I cells 

on the proliferation and cytokine secretion of CD8+ T lymphocytes as well as the proliferation, 

differentiation status and PD-L1 expression levels in PancTu-I cells that had been shown in 

previous experiments (section 4.2.8 and 4.2.9) were also observed in IgG1 isotype control 

treated co-culture settings. However, gene expression and multiplex analyses indicated that the 

expression of EMT markers in PancTu-I cells as well as the cytokine secretion by PancTu-I and 

CD8+ T lymphocytes are diametrically affected by Durvalumab treatment in mono-cultures 

compared to co-culture settings. 
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5. Discussion 

5.1 Classification of the PD-L1 status by immunohistochemistry in 
general and as a prognostic biomarker in PDAC 

Antagonistic monoclonal antibodies inhibiting the binding site between PD-1 and PD-L1 

started to enter clinical application in 2014 and today progressively supplement standard cancer 

therapy regimens due to the impressive results from clinical trials [283,284]. However, the 

increasing amount of data from clinical trials also highlights that the molecular mechanisms 

behind the effect of PD-1/PD-L1 antagonists are rather poorly understood and, therefore, not 

as simple as proposed [219]. Currently, the answer to the central question “Which cancer patient 

benefits from immune checkpoint inhibitor therapy” is always attributed with a “might” and 

clinical trials are predominantly guided by the trial-and-error principle in the hope to get an 

optimal positioning on the market for checkpoint inhibitors. The reason for this dilemma is the 

lack of biomarkers that allow a reliable prediction of patient responses. To date, classification 

of PD-L1 status in tumor biopsies with certified companion or complementary diagnostics 

(Table 3) represents the only approved method for patient stratification [285,286]. Like in this 

study, these assays are based on the immunohistochemical detection of PD-L1 in tumor tissues 

followed by rating of PD-L1 staining according to a standardized scheme. Next to in situ 

hybridization for the analysis of genomic aberrations, immunohistochemistry (IHC) has 

become the gold standard for the disease-associated analysis of antigens in tissues. In this 

context, the fast performance and high sensitivity as well as the potential to directly correlate 

antigen presence with pathohistological alterations in situ are the main advantages of IHC-based 

analyses [287]. Nevertheless, at the same time IHC exhibits serious pitfalls that especially 

complicate the inquiry of tumor-markers like PD-L1. One of the main problems is given by the 

tumor heterogeneity. Commonly, PD-L1 is detected in whole tissue sections or tumor micro 

arrays (TMA) from a single tumor biopsy, which represent just a small area of the whole tumor. 

In the present study, it has been shown that notable PD-L1 staining is located in distinct tumor 

areas while it is mainly low or even absent in the rest of the tumor mass. In order to consider 

tumor heterogeneity in the best possible way, in this study whole tissue sections with an area 

of up to 6 cm2 were analyzed. Moreover, taking the low overall PD-L1 staining into account, 

an immunoreactivity scoring system (IRS) was applied, which combines data from grading of 

both the proportion of PD-L1+ cells and the staining intensity and, therefore, generates an in-

depth scoring of PD-L1 staining. Finally, Tissue Scores were generated by calculating the mean 

instead of the median values of all rated microscopic fields of view in each tissue section. 
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Thereby, even small PD-L1+ tumor areas contributed to the resulting Tissue Scores. The 

restricted diagnostic conclusiveness of single-biopsies for the determination of PD-L1 status 

has been addressed in several other studies. Thus, Gniadek and colleagues reported that 

immunohistochemical analysis of PD-L1 expression in just one biopsy from different areas of 

pulmonary squamous cell carcinoma and adenocarcinoma leads to different status 

classifications within the same tumor [288]. Similar findings were reported by Ilie and 

colleagues who showed that in 48% of NSCLC biopsies PD-L1 expression does not match with 

levels detected in respective resected tumors [289]. However, in the case of unresectable and/or 

advanced disease stages biopsies are the only available tumor specimens and material is often 

limited in view of the numerous following tests.               

Another major problem of IHC-based PD-L1 classification in tumor biopsies is the timing of 

probing. As shown in this and other studies and discussed in more detail in section 5.4, PD-L1 

expression is strongly inducible in tumor and stromal cell populations by various cytokines like 

IFNγ, TNFα and GM-CSF [290–292]. Moreover, recent studies reported that PD-L1 expression 

in neoplastic cells is upregulated via NF-κB signaling in response to chemotherapeutic 

treatment [293]. Therefore, both changes in the local microenvironment and therapeutic 

interventions after biopsy withdrawal may markedly affect tumoral PD-L1 status.           

Besides these tumor biological obstacles, IHC as the method of choice represents a critical 

variable for the performance of PD-L1 detection. The four U.S. FDA approved companion and 

complementary diagnostics each utilize different PD-L1 targeting antibody clones (28-8, 22C3, 

SP142 and SP263) that bind to different epitopes. Furthermore, each kit has been optimized for 

a specific staining protocol and different staining platforms, either the Autostainer Link 48 

developed by Dako or the VENTANA BenchMark Ultra series by Roche [285,294]. For the 

immunohistochemical detection of PD-L1 in this study, the anti-PD-L1 clone E1L3N from Cell 

Signaling was used and staining was performed on the BOND-MAX Autostainer system with 

the Polymer Refine Kit, both provided by Leica. Although not implicated in any approved 

complementary diagnostic kit, the E1L3N clone is well accepted for its specificity and has been 

used in numerous studies (31st August 2019: 161 citations listed at CiteAb.com) as well as 

laboratory-developed tests [228,295]. Interestingly, several studies investigated the 

performance of the E1L3N anti-PD-L1 antibody in comparison to the performance of the anti-

PD-L1 clones 28-8, 22C3, SP142 and SP263. Overall, the E1L3N clone showed comparable 

performance and high specificity [296–300]. Nevertheless, it has to be emphasized that all of 

these studies used different IHC protocols. Moreover, in some studies staining was performed 

manually while others used autostainer platforms. In general, IHC performance is highly 
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susceptible to any variations in the sample preparation and staining procedure, e.g. differences 

in the antigen retrieval buffer’s pH value, the use of different signal amplification kits or 

secondary antibodies and even differences in tissue sampling, preparation and storage of FFPE 

tissues. Therefore, comparative analysis of antibody performances under non-standardized 

conditions have to be considered critically. Underscoring this fact, own efforts to establish PD-

L1 staining with the SP142 clone on the BOND-MAX autostainer system were not satisfactory 

in terms of sensitivity and staining intensity (data not shown).               

Finally, staining evaluation represents the most controversially discussed step in the assessment 

of tissue-based PD-L1 status. In this study, the POLE Score has been established, which 

characterizes PD-L1 staining in all tumor compartments (tumor and stroma) exhibiting marked 

intra- and inter-tumoral heterogeneity. The POLE Score includes the overall PD-L1 staining in 

the tumor (P-Score), the proportion of PD-L1 staining located to stromal and 

epithelial/neoplastic cells (O-Score), the PD-L1 staining in tumor-associated lymph follicles 

(L-Score) as well as the local distribution and clustering of cells stained for PD-L1 (E-Score). 

Comparing the POLE Score with the approved complementary and companion diagnostic 

assays, the P-Score mostly resembles the central statement of the established assays displaying 

both similarities and differences. Here, each microscopic field of view has been rated by 

applying cutoffs of ≤1% and ≥1% to classify PD-L1 staining. Similarly, a cutoff of ≥1% is also 

applied in the 28-8, 22C3 and SP142 assays in order to discriminate PD-L1 negative from PD-

L1 positive specimens [301]. In contrast to the POLE Score procedure, the marketed assays 

directly evaluate the tissue sections in total instead of each microscopic field. However, the 

resulting larger size of the area of interest makes the assessment more sophisticated especially 

when it comes to the discrimination of PD-L1 staining in tumor and stromal cells as well as 

when tumor tissues exhibit a high proportion of areas that are excluded from grading, e.g. 

necroses. Nevertheless, from a “time investment" point of view, the analysis of tissues sections 

in total is much faster than the POLE Score procedure and, therefore, more applicable in 

diagnostic routine for experienced pathologists. Furthermore, the approved assays discriminate 

more than the three grades, 0%, <1% and ≥1%, assessed in this study. For example, the Ventana 

SP142 assay discriminates between 0-1% (negative), 1-5% (low/weak), 5-50% (medium) and 

>50% (high/strong) of total area stained for PD-L1, grades that have been proven to be still well 

distinguishable by eye [301]. In the procedure of Tissue Score assessment, the putative lack of 

complexity in the rating of microscopic fields of view is compensated by application of the IRS 

system and calculation of mean values. Therefore, the Tissue Score classifies overall PD-L1 

staining even more differentiated than commercial assays.                    
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In the initial phase of PD-L1 status evaluation for diagnostic purposes only tumor cell-

associated PD-L1 expression was regarded as a prognostic factor. However, in the recent two 

to three years descriptive and functional studies highlighted that in some tumor entities PD-L1 

is rather expressed in stromal cell populations than tumor cells and stromal PD-L1 also 

contributes to the suppression of anti-tumor immune responses [228,274,302,303]. A 

pronounced stromal participation in PDAC-associated PD-L1 expression has been also 

identified in the present study. Therefore, tumor- and stromal-associated PD-L1 staining has 

been quantified separately and rated by the O-Score that indicates whether PD-L1 staining is 

predominantly located to tumor or stromal cells or to both by a similar extent. Although several 

other studies already reported on PD-L1 expression in PDAC [267,268,304–306], this study is 

the first one which showed that PD-L1 staining is predominantly located in the stromal 

compartment of PDAC [264,307]. Even though the diagnostic significance of stromal PD-L1 

is still controversially discussed, the Ventana SP142 and SP263 assay provided by Roche as 

well as the 22C3 pharmDx assay by Dako recently implicated the scoring of stromal PD-L1 

staining at least for the assessment of PD-L1 status in specimens from distinct tumor entities 

like urothelial carcinoma and NSCLC [301]. Notably, both POLE Score and all diagnostically 

approved assays only rate membranous PD-L1 staining in tumor cells while stromal cells are 

rated as PD-L1 positive independent of the cellular localization, a fact that is owed to the much 

smaller cytoplasmatic compartment in stromal cells and especially immune cell populations. 

Therefore, staining resolution makes it not possible to discriminate cytoplasmatic from 

membranous IHC staining in stromal cell population. In the present study, in vitro experiments 

indicated that PD-L1 expression by stromal cell populations like macrophages is not necessarily 

associated with an immunosuppressive phenotype but rather a stimulatory phenotype, a finding 

that is discussed in more detail in section 5.3. In contrast, Zhang and colleagues showed in a 

genetically-modified PDAC mouse model that PD-L1 expression by tumor infiltrating myeloid 

cell populations contributes to tumor progression [274]. Similar findings were reported by Lau 

and colleagues, who showed in an orthotopic tumor genetically-modified mouse model that 

PD-L1 expression by both tumor and tumor-infiltrating immune cells represents a negative 

regulator of T cell-mediated anti-tumor responses [308]. However, these and many other recent 

studies just started to consider stromal PD-L1 expression and, therefore, its various facets in 

the regulation of anti-tumor responses are still poorly understood. Taken together, a better 

understanding of the impact of tumor and/or stroma related PD-L1 expression might help to 

explain why some patients do not respond to anti-PD-1/PD-L1 therapies and, therefore, will be 
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important for the patient-specific optimization of checkpoint inhibitor-based immunotherapy 

[265,303,309]. 

The third component of the POLE Score, the L-Score, addressed PD-L1 staining in tumor-

associated lymph follicles. These de novo formed tertiary lymphoid organs (TLOs) are 

commonly found within or at the periphery of chronically inflamed tissues associated with 

autoimmune diseases and tumors [310,311]. On the histological level, TLOs resemble the 

structure of secondary lymphoid organs with B cell follicles, T cell zones and high endothelial 

venules as well as scattered distribution of APCs like dendritic cells [312,313]. In the present 

study, tumor-associated lymph follicles have been identified in 66.1% of PDAC tumor tissues 

and 50% of peritumoral tissues showing remarkable intra- and inter-tumoral differences in 

terms of PD-L1 staining. Interestingly, numerous studies in various tumor entities, e.g. 

colorectal cancer, lung cancer, malignant melanoma and breast cancer, reported that the 

presence of TLOs within, in the periphery or at the invasive margin of tumors correlates with 

high levels of TILs. Moreover, the presence of TLOs have been associated with a better 

prognosis in terms of overall-survival and tumor relapse [314–317]. In line with the assumption 

that TLOs represent a source for TILs, PD-L1- tumor-associated lymph follicles were only 

found in tissues with absent overall PD-L1 staining (P0) in the present study. Notably, the role 

of PD-1/PD-L1 signaling has been only investigated in the context of secondary lymphoid 

organs and T cell priming but not in TLOs so far. However, in situ results from the present 

study indicate that PD-L1 staining is primarily located in T cell zones as well as the follicles 

margin and co-localizes with the presence of CD3+ and CD68+ cells. In line with this 

observation, in vitro results revealed that high PD-L1 expression is associated with a pro-

inflammatory macrophage polarization and T lymphocyte activation. Moreover, this and other 

studies previously showed that secretion of IFNγ, the most potent inducer of PD-L1 expression, 

is a surrogate marker for T cell activation [318]. Therefore, strong PD-L1 staining in tumor-

associated lymph follicles might be rather associated with an activated pro-inflammatory 

response than an immunosuppressive microenvironment, which causes T cell exhaustion prior 

to tumor infiltration. Noteworthy, none of the approved complementary and companion 

diagnostics currently determines TLO-associated PD-L1 status, another fact highlighting the 

uncertainty of its prognostic value for immune checkpoint-targeted therapy.          

At last, the present study revealed differences in the spatial distribution of PD-L1 stained cells, 

which appeared to be either randomly spread or locally clustered, an observation that is graded 

by the E-Score. The rationale for the assessment of PD-L1+ cell clusters is quite reasonable. 

Since PD-L1 signaling via PD-1 requires cell-cell contact, these clusters might represent hot 
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spots for PD-1/PD-L1-mediated immune suppression [133]. In order to foster this assumption, 

it would be necessary to examine via PD-1/PD-L1 co-staining whether also PD-1+ cells are 

located within these clusters. However, indicating that PD-L1 clusters indeed have prognostic 

relevance, the Ventana SP142 assay routinely assesses whether PD-L1+ immune cell clusters 

are present or not in urothelial cancer tissues. According to the manufacturer’s information, 

these clusters are primarily composed of lymphocytes, macrophages, dendritic cells and 

granulocytes. In line with this, co-staining of CD68 and PD-L1 in the context of the present 

study demonstrated that TAMs are frequently present within PD-L1+ cell clusters.            

In 2016, when the present study started, PD-L1 was the most considered biomarker for 

stratification of patients that might benefit from therapy with PD-1/PD-L1 antagonists. 

Therefore, the aforementioned assays (Table 3) have been developed in parallel and, thereby, 

caused great confusion in the diagnostic community. Considering the afore discussed 

methodical obstacles and the marked differences in terms of evaluation criteria between the 

assays, major concerns were raised about the diagnostic interchangeability of these assays. In 

order to evaluate the performance comparability of these four assays, the Pathology Committee 

of the International Association for the Study of Lung Cancer initiated the Blueprint study in 

cooperation with industrial stakeholders, namely AstraZeneca, Roche, Bristol Myers-Squibb, 

Dako and Merck [294,319]. Results from Phase I of the Blueprint project showed similar 

performance of 22C3, 28-8 and SP263 assays. However, staining intensities markedly varied 

between the assays and the SP142 assay even showed overall lower proportions of cells stained 

for PD-L1 [294]. Thus, this feasibility study revealed that PD-L1 classification varied in 37% 

of the cases depending on which assay and scoring system was applied [229]. In phase II of the 

Blueprint study, the interchangeability of the pharmDx 22C3, pharmDx 28-8, Ventana SP142, 

Ventana SP263 and Dako 73-10 assay were tested by the analysis of 81 lung cancer specimens 

according to each assay’s indicated scoring system. Noteworthy, analyses were simultaneously 

performed by independent pathologists from different institutes in order to assess observer 

variances. In brief, results from the phase II Blueprint study showed high comparability 

regarding PD-L1 staining of tumor cells in the 22-C3, 28-8 and SP263 assay as well as very 

strong interobserver assay-specific concordance. However, while the SP142 assay showed 

lower sensitivity, the 73-10 revealed higher sensitivity for the staining of tumor cell-associated 

PD-L1 in comparison to the 22-C3, 28-8 and SP263 assay. Moreover, the comparability and 

assay-specific interobserver concordance in terms of immune cell-associated PD-L1 staining 

was very poor [230]. In the ongoing phase IIB of the Blueprint study, results from PD-L1 

classification in large tumor specimens will be compared to those obtained in small biopsies 
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and cytologies from the same tumor. The final phase of the Blueprint study plans to investigate 

the comparability of the approved assays in predicting the response rates and outcomes in a 

patient cohort treated with PD-1 or PD-L1 antagonists. However, already at the present stages 

it has been clearly shown that PD-L1 status classification markedly varies between the available 

assays and reliable assay evaluation requires qualified and experienced pathologists. Notably, 

similar results were reported by the German equivalent to the Blueprint study, the 

“Harmonisierungsstudie” [320].                  

Having provided an overview on the major difficulties in the assessment of PD-L1 expression 

in tumor tissues, the major question is: “What is the prognostic relevance of currently available 

companion diagnostics for the treatment with PD-1 and PD-L1 antagonists?”. Addressing this 

question, several studies, e.g. KEYNOTE-001, CheckMate-057 and CheckMate-067 trial, 

reported that PD-L1 positivity determined by IHC correlates with improved response rates as 

well as prolonged overall and progression-free survival in comparison to the PD-L1 negative 

subgroup, [321–323]. Hence, the KEYNOTE-001 trial revealed an objective response rate of 

45% towards treatment with Pembrolizumab in NSCLC patients if ≥50% of the tumor cells 

showed PD-L1 staining [324]. Nevertheless, in the same study, 11% of patients showing PD-

L1 expression in less than 1% of the tumor cells, and thereby regarded as PD-L1 negative 

tumors, also displayed objective responses towards Pembrolizumab treatment [324]. 

Noteworthy, the results from KEYNOTE-001 do not represent an individual case but rather a 

general observation. Thus, Gibney and colleagues summarized in 2016 that no study has 

reported an IHC-based PD-L1 status thresholding that consistently predicted both positive and 

negative responses towards PD-1 or PD-L1 antagonist treatment in any tumor entity [325]. At 

present (2nd September 2019), the assessment of the PD-L1 status by U.S. FDA approved 

companion diagnostics has been declared to be indicative for the treatment of triple-negative 

breast cancer and urothelial carcinoma patients with Atezolizumab as well as the  

treatment of NSCLC, Head & Neck squamous cell carcinoma, urothelial carcinoma,  

gastric cancer, cervical cancer and esophageal cancer patients with Pembrolizumab 

(https://www.fda.gov/drugs/resources-information-approved-drugs).  

In contrast, the application of Atezolizumab and Pembrolizumab in other tumor entities as well 

as all approvals for Durvalumab, Nivolumab, Avelumab and Cemiplimab are independent of 

the tissue-based PD-L1 status (Data source: https://reference.medscape.com/, 02.09.2019 

11:40). Nevertheless, three years ago a PD-L1 positive tissue status was only required for the 

treatment of NSCLC patients with Pembrolizumab [325]. Therefore, the predictive relevance 

of PD-L1 assessment has markedly increased.                         
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In respect of the present study, the central question is: “Does the POLE Score add any potential 

diagnostically relevant information to the established assays?”. As already outlined, the P- and 

O-Score are equivalent to the Tumor Proportion Score (TPS) and the Immune Cell Score (IC) 

assessed by most of the available companion and complementary diagnostics. Moreover, 

grading of the overall presence of PD-L1+ cell clusters (presented by the E-Score) is also 

implicated in the Ventana SP142 assay. All in all, the POLE Score includes all parameters of 

PD-L1 staining that are assessed by the available U.S. FDA approved assays. In addition, the 

POLE Score also classifies PD-L1 staining in tumor-associated lymph follicles, a variable that 

is not included in any other assay. However, according to the current literature and the results 

from the present study, TLOs might indeed have prognostic significance. Here, it has been 

shown in situ that PD-L1 staining in tumor-associated lymph follicles correlates with high T 

cell infiltration as well as strong intra-tumoral overall PD-L1 staining, which is predominantly 

located to stromal cells. Furthermore, in vitro experiments revealed that PD-L1 expression is 

predominantly induced by cytokines like IFNγ, which is characteristic for a pro-inflammatory 

immune response, as well as that high PD-L1 levels are associated with an activated 

T lymphocyte status and pro-inflammatory macrophages polarization. In turn, these results 

suggest that PD-L1 staining in tumor-associated lymph follicles represents a surrogate marker 

for tumor infiltration by activated T lymphocytes. Interestingly, besides tumor mutational 

burden, tumor infiltration by CTLs, which is discussed on more detail in section 5.4, currently 

represents one of the most promising markers that might improve the diagnostic conclusiveness 

for patient stratification in combination with the assessment of the tumor PD-L1 status 

[325,326].                     

Summarizing all these tumor-specific and methodical-related factors that have been shown to 

markedly affect the assessment of tumor PD-L1 status, the best way to examine the predictive 

significance of the POLE Score would be its application on tumor tissue specimens obtained 

from patients prior to treatment with one of the approved PD-1 or PD-L1 targeting antagonistic 

antibodies followed by correlation of the POLE Score parameters with objective response rates, 

progression-free and overall survival. Moreover, it would be interesting to investigate whether 

different POLE Scores are assessed in pre-treated patients, who underwent chemo-

/radiotherapy or other therapeutic interventions that do not include tumor resection, compared 

to treatment-naive patients and whether POLE Scores change in the course of therapy, a factor 

that is widely discussed but poorly investigated. In this context, a major challenge will be the 

threshold finding for each parameter, since evaluation of PD-L1 is not a simple yes-or-no 

question. In the present study, only the Tissue Score threshold (PD-L1high ≥0.8), which is based 
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on the significant correlation with post-surgical patient survival, has been set in dependence on 

a clinic-pathological parameter, while all other thresholds were either based on median values 

or presence and absence of a marker. However, the general validity of patient survival as a 

suitable marker for correlational analysis is uncertain, since mortality of PDAC patients that 

undergo curative surgical resection are essentially affected by the patient’s recovery from 

surgery as well as the pre-existence of clinically undetectable micro metastases [60,327]. The 

major relevance of these factors for survival of PDAC patients is supported on the one hand by 

the marked differences in post-surgical survival, ranging from 0 to 103 months within the 

present cohort, despite the homogeneity in TNM staging (86.4% T3N1M0) and on the other 

hand by the fact that even patients with T3N0M0 tumor stages, who underwent R0 resection, 

often develop tumor relapses at secondary sites like the liver or the lung [328]. Additionally 

highlighting the questionable validity of PD-L1 status as a prognostic marker for patient 

survival, a positive correlation between PD-L1 expression and patient prognosis in PDAC and 

other tumor entities was also reported [228,265,329]. Taken together, the most accurate way 

for thresholding of PD-L1 staining and assessing its tumor-biological value is based on 

multiple-marker staining, which allows to evaluate PD-L1 expression within a cellular context, 

a topic that is discussed in more detail in section 5.4. 

 

5.2 The clinical potential PD-1 and PD-L1 antagonists for the 
treatment of PDAC patients 

Due to the asymptomatic initiation and progression in early stages and the lack of reliable 

markers for preventive screening, less than 20% of PDAC patients exhibit disease stages 

suitable for curative surgical resection at the time of diagnosis. The major proportion of PDAC 

patients show either locally advanced or metastatic disease stages. The only available treatment 

options for these patients are palliative chemotherapeutic regimens that according to the 

patient’s physical status include gemcitabine monotherapy, gemcitabine in combination with 

nanoparticle albumin-bound paclitaxel (nab-paclitaxel) as well as FOLFIRINOX, a 

combination of 5-fluorouracil, irinotecan, leucovorin and oxaliplatin [65,330]. The fact that 

gemcitabine represents the standard treatment option in the palliative setting since almost 20 

years and no efficient strategies for the treatment of advanced disease stages have been 

developed so far, clearly highlights the poor clinical progress in the treatment of PDAC [237]. 

Therefore, the impressive results from clinical trials using monoclonal antagonistic antibodies 

to target co-inhibitory immune checkpoint molecules CTLA-4 (Tremelimumab and 

Ipilimumab), PD-1 (Nivolumab, Pembrolizumab and Cemiplimab) or PD-L1 (Durvalumab, 
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Atezolizumab and Avelumab) for the therapy of various hard-to-treat tumor entities raised the 

hope for soon clinical progression in the treatment of PDAC [197,224,235,272].         

In comparison other tumor entities like NSCLC or malignant melanoma, analyses of PD-L1 

staining in the present cohort indicated that overall PD-L1 expression in PDAC is rather low, 

since only 30.3% of the specimens were graded with a Tissue Score of ≥0.8 (Tissue Score 

maximum value = 5). In line with this, Nomi and colleagues analyzed a cohort of 51 human 

PDAC cases and reported that PD-L1 staining was found in only 39.2% of the cases [304]. 

Moreover, in a large cohort of 453 human PDAC cases, Birnbaum and colleagues found up-

regulated PD-L1 mRNA levels even only in 19% of the specimens [266]. In view of these 

results, PD-1 or PD-L1 targeted therapy might be beneficial only for a subgroup of PDAC 

patients. However, the present study also showed that marked PD-L1 expression in PDAC is 

restricted to distinct tumor areas, namely the tumor invasive margin and the tumor-lymph 

follicle interface. Considering this, it has to be noted that both areas were not found in every 

tissue section of the present cohort and, therefore, PD-L1 absence in the respective tissue 

section certainly is not a verification for the lack of PD-L1 expression in the tumor. As discussed 

in section 5.1, tumor heterogeneity as well as dynamic regulation of PD-L1 expression are the 

main reasons for the limited significance of PD-L1 status assessment in biopsies. Aggravating 

this situation, in PDAC patients even tumor material from biopsies is rare, because only few 

studies analyzed tissue samples from primary and/or secondary site in advanced or metastasized 

disease stages. Therefore, most of the current knowledge on PD-L1 expression in advanced 

stages of PDAC is acquired from analyses of endogenous PDAC mouse models. Considering 

this situation, the question is whether PD-L1 is a suitable target in over 80% of PDAC patients 

or not. Indeed, the results from this and other studies indicate that PD-L1 expression is related 

to malignancy-associated alterations in the pancreas and goes along with the dedifferentiation 

of neoplastic PDECs, an essential step in the process of tumor cell dissemination. Hence, similar 

to the findings presented in this study, Wang and colleagues reported that PD-L1 expression is 

absent in healthy pancreatic tissue, except for pancreatic islets, while PD-L1 was expressed in 

pancreatic tumor tissue and high expression levels correlated with poor tumor differentiation 

[267]. Notably, increased PD-L1 expression in malignant compared to healthy tissue has been 

reported for several other tumor entities, e.g. sarcoma, cervical cancers, prostate cancer, gastric 

cancer and melanoma [331]. Moreover, preliminary data on IHC-based PD-L1 staining 

analyses in a cohort of PDAC patients exhibiting already metastasized disease stages revealed 

that PD-L1 is expressed in both primary tumor tissues and liver metastases (unpublished data). 

Taken together, according the results from the present study, PD-L1 is expressed in both early 
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and advanced/metastatic stages of PDAC in primary and secondary tumors, especially in tumor 

areas that are markedly encountered by immune cell populations, and, therefore, represents a 

potential target for the treatment with antagonistic antibodies. In line with this, several pre-

clinical studies making use of endogenous PDAC mouse models reported that targeting the PD-

1/PD-L1 axis fosters anti-tumor responses and, thereby, causes either notable tumor regression 

or even complete remission in some cases [274,304,332].                  

However, results from clinical trials evaluating the therapeutic benefit of PD-1 and PD-L1 

antagonists for the treatment of locally restricted and advanced/metastasized stage PDAC 

patients are rare or disappointing so far [333]. Briefly summarized, clinical trials testing anti-

PD-L1 antibodies in monotherapy for the treatment patient with advanced/metastasized stages 

of PDAC failed to show any therapeutic benefit [334,335]. For example, a randomized phase 

II study investigating the potential of Durvalumab either in monotherapy or combination with 

Tremelimumab as second-line treatment of metastatic PDAC revealed poor overall survival of 

3.6 vs. 3.1 months and low disease control rates (partial responses + stable disease + complete 

remission) of 6% and 9%, respectively [335]. Furthermore, PD-1 and PD-L1 antagonist are 

currently tested in ongoing clinical trials for the treatment of borderline resectable PDAC and 

advanced/metastatic stages in combination with common chemotherapeutic agents like 

gemcitabine or nab-paclitaxel, stereotactic radiation therapy, other checkpoint inhibitors 

targeting CTLA-4 or Lag-3, cancer vaccines like CRS-207 and GVAX, oncolytic viruses like 

reolysin as well as small molecule inhibitors and many more [333]. Here, especially the 

combination of chemotherapeutic regimens with checkpoint inhibitors targeting PD-1, PD-L1 

and/or CTLA-4 appears promising, since PDAC is characterized by a relatively low tumor 

mutational burden in comparison to other tumor entities like malignant melanomas that show 

high response rates towards immune checkpoint inhibitors [29,98]. Such a strategy intends to 

prime the release of neoantigens from tumor cells by chemotherapeutic drugs, in order to 

generate anti-tumor immune responses that are supported by the application of checkpoint 

inhibitors. In view of this, Renouf and colleagues reported promising preliminary results from 

a randomized phase II study on the benefit of adding Durvalumab and Tremelimumab to the 

first-line treatment of metastatic PDAC with gemcitabine and nab-paclitaxel. This 

combinatorial regimen was associated with partial responses in 73% of the patients and a 

disease control rate of 100%. Moreover, median progression-free survival was 7.9 months. 

Therefore, this phase II study is still ongoing and a phase III trial is planned [336].           

Another promising combinatorial treatment strategy represents the combination of PD-1/PD-

L1 antagonists with GVAX, a whole tumor vaccine consisting of irradiated, GM-CSF secreting 
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PDECs [209]. In other studies, this immune-stimulatory vaccine has been shown induce a pro-

inflammatory M1-like macrophage polarization, which is characterized by the increased 

capability for antigen-presentation and co-stimulation as well as the secretion of cytokines that 

support Th1 responses [58,73,260,261]. Since PDAC is characterized by a marked infiltration 

with TAMs with both pro- and anti-inflammatory properties and GM-CSF is a potent inducer 

of PD-L1 expression in both M1- and M2-like polarized human macrophages as shown in the 

present study, the combination of GVAX with PD-1/PD-L1 antagonists for the treatment of 

PDAC patients represents a rational concept [58,80,87]. Notably, the anti-tumoral efficiency of 

checkpoint inhibitors in combination with GVAX has been already reported in two pre-clinical 

studies using PDAC mouse models [210,337]. In general, PDAC is regarded as a poorly 

immunogenic tumor entity which is characterized by low overall CTL infiltration and high 

stromal abundance of immune suppressive cell populations like MDSCs, TAMs and Tregs 

[62,63,338]. With respect to the potential therapeutic efficiency of checkpoint inhibitors, recent 

concepts indicate that so-called “cold” or “immune-excluded” tumors have to be converted into 

“hot” tumors [339]. Therefore, a major obstacle for the success of checkpoint inhibitors in 

PDAC might be the preparation of the tumor to enable CTLs and other cytotoxic immune cell 

populations to infiltrate into the tumor. Besides the aforementioned low tumor mutational 

burden and the immune suppressive stromal immune cell populations in PDAC, the entire 

stromal compartment, meaning both the cellular and acellular compartment, is discussed as a 

key factor that impairs tumor infiltration by CTLs [62]. However, the stromal barrier function 

is a highly controversial discussed topic in PDAC progression, since there are studies that 

support the “barrier” hypothesis while other studies indicate that the stromal compartment 

encapsulates the tumor and, thereby, prevents its faster progression and more aggressive 

invasion [62,67,276].                             

In summary, the results obtained in the present study in context with the current literature 

suggest that PD-L1 represents a druggable target in PDAC. However, the results from first 

clinical trials show that blocking of the PD-1/PD-L1 signaling axis in monotherapy is not an 

effective strategy to generate a clinically relevant anti-tumor response. Instead, combinatorial 

strategies that aim at impairing PDAC-specific immune exclusion and suppression 

characteristics are more promising [333]. In view of these strategies, it has to be noted that 

especially the combination of PD-1/PD-L1 antagonists with CTLA-4 has been shown to be 

associated with severe immune-related adverse events, a concern that has to be taken into 

serious consideration since many PDAC patients display a poor physical state [216,234]. 

Moreover, a recent study by De Sousa Linhares and colleagues indicated that the PD-L1 
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antagonists Avelumab, Atezolizumab and Durvalumab display a better performance than PD-1 

antagonists Nivolumab and Pembrolizumab in blocking PD-1/PD-L1 signaling [340]. 

However, PD-L1 antagonists do not interfere with PD-L2 signaling, whose role in PDAC is 

poorly understood. Finally, it has to be highlighted that recent studies suggest a cell-specific, 

PD-1 independent role for PD-L1, a topic that is discussed in more detail in section 5.3. 

 

5.3 Intrinsic regulation and cell-specific role of PD-L1  
PD-L1 is a type I transmembrane protein that specifically binds via its complementary 

determining-like regions (CDRs) within the membrane immunoglobulin variable domain to 

PD-1 [341]. The subsequent initiation of PD-1/PD-L1-mediated co-inhibitory signaling in 

T lymphocytes has been assumed for a long time to be the only function of PD-L1. However, 

recently growing evidence has emerged that PD-L1 also exerts intrinsic functions that are 

independent of its binding to PD-1 and even cell type-specific. Therefore, some of these PD-1-

dependent and -independent PD-L1 functions, which have been reported in tumor cells, 

macrophages and CD8+ T lymphocytes, are discussed in the following with respect to their 

relevance for the findings presented in this study.               

PD-L1 expression and stability is highly regulated by extrinsic and intrinsic factors. On the 

genetic level, aberrant PD-L1 expression in tumor cells has been reported to be associated with 

copy number amplifications of chromosome 9p24, the genetic locus of PD-L1 [342,343]. 

Interestingly, in PDAC 9p24 amplifications and deletions as well as translocations have been 

identified (Dessen P., & Huret JL., http://atlasgeneticsoncology.org/Bands/9p24.html, 

04.09.2019 11:20). Epigenetically, PD-L1 expression has been shown to be regulated by DNA 

methylation and histone modifications as well as various micro RNAs, which either cause 

stabilization or destabilization of PD-L1 mRNA [344,345]. Moreover, in several tumor entities 

the disruption of the 3’ untranslated region (UTR) has been identified as an essential mechanism 

that fosters PD-L1 mRNA stability [346]. Each of these mechanisms represents a reasonable 

explanation for the aberrant expression as well as differences in levels and inducibility of PD-

L1 in PDAC cell lines that have been analyzed in the present study. However, which of the 

proposed mechanism applies to which PDAC cell line has to be clarified in future studies by 

genome sequencing as well as analyses of histone modifications and DNA methylation patterns. 

In the case of H6c7eR-pBp and H6c7eR-kras cells that represent models for benign and 

premalignant PDECs, respectively, aberrant PD-L1 expression is not attributed to endogenous 

acquired genomic alterations but to immortalization with human papillomavirus 16 (HPV16) 
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oncoproteins E6 and E7, which have been reported to induce strong PD-L1 expression [347]. 

Notably, on the transcriptional level PD-L1 expression is regulated by various signaling 

pathways, which are either induced via extracellular signals or due to genetic alterations that 

cause constitutive activation of oncogenic signaling pathways [331]. The role of these 

predominantly extrinsic PD-L1 inducing pathways are extensively discussed in section 5.4. 

Protein stability of PD-L1 is regulated by various post-translational modifications (PTMs) 

including phosphorylation, N-glycosylation and ubiquitination as well as protein-protein 

interactions [348]. N-glycosylation is exclusively found in the extracellular domain at 

asparagine residues N35, N192, N200 and N219 [349]. In this context, Li and colleagues 

showed that especially N-glycosylation at N192, N200 and N219 prevents the binding of 

GSK3β, which otherwise phosphorylates PD-L1 at T180 and S184 and, thereby marks PD-L1 

for ubiquitination and subsequent degradation [349]. Therefore, N-glycosylation has been 

revealed to be an important regulator of PD-L1 stability during maturation and subcellular 

transportation via the ER/Golgi system as well as for internalization and subsequent degradation 

of membrane located PD-L1 [349,350]. In the latter case, the four lysine residues within the 

cytoplasmic domain represent targets for ubiquitination by E3 ligases [348,351]. In contrast, 

PD-L1 interaction with CMTM4/-6 has been shown to inhibit ubiquitination and, thereby, leads 

to PD-L1 stabilization as well as increased cell surface levels [352]. In regard to the impact of 

PTMs on PD-L1 binding capacity, structural analyses indicated that N-glycosylation does 

neither affect the binding of PD-1 nor the binding of therapeutic antagonistic antibodies to PD-

L1 [232,341]. However, the fact that only functional, membrane-associated PD-L1 displays N-

glycosylation at multiple sites suggests that the broad signal detected by western blotting at 

~ 45 kDa in the present study predominantly refers to the cellular level of mature membrane-

associated PD-L1. 

In view of these complex regulatory mechanisms that control PD-L1 expression, protein 

stability and degradation, several studies support the evidence that PD-L1 exhibits PD-1 

independent cell-specific intrinsic functions [351,353]. On the search for potential intrinsic 

signaling motifs, Gato-Cañas and colleagues identified three conserved amino acid sequences 

within the cytoplasmic domain of mammalian PD-L1. Among these conserved sequences, they 

reported that the membrane proximal RMLDVEKC motif is essential for PD-L1-mediated 

resistance towards IFNβ-related cytotoxicity. Moreover, the membrane distal DTSSK motif, 

which is frequently mutated in neoplastic cells, has been shown to be a negative regulator of 

PD-L1-mediated protection against IFNβ-induced apoptosis [353]. However, the molecular 

mechanism by which these motifs modulate the protective function of PD-L1 against harmful 
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interferon signaling are poorly understood and the identified motifs do not display similarity to 

any known signaling motif or adaptor site [351]. However, data provided by high-throughput 

affinity purification mass spectrometry analyses in HEK293T cells, performed by Huttlin and 

colleagues, indeed indicate that PD-L1 independent of PD-1 participates in an intracellular 

signalosome that regulates interferon signaling, apoptosis and DNA damage responses 

[351,354]. Taken together, these findings add substantial information to the way we might have 

to interpret the function of tumor cell-associated PD-L1 expression, which is proposed by the 

following model: Chronic exposure of neoplastic cells to high levels of interferons secreted by 

tumor infiltrating T lymphocytes might cause the selection for tumor cell clones that due to 

genetic alterations aberrantly express high levels of PD-L1, which in turn protects the tumor 

cells from interferons-induced cell cycle arrest and apoptosis induction [351,353]. Notably, 

Gato-Cañas and colleagues also showed that PD-L1 antagonistic antibodies sensitized 

melanoma cells towards interferons, an effect that according to findings by Contreras-Sandoval 

and colleagues might be attributed to the internalization and subsequent degradation of PD-L1 

upon blockade [353,355]. In line with the proposed model, results from the present study 

showed that all tested PDAC cell lines, except for Panc1 cells, displayed markedly increased 

PD-L1 expression levels upon IFNγ stimulation as well as after co-culture with pre-activated 

CD8+ T cells, which secrete high levels of IFNγ upon anti-CD3/CD28 activation. Interestingly, 

PD-L1 deficient Panc1 cells showed the lowest confluency levels and vital numbers (data not 

shown) as well as markedly lower levels of phosphorylated ERK1/2 compared to Panc89 and 

PancTu-I cells after co-culture with CD8+ T lymphocytes, indicating a protective function of 

PD-L1 in PDAC cells. However, these effects cannot be exclusively attributed to potential 

intrinsic functions of PD-L1, since CD8+ T lymphocytes showed reduced growth under co-

culture with PD-L1 expressing Panc89 and PancTu-I cells. Therefore, the present results 

indicate that in the established in vitro setting PD-L1 expression by PDAC cells exerts T cell 

suppressive functions via stimulation of PD-1 signaling in CD8+ T lymphocytes. However, PD-

L1 blockade by Durvalumab in mono- and co-cultures did not affect the growth and 

differentiation status of PancTu-I cells in comparison to respective IgG1 isotype control 

settings, a finding that is discussed in more detail in section 5.5. Noteworthy, PD-L1-associated 

signaling pathways have been implicated to regulate several other cellular features in neoplastic 

cells that have been not addressed in the present study due to reasons of complexity. These 

features include cell death induction, caspase activation, DNA damage response, metabolic 

reprogramming, chemoresistance, metastatic potential and cancer stem cell properties 

[331,351]. For PDAC cells, findings of the present study indicate that EMT-related alterations 
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in tumor cells are associated with PD-L1 expression. These findings will be discussed in more 

detail in section 5.4.                         

Macrophages represent besides CD8+ T cells the second immune cell population that has been 

analyzed in the present study. In regard to the protocol used for monocyte differentiation in the 

present study, previously studies validated that M1 MΦ generated by the current protocol are 

characterized by markedly higher cell surface levels of HLA-DR as well as superior expression 

and secretion of pro-inflammatory cytokines like IL-1β, IL-6, TNFα and IL-8 in comparison to 

M2 MΦ. In contrast, M-CSF differentiated M2 MΦ are characterized by higher cell surface 

levels of CD163 and superior secretion of anti-inflammatory cytokines IL-10 and TGF-β1 

[58,73]. Interestingly, results from in vitro setups indicate that high PD-L1 expression levels in 

macrophages are rather associated with a pro-inflammatory than an anti-inflammatory 

phenotype. Hence, GM-CSF differentiated M1 MΦ revealed higher PD-L1 expression levels 

than M-CSF differentiated M2 MΦ. Moreover, M1 MΦ showed an even more pronounced pro-

inflammatory phenotype after co-culture with pre-activated CD8+ T lymphocytes in 

comparison to mono-cultured M1 MΦ. While pro-inflammatory polarization of macrophages 

in response to GM-CSF stimulation is a well-known effect, the amplification of M1-like 

polarization during co-culture is presumably attributed to paracrine signals mediated via IFNγ 

and TNFα, which are both secreted at high levels by pre-activated CD8+ T lymphocytes 

[356,357]. In line with the present study, Herbst and colleagues showed that prominent PD-L1 

expression by macrophages is a common phenomenon in PDAC and other tumor entities like 

colorectal cancer, gastric cancer and malignant melanoma [358]. In view of these observations, 

the question arises whether high PD-L1 expression levels in pro-inflammatory macrophages 

are associated with an increased capability to suppress activated T lymphocytes via induction 

of PD-1 signaling. Considering the results from the present study, high PD-L1 expression by 

macrophages has been shown to be associated rather with a T lymphocyte supportive than a 

suppressive phenotype. Compared to the previously discussed results for tumor cell-related 

expression of PD-L1, these data indicate that the function of PD-L1 depends on its cellular 

context. The role of PD-L1 in macrophages might be explained in the context of their biological 

function. M1 MΦ represent one of the central sources for pro-inflammatory cytokines and 

chemokines, which both initiate and foster a pro-inflammatory immune response. At the same 

time macrophages adapt to local changes within the microenvironment and, thereby, orchestrate 

the activity of other immune cells like T lymphocytes, NK cells and neutrophils [70,74]. In this 

context, PD-L1 might exert different functions in macrophages. PD-L1 intrinsic signaling has 

been shown to protect cells from apoptosis induction due to interferons, which are secreted at 
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high levels by T lymphocytes in inflamed tissues [353]. Moreover, PD-L1 intrinsic signaling 

has been linked to the activation of mTOR pathway that regulates the expression of glycolysis-

associated enzymes [359] and, thereby, fosters the induction of a glycolytic phenotype, which 

has been reported to be functionally linked with a pro-inflammatory M1-like macrophage 

polarization [360,361]. Interestingly, Wang and colleagues reported a link between IFNγ 

signaling in macrophages and M1-like polarization, a finding that substantially underscores the 

observations reported in the present study and supports the link between M1 polarization and 

high PD-L1 expression levels [362]. Besides these potential intrinsic functions, PD-L1 

expressed by M1 MΦ presumably also regulates T cell activity in inflamed tissues via binding 

to PD-1 and, thereby, induces peripheral self-tolerance. Moreover, PD-1/PD-L1 signaling 

might protect M1 MΦ from T cell-mediated lysis, since macrophages are able to present foreign 

antigens in the context of MHC I molecules via cross presentation and, therefore, signals are 

needed by which macrophages identify themselves as APCs in interaction with activated T cells 

[120]. Notably, based on a previous study [363], Sugiura and colleagues recently reported that 

PD-L1 capability for binding to PD-1 is highly regulated by cis interaction of CD80 and PD-

L1 in APCs [364]. In detail, Sugiura and colleagues showed that CD80 on the cell surface of 

APCs binds to proximate PD-L1 and, thereby, prevents PD-L1 signaling via PD-1 [364]. 

Noteworthy, this finding represents a reasonable explanation for the observation that high PD-

L1 expression by M1 MΦ is not associated with CD8+ T cell suppression in the present study, 

since M1 MΦ displayed high cell surface expression levels of PD-L1 but also of CD80 (data 

not shown). Nevertheless, results from the present and other recent studies indicate that PD-L1 

in macrophages intrinsically exerts also inhibitory functions. Hence, as a result of PD-L1 

blockade by Durvalumab, markedly higher mRNA levels of IL-1β, IL-6 and IL-8 in mono-

cultured as well as higher TNFα mRNA levels in co-cultured M1 MΦ were detected in 

comparison to respective isotype control treated macrophages in the present study. 

Coincidently, IL-10 and TGF-β1 mRNA levels in Durvalumab treated M1 MΦ were lower than 

in control antibody treated M1 MΦ. Moreover, preliminary data showed that cell surface 

expression levels of HLA-DR and CD86 in Durvalumab treated M1 MΦ are elevated in 

comparison to IgG1 isotype control treated M1 MΦ (data not shown). In line with these results, 

Hartley and colleagues reported that treatment of murine and human macrophages with PD-L1 

antagonists is associated with upregulation of the mTOR signaling pathway, increased cell 

surface levels of CD86 and MHC II as well as elevated synthesis of TNFα and IL-12 [365]. 

Interestingly, Hartley and colleagues also showed that this phenotypic shift in macrophages due 

to PD-L1 blockade is linked to enhanced anti-tumor responses in an orthotopic mouse model 
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[365]. Besides these associations between PD-L1 expression and macrophage function, Gordon 

and colleagues recently reported that PD-1/PD-L1 signaling in TAMs impairs tumor 

phagocytotic ability and, therefore, attenuates their immune-stimulatory potential in the 

initiation of anti-tumor responses [366]. However, these and other studies reported that 

macrophages also express PD-1 and suggest that PD-1 signaling in macrophages has a 

functional relevance for phagocytotic activity and IL-10 secretion [366–368]. In this context, it 

has to be noted that PD-1 was not detectable by the applied methods in primary human 

monocytes, M-CSF and GM-CSF differentiated macrophages as well as TAMs isolated from 

fresh PDAC tissues in the present study. Overall, the results obtained in the present study 

showed that GM-CSF differentiated M1 MΦ despite their high PD-L1 cell surface levels exhibit 

rather T cell-supportive than suppressive abilities. Moreover, the present study indicates that 

these supportive abilities are mediated either by direct cell-cell contact or very close spatial 

proximity between macrophages and T cells, since observed effects on both populations were 

markedly stronger in direct than in indirect co-culture settings, a finding that is discussed in 

more detail in section 5.5. Notably, PD-L1 blockade by Durvalumab did neither foster nor 

dampen this stimulatory capacity indicating that the observed effects on CD8+ T lymphocyte 

proliferation and effector molecule secretion after co-culture with M1 MΦ are independent of 

PD-1/PD-L signaling. 

The third and last cell population, which has been investigated with respect to its phenotypical 

changes under the established co-culture conditions as well as PD-L1 blockade, are CD8+ 

T lymphocytes that were chosen as a model for tumor-infiltrating CTLs in the present study. 

As already discussed, CD8+ T lymphocytes represent the only cell population within the present 

culture settings that are potentially affected by PD-L1 signaling via PD-1, because they have 

been shown to be the only population with detectable cell surface expression of PD-1. In this 

context, it has been already extensively discussed why PD-L1 expression in PDAC cells but 

not M1 MΦ exerts inhibitory effects on CD8+ T lymphocytes. Noteworthy, the inhibitory role 

of PD-L1 expressed by PancTu-I cells during co-culture is underlined by the analysis of T cell-

associated effector molecules in culture supernatants. Hence, the presented data showed that 

PD-L1 blockade by Durvalumab in co-culture settings was associated with elevated levels of 

IL-17A, Granzyme A, Perforin, soluble Fas ligand and Granzyme B in culture supernatants in 

comparison to control treatment. However, the present study also indicates an intrinsic role for 

PD-L1 in CD8+ T lymphocytes that is independent of PD-1. Hence, it has been shown that PD-

L1 expression is upregulated specifically in the proliferating population of CD8+ T 

lymphocytes. This observation might be attributed to the activation by anti-CD3/CD28 
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stimulation itself as well as autocrine stimulation by secreted interferons upon activation [369]. 

Indicating an intrinsic role of PD-L1 in activated CD8+ T lymphocytes, supernatant levels of 

all analyzed effector molecules were either significantly or by trend lower in Durvalumab than 

in IgG1 treated CD8+ T lymphocytes from mono-cultures. In line with these results, Saha and 

colleagues revealed in a murine graft-versus-host disease model, that PD-L1-/- donor CD8+ T 

cells show a diminished cytokine secretion [370]. Moreover, they and others reported that PD-

L1-/- CTLs exhibit decreased expression levels of anti-apoptotic proteins like Bcl-xL as well as 

reduced glycolytic activity in comparison to wildtype CTLs [370,371]. Considering the anti-

apoptotic intrinsic function of PD-L1, Azuma and colleagues reported that PD-L1 expression 

desensitizes cancer cells to Fas ligand-induced apoptosis [372]. Since Fas ligand is highly 

secreted upon T cell activation and represents a well-known important mediator of activation-

induced cell death during T cell priming as well as a regulator of CD4+ T cell expansion and 

CD8+ T cell activity, PD-L1 might also play a protective role in T lymphocytes upon activation 

[373,374]. Considering the metabolic switch in PD-L1 deficient CD8+ T lymphocytes, it has 

been previously discussed that PD-L1 expression is associated with activation of the mTOR 

signaling pathway, a central regulator for glycolytic activity [351]. Notably, similar to pro-

inflammatory macrophages CD8+ T lymphocytes’ function is also associated with active 

mTOR signaling and high glycolytic activity, which is attributed to the increased need of 

glucose for maintenance of the anabolic metabolism in CTLs [375]. However, in the present 

study neither differences in proliferation have been observed nor metabolic alterations in CD8+ 

T lymphocytes have been investigated in response to Durvalumab treatment. Furthermore, the 

mode of action by which antagonistic antibody binding to PD-L1 alters its intrinsic signaling 

are poorly understood. Therefore, it can only be speculated whether Durvalumab binding to 

PD-L1 causes structural changes within its cytoplasmic domain or whether binding causes the 

internalization and degradation of PD-L1. 

Taken together, the present study adds valuable indications to the current literature that the 

function of PD-L1 is not only determined by its expression level but highly depends on the 

cellular context. Moreover, PD-L1 has been shown to exert both intercellular as well as intrinsic 

signaling potential even though the latter is poorly understood so far. In view of these evidences, 

it might be not surprising that PD-1 and PD-L1 antagonists in cancer therapy have been shown 

to exhibit non-redundant performance [340]. Finally, supporting the assumption that 

particularly macrophage- and CTL-associated PD-L1 expression represents an indicator for 

active immune responses, Pollari and colleagues reported that PD-L1+ TAMs and PD-1+ TILs 

are prognostic markers for a favorable prognosis for patients with testicular lymphoma [376]. 
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5.4 Correlation between tumor infiltration by CTLs, PD-L1 
expression and efficiency of PD-1/PD-L1 targeted therapies as 
well as tumor progression 

As already extensively outlined in section 5.1, the prognostic and predictive relevance of the 

IHC-based PD-L1 status in tumor tissues is controversially discussed. Therefore, it is suggested 

that the combination of tumor PD-L1 status with other biomarkers significantly improves 

patient stratification for immune checkpoint-targeted therapies [325]. Based on the proposed 

mode of action, tumor infiltration by CTLs represents one of the most promising markers for 

the efficiency of immune checkpoint inhibitors. However, the assumption that the pre-existence 

of an immunological anti-tumor response represents a requisite for the therapeutic efficiency of 

immune checkpoint antagonists will be addressed in more detail in section 5.5.                

In the present study, is has been shown that high PD-L1 expression in PDAC is predominantly 

located at the tumor invasive margin as well as the interface between tumor tissue and tumor-

associated lymph follicles. Notably, both areas were characterized by high local abundance of 

CD8+ T lymphocytes and TAMs, a finding that led to the establishment of the respective co-

culture system. In view of these results, the question arises what might be the reason for 

particularly high local PD-L1 expression within these distinct tumor areas. As outlined in 

section 5.3, aberrant PD-L1 expression in neoplastic cells is assumed as a protective 

mechanism, which is a consequence of adaptation to recurrent or chronic confrontation with 

cytotoxic immune mediators via genetic and epigenetic alterations in the process of 

immunoediting [191]. However, the initial mediators that cause this later on intrinsic PD-L1 

expression in neoplastic cells, are most likely the same that cause high PD-L1 expression within 

tumor areas identified in the present study, namely cytokines. Hence, it has been shown in the 

present study that PD-L1 expression is highly inducible by IFNγ, GM-CSF and M-CSF in 

monocytes, M1 MΦ and M2 MΦ as well as by IFNγ and TNFα in pancreatic ductal epithelial 

cells. In line with this, it has been shown that in various cell types IFNγ is the most potent 

inducer of PD-L1 expression via activation of the JAK-STAT signaling pathway, which leads 

to phosphorylation of Stat1 and downstream activation of interferon regulatory factors, a 

subgroup of transcription factors that regulate gene expression via interferon response elements 

[290,318,377]. Moreover, Yamazaki and colleagues reported that GM-CSF is a potent inducer 

of PD-L1 expression in macrophages [378]. In this context, Thorn and colleagues reported that 

GM-CSF-mediated PD-L1 expression in myeloid cells is controlled via JAK2 signaling and 

downstream activation of STAT3 [292]. The link between M-CSF induced signaling and PD-

L1 expression currently remains unclear. One reasonable explanation for induction of PD-L1 
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expression in monocytes and macrophages due to M-CSF stimulation might be the induction 

of Ras signaling, which has been reported to cause stabilization of PD-L1 mRNA at least in 

tumor cells [379–381]. In contrast, Zhu and colleagues reported that blockade of CSF1R, the 

receptor for M-CSF, in a PDAC mouse model was associated with increased PD-L1 expression 

[382]. However, whether these findings are directly or indirectly linked to the blockade of M-

CSF signaling is poorly understood. With regard to the proposed mediators of PD-L1 induction 

and the cellular composition that has been identified to be associated with high PD-L1 

expression in the present cohort, it has to be noted that IFNγ is predominantly secreted by 

activated T lymphocytes while GM-CSF and M-CSF are secreted by different cell populations 

relevant in PDAC including T cells, macrophages and fibroblasts [92,383]. Noteworthy, several 

studies indicate that GM-CSF is also secreted by PDAC cells at high levels due to constitutive 

activation of Kras signaling [278,279,384]. In the context of TNFα induced PD-L1 expression, 

Lim and colleagues showed that TNFα signaling induces NFκB activation in tumor cells, which 

in turn causes the expression CSN5 that deubiquitinates PD-L1 and, therefore, leads to its 

stabilization [385]. Nevertheless, PD-L1 expression has been reported to be regulated via 

several other cytokines and downstream signaling pathways that either have not been 

investigated in the present study or did not show an effect, an observation that might be 

attributed to cell-specific differences like the lack of respective receptors or genetic alterations 

[386,387]. In the latter context, it has to be noted that most PDAC cells exhibit mutations in 

codon 12 of the k-Ras gene, which causes constitutive K-ras protein activation and, therefore, 

leads to epidermal growth factor stimulation-independent Ras signaling, which has been 

reported as a key driver of PD-L1 expression in tumor cells [65]. Other mutations that have 

been associated with impaired PD-L1 expression in response to IFNγ as well as resistance 

towards PD-1 inhibitors are located within the JAK/STAT signaling pathway [388,389]. With 

regard to negative regulators of PD-L1, Ou and colleagues reported that TGF-β downstream 

signaling represents a potent inhibitor of PD-L1 expression in monocytic cells, which is in line 

with the findings of the present study [390].              

Summarizing the findings from in situ and in vitro analyses of the present study in the context 

of the current literature, the high PD-L1 expression levels that have been frequently observed 

at the invasive margin and tumor-lymphatics interface in PDAC tissues and the identified 

cellular composition within these areas are certainly linked to the local cytokine levels. 

However, in order to verify this assumption, locally elevated levels of PD-L1-inducing 

cytokines, have to be validated, e.g. by multiplex or ELISA analyses on comparative tumor 

microdissections.                    
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Having discussed the cause for elevated PD-L1 levels, the question arises whether similar 

patterns for PD-L1 expression are also found in other tumor entities and, secondly, what might 

be the tumor biological relevance. Considering the first question, indeed several studies 

reported that pronounced PD-L1 expression at the tumor invasive margin and tumor-lymphatics 

interface is associated with local high abundance of immune cell populations and in particular 

TILs and macrophages [228,303,391]. In this context, Thompson and colleagues examined PD-

L1 expression in a cohort of gastric cancer patients. They reported that PD-L1 is predominantly 

expressed within the stromal compartment at the tumor margin and tumor-immune cell 

interface. Moreover Thompson and colleagues showed that high PD-L1 expression correlates 

with locally enriched CD8+ T lymphocyte infiltration [303]. In line with the present study, Gani 

and colleagues also reported that PD-L1 is frequently expressed at high levels at the tumor 

margin of intrahepatic cholangiocarcinoma and correlates with local infiltration by TAMs 

[391]. Noteworthy, these are just two examples of numerous studies on different tumor entities, 

which indicate that elevated PD-L1 expression is commonly found in tumor areas that are 

confronted with an active immune response characterized by marked local infiltration with TILs 

and TAMs. However, only in some of these studies marked PD-L1 expression within the tumor-

immune interface has been reported to correlate with a favorable prognosis while most studies 

reported a dismal prognosis [392–396]. In the present study, higher overall PD-L1 expression 

correlated with shorter post-surgical survival of PDAC patients, a finding that has to be 

critically judged as discussed in section 5.1. In contrast, in vitro results provided by the present 

study indicated that high PD-L1 expression in macrophages is associated with T cell supportive 

pro-inflammatory phenotype and PD-L1/PD-1 positivity does not obligatory indicate a 

suppressed T cell status.               

Therefore, the central question arises: “How can we explain these findings, which appear to be 

controversial at first sight?”. It has to be noted that marked tumor-infiltration by CD8+ 

T lymphocytes in general is correlated with a favorable patient prognosis in every tumor entity, 

since it indicates an activated anti-tumor immune response. Therefore, tumor infiltration by 

CTLs is regarded as a good predictive marker for the efficiency of immune checkpoint targeted 

therapies [397]. However, the fundamental problem with most of the studies, including the 

present one, is that tumor complexity and especially precise immune cell function is very 

difficult to assess. The growing knowledge on immune cell subset diversity highlights that 

optimal classifications need to implicate cell surface markers in combination with multiple -

omics analyses including genomics, proteomics and transcriptomics. Prominent examples for 

oversimplified concepts are the common analyses of FoxP3 as a marker for regulatory T cells, 
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although it has been shown that several other cells also express FoxP3 [398,399], as well as the 

strict classification of macrophages into either M1 or M2 polarization based on single marker 

analyses [78]. Moreover, the spatial distribution of each stromal population and different tumor 

cell clones within the tumor also represents an important factor within the concept of 

“immunologically hot vs. cold tumors”. In principle, this concept discriminates tumors based 

on the presence of different immune cell populations as well as their spatial distribution. 

Thereby, four tumor subtypes can be classified, namely (1) inflamed/hot, (2) non-

inflamed/cold, (3) immune-excluded and (4) immune-suppressed subtype [400]. Therefore, the 

combination of immune signatures with histological data is regarded as the next generation 

approach for reliable patient stratification for immunotherapy [401]. Underscoring the 

rethinking within the scientific community towards a more comprehensive analyses of tumor 

composition, in recent years several novel classification systems have been proposed that 

integrate data from different molecular biological approaches [98,402]. For example, Knudsen 

an colleagues reported a promising novel approach that predicts PDAC patient response to 

immunotherapy based on gene expression data, multiple tissue-based lineage marker analysis, 

metabolic characteristics and whole-exome sequencing data on mutational burden [98]. In view 

of the current state of research, the presented POLE Score lacks essential information on the 

spatial distribution of PD-L1 in context of the whole tumor. However, in order to add an 

assessable spatial component to the POLE Score, it would be necessary to obtain and analyze 

samples from different areas of the tumor, a task that is ambitious to perform by IHC and not 

feasible with respect to the sample limitation.                  

Lastly, the efficiency of innate and especially adaptive immunity highly depends on the duration 

of the immune response, a factor that is very difficult to address in patient stratification. 

Statistically every fifth malignant disease is associated with chronic infections, e.g. infections 

with Helicobacter pylori, Hepatitis virus B and Human herpesvirus type 8, which in turn cause 

chronic inflammation. Furthermore, well known risk factors of various cancer types are tightly 

linked to the establishment of a chronically inflamed microenvironment, e.g. tobacco abuse, 

excessive alcohol consumption and obesity [403,404]. Therefore, it is not surprising that 

chronic inflammation has been classified as a hallmark of cancer [405]. In this context, it has 

to be noted that chronic inflammation exhibits the potential to cause malignant transformation 

as well as promote tumor progression [406]. As already discussed, aberrant PD-L1 expression 

has been proposed to be an adaptive mechanism of neoplastic cells towards chronic exposure 

to interferons [407]. Besides the induction of co-inhibitory regulators such as PD-L1, prominent 

inflammation-associated cytokines like type I and II interferons, TNFα and IL-6 have been 
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shown to be central drivers of a cellular process in neoplastic cells that promotes tumor 

progression and therapy resistance, namely EMT [48,49,52]. Interestingly, numerous recent 

studies suggested a link between PD-L1 expression or its intrinsic signaling and EMT program 

in various tumor entities [408–410]. Therefore, in the present study the expression of markers 

associated with an epithelial and mesenchymal differentiation status, respectively, have been 

investigated in PancTu-I cells after co-culture with pre-activated CD8+ T lymphocytes. It has 

been shown that PancTu-I cells from co-culture settings exhibited lower protein levels of E-

cadherin and markedly higher levels of vimentin in comparison to mono-cultured PancTu-I 

cells. On mRNA level, co-cultured PancTu-I cells exhibited significantly higher levels of both 

L1CAM and E-cadherin as well as Zeb-1, a central transcription factor in the EMT program 

[411]. Notably, PancTu-I cells from co-culture with CD8+ T lymphocytes concomitantly 

showed markedly increased expression of PD-L1 on both mRNA and protein level. In line with 

these findings, Imai and colleagues just recently reported a link between IFNγ signaling, PD-

L1 expression and EMT induction in pancreatic cancer [52]. In detail, they showed in situ that 

strong PD-L1 expression in PDAC is associated with increased vimentin and snail levels as 

well as decreased E-cadherin levels. Moreover, Imai and colleagues validated in vitro that 

similar alterations in PD-L1 and EMT marker expression are attributed to IFNγ levels in a dose-

dependent manner via Stat1 signaling induction in PK-45P cells [52]. Noteworthy, besides 

CD8+ T lymphocytes, several other common stromal cell populations have been shown to 

contribute to EMT induction in PDAC via paracrine interactions, e.g. CD4+ T lymphocytes, 

TAMs and fibroblasts [58,412,413]. Hence, in view of the present study, Helm and colleagues 

reported that both M1- and M2-like polarized macrophages as well as TAMs isolated from 

PDAC specimens mediate EMT induction in benign and malignant PDECs in a paracrine 

manner [58]. However, in the present study PancTu-I cells from indirect co-culture with M1 

MΦ revealed no alterations in E-cadherin and vimentin expression levels in comparison to 

mono-cultured cells. One reasonable explanation for these difference between these results and 

the results reported by Helm and colleagues might be the varying culture duration (2 days vs. 5 

days) [58]. Hence, these findings highlight the fact that short-time effects of inflammatory 

mediators drastically differ from long-time effects. Regarding the link between PD-L1 

expression and EMT, results from the present study indicated minor effects of PD-L1 blockade 

via Durvalumab on the differentiation status of PancTu-I cells. Thus, protein levels of E-

cadherin, vimentin and L1CAM were unaffected in Durvalumab treated PancTu-I cells from 

mono-cultures and also co-culture with CD8+ T lymphocytes in comparison to the respective 

IgG1 isotype control treated cells. Interestingly, mRNA levels analyses revealed that PD-L1 



Discussion |  169 
 

   

blockade in co-culture but not mono-culture was associated by trend with lower Zeb-1 and 

L1CAM levels as well as significantly higher E-cadherin mRNA levels in PancTu-I cells. While 

this varying effect of Durvalumab in mono- and co-culture settings is discussed in more detail 

in section 5.5, these results indicate a potential role of PD-L1 in the regulation of EMT in PDAC 

cells. However, according to the current literature it is controversially discussed whether PD-

L1 represents a direct regulator of EMT program or whether PD-L1 upregulation is just a cause 

of EMT induction. Thus, it has been shown that PD-L1 expression is induced by various 

cytokines, signaling pathways and other extrinsic factors like tumor-associated hypoxia that are 

tightly linked to the induction of EMT, but an intrinsic mechanism by which PD-L1 itself 

regulates EMT induction has not been identified yet [31,36,331,414]. Moreover, Dong and 

colleagues reported that PD-L1 copy number amplifications are commonly associated with 

copy number amplifications of genes associated with EMT program, e.g. snail and N-cadherin 

[331]. Nevertheless, recent studies reported that interfering with PD-L1 expression via 

CRISPR/Cas9-mediated knockout or siRNA-mediated knockdown also affects the migratory 

and invasive capabilities of cancer cells [409,410,415]. For example, Chen and colleagues 

reported that RNA interference-mediated PD-L1 knockdown and ablation of the cytoplasmic 

domain of PD-L1 in Eca-109 cells attenuated cell viability as well as the expression of 

mesenchymal markers and migratory capacity of the cells, while overexpression of wildtype 

PD-L1 and stimulation with PD-1 fusion protein was associated with elevated expression levels 

of EMT markers and an increased migratory potential [410]. In view of these results, data 

provided by the present study indicate that PD-L1 rather exerts reverse signaling potential upon 

binding to PD-1 than the intrinsic ability to potentiate EMT induction. This assumption is based 

on the finding that Durvalumab-mediated blockade of PD-L1 only affected differentiation 

status of PancTu-I cells in co-culture settings, when PD-1 as a receptor was provided by CD8+ 

T lymphocytes and PD-L1 expression levels were upregulated by T cell-secreted cytokines like 

IFNγ. Nevertheless, the differentiation status of PancTu-I cells as well as EMT-associated 

alterations upon the applied culture and treatment settings were not characterized in more detail 

and, therefore, these assumptions have to be validated in following studies that characterize cell 

morphology, expression of further EMT markers and assess the migratory and invasive abilities 

of PancTu-I cells both in vitro and in vivo in dependence of Durvalumab treatment.                     

Taken together and in view of the current state of research, the present study indicates that PD-

L1 expression is regulated by numerous extrinsic, intrinsic and genetic factors. Moreover, the 

function of PD-L1 highly depends on its cellular context. TILs and TAMs are prominent source 

for paracrine mediators that induce PD-L1 expression and, therefore, commonly localized in 
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tumor areas that exhibiting high PD-L1 expression. According to the present study, elevated 

PD-L1 expression levels in TAMs and TILs do not necessarily correlate with an 

immunosuppressive and exhausted phenotype, respectively. Overall, the predominant 

localization of PD-L1 expression at the tumor margin and tumor-lymphatics interface as well 

as its absence in the tumor core correlates with the general assumption that PDAC represents 

an immune excluded tumor entity. Noteworthy, the immune cell composition in these areas 

indicate the presence of local tumor-associated inflammation processes, which poses a serious 

risk that neoplastic cells adapt a more resistant and aggressive phenotype, e.g. by EMT 

induction. 

 

5.5 Qualitative assessment of the established in vitro setting’s 
capacity to resemble in vivo relevant cellular phenotypes and 
cellular interactions 

In the present study, a well-characterized cohort of PDAC tissues has been analyzed for PD-L1 

expression via IHC staining and findings were integrated into a novel comprehensive scoring 

system, the POLE Score. Afterwards, POLE Score parameters were correlated by multiple-

marker analyses in serial tissue section with lineage markers for different stromal cell 

population as well as markers indicating the differentiation and proliferation status of 

epithelial/neoplastic cells. Resulting findings showed that PD-L1 is predominantly expressed 

by stromal cell populations in PDAC and suggested that locally elevated PD-L1 expression 

levels correlate with a high abundance of TAMs and CD8+ T lymphocytes at the tumor margin 

as well as the tumor-tumor lymph follicle interface. In order to investigate which role PD-L1 

plays within this cellular context, an in vitro co-culture setting has been established, which 

comprises the most common cell populations within PD-L1high tumor areas identified in situ, 

namely, PDAC cells, macrophages and CD8+ T lymphocytes. In vitro settings represent a 

common tool, which aims to provide a simplified, manipulable model of the in vivo situation in 

order to analyze cellular interactions and reactions towards distinct stimuli on a mechanistic 

level. However, despite the numerous advantages of in vitro models, they notably lack 

complexity in comparison to in vivo models. Therefore, in the following section the established 

in vitro system, will be discussed with respect to its functional and in vivo relevance according 

the current state of research.                  

Starting with the choice of cell lines, the well-established PDAC cell lines Panc1, Panc89, 

PancTu-I, Colo357, MIA PaCa-2, BxPc3 and Capan-1 have been analyzed with regard to their 
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basal and inducible PD-L1 expression. Interestingly, only Panc1 cells showed neither detectable 

basal nor inducible PD-L1 expression, a finding that might be attributed to genetic or epigenetic 

alterations as discussed in section 5.3. All other PDAC cell lines exhibited at least weak basal 

PD-L1 expression levels and strongly responded towards IFNγ stimulation with PD-L1 

induction. However, this finding is contradictory to the observation made in in situ analyses, 

which indicated that PD-L1 is rarely expressed in PDAC cells. One reasonable explanation for 

this discrepancy might be the fact that within the process of tumor cell isolation and cell line 

establishment those cells are selected, which show anchorage-independent survival and growth 

in commonly hyperglycemic conditions. Since recent studies indicate that PD-L1 expression is 

linked by currently unknown mechanisms with mTOR signaling as well as the induction of 

EMT and the acquisition of a cancer stem cell phenotype, PD-L1 expression by PDAC cells 

might be the cause or the consequence of a tumor cell phenotype that displays selection 

advantages in the isolation process [331,351]. PancTu-I cells have been chosen as model for 

the present study, since this cell line originates from the primary site, displays a poor 

differentiation status, a factor that correlated by trend with overall PD-L1 staining in situ, 

exhibits common PDAC driver mutations in p53 and k-ras as well as transcriptional silencing 

of p16 [240,254]. Moreover, PancTu-I cells showed notable basal cell surface PD-L1 

expression levels and appeared to be highly responsive towards IFNγ stimulation. Another 

important aspect for choosing PancTu-I cells was the fact that this cell line lacks expression of 

CD80 and CD86 (data not shown), which represent potential co-stimulatory molecules as well 

as negative regulators of PD-L1 in direct co-culture settings and, therefore, both molecules are 

able to initiate TCR-independent T cell responses against tumor cells that display high cell 

surface levels of CD80 or CD86 (unpublished data) [364,416]. However, in the context of tumor 

heterogeneity in PDAC, results obtained in the present study using PancTu-I cells as model 

system might not be transferable to all other cell lines. Therefore, other PDAC cell lines have 

to be tested in the future in order to validate whether the observed alterations after co-culture 

with CD8+ T lymphocytes and/or treatment with Durvalumab are not cell line-specific. In this 

context, it has to be noted that even cell lines do not exhibit a homogenous phenotype 

throughout the population, but rather comprise different subclones [417]. In line with this, 

microscopical analyses revealed marked heterogeneity within the PancTu-I cell population in 

respect to cell morphology and PD-L1 cell surface expression levels.        

The second cell population that has been used in the presented experimental settings are 

macrophages, which were differentiated in vitro from isolated primary human monocytes. 

There are several available protocols for isolation of primary human monocytes from blood 
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samples. These techniques are commonly based on monocyte characteristics like adherence to 

the surface of culture dishes or the expression of monocyte-specific surface molecules for 

targeted isolation. In the present study, monocytes were isolated via density gradient and 

counterflow centrifugation. The major advantage of this procedure is that monocytes are 

obtained at high purity without the use of antibodies or other selection markers. Since 

monocytes are highly responsive towards any provided stimuli, like culture material or 

endotoxins in culture medium, only those so called “untouched” monocytes ensure the 

reproducible differentiation by subsequent stimulation protocols. In the present study, GM-CSF 

and M-CSF were used for monocyte differentiation into M1-like and M2-like polarized 

phenotypes, respectively. However, the question is which of these phenotypes best resembles 

the phenotype of TAMs in PDAC. In general, the determination of macrophage polarization 

status and functional classification is a very complex topic and the precise analysis requires 

more parameters than just the commonly applied cell surface markers. For example, most 

studies conduct M2 macrophage classification based on the expression of CD206 and CD163 

[74,418]. However, CD206 is induced via GM-CSF stimulation and CD206 as well as CD163 

have been shown to be expressed by both M1- and M2-like polarized macrophages albeit at 

different expression levels underscoring that rather CD163/CD206 expression levels than 

expression status indicates macrophage polarization [73,280]. Helm and colleagues have 

analyzed freshly isolated TAMs from PDAC tissues by a combination of subset-specific cell 

surface molecules as well as gene expression profile analyses and reported that TAMs in PDAC 

display both pro- and anti-inflammatory characteristics [58]. However, as outlined in section 

1.2.1 macrophages exhibit high cellular plasticity and, therefore, TAM polarization certainly 

varies between different tumor areas in dependence on the local microenvironment. With regard 

to the high local abundance of predominantly CD8+ T lymphocytes in PDAC tumor areas that 

displayed strong PD-L1 staining, it has been assumed that local macrophage polarization is 

rather dominated by pro-inflammatory cytokines like IFNγ, which represents a strong driver for 

M1-like polarization [74,76]. In view of these in situ findings, GM-CSF instead of M-CSF 

differentiated macrophages have been used in the present as model for TAMs. Moreover, the 

high PD-L1 basal cell surface expression levels in GM-CSF differentiated macrophages as well 

as their responsiveness towards IFNγ stimulation supported this decision. However, whether 

results obtained in the present study depended on the initial monocyte differentiation stimuli 

has to be investigated in following studies using other common stimuli for monocyte 

differentiation like IFNγ and LPS for M1-polarized macrophages or M-CSF and IL-10 for 

generation of M2-polarized macrophages, respectively. Noteworthy, GM-CSF differentiated 
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M1 MΦ exhibited pronounced CD80 and CD86 cell surface expression levels, co-stimulatory 

molecules that have been reported to be commonly expressed by macrophages (data not shown) 

[68,73]. Overall, the phenotype of macrophages certainly represents one of most inconstant and 

variable characteristics of mono- and co-culture settings in the present study since it is highly 

affected by donor variabilities as well as efficiency of macrophage differentiation and T cell 

activation. A reasonable alternative to the common protocols for in vitro generation of 

macrophages that resemble TAMs in PDAC might be the use of tumor-conditioned medium for 

monocyte differentiation.                 

As a model for TILs, CD8+ T lymphocytes have been isolated in the present study from PBMCs 

of healthy donors via density gradient and counterflow centrifugation followed by magnetic-

activated cell sorting in negative selection mode. This procedure provides several advantages 

for the subsequent steps of the experimental setup. First, CD8+ T lymphocytes and monocytes 

can be isolated from the same donors, an important factor to circumvent allogenic reaction in 

the co-culture settings. Second, this procedure enables the isolation of “untouched” CD8+ 

T cells, which is important for the efficiency of subsequent T cell activation via CD3- and 

CD28-targeting antibodies. As for macrophage differentiation, there are several available 

methods for activation of primary human T cells. However, all these methods have in common 

that they activate downstream mediators of the TCR, since primary T lymphocyte populations 

from human blood in contrast to T lymphocytes from genetically-modified mouse models, like 

the OT-1 and OT-2 model, exhibit a vast variety of different TCR clones that cannot be 

triggered by a TCR-specific stimulus. Noteworthy, this applies to T cell activation in the 

absence of APCs like it has been performed in the present study. In the presence of APCs, T 

cells can be activated via TCR-targeting by stimulation with so called superantigens like 

staphylococcal enterotoxins [419]. The most common and effective methods for TCR-

independent activation of T cells in vitro include the stimulation with phorbol-12-myristate 13-

acetate (PMA), an activator of PKC, or phytohemagglutinin (PHA) in combination with 

ionomycin, a bacterial calcium ionophore, or pervanadate, a phosphatase inhibitor 

[259,277,420,421]. In contrast to these methods, the stimulation of T cells via CD3- and CD28-

targeting antibodies represents a more physiological way for T cell activation. In principle, this 

method causes the artificial clustering of the TCR-CD3 complex with CD28 and, thereby, 

locally enriches adaptor sites for kinases. These kinases reside in a pre-activated state in the 

cytoplasm, catalyze upon recruitment the phosphorylation of CD3 ITAMs and, thereby, initiate 

TCR downstream signaling [259]. In hypothesis, the CD3-/CD28-targeting activation model, 

therefore, represents a suitable model to investigate potential inhibitory effects of PD-1/PD-L1 
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signaling on T cell activation status, since PD-1/PD-L1 signaling has been proposed to mainly 

compete with TCR and CD28 signaling via recruitment of phosphatases SHP1/2, which cause 

the inactivation of adaptor kinases by dephosphorylation [133,180]. Overall, anti-CD3/CD28 

in combination with IL-2 stimulation has been validated as an effective way for activation of 

CD8+ T lymphocytes by demonstrating the induction of proliferation, lymphoblasts 

differentiation as well as expression and secretion of activation-related cytokines and effector 

molecules. Moreover, the expression of activation-associated cell surface molecules CD25 and 

CD69 upon anti-CD3/CD28 stimulation has been detected (data not shown). Nevertheless, it 

has to be noted that the respective protocol for artificial T cell activation markedly impacts the 

resulting cytokine profile of activated T cell, which thereby essentially affects subsequent 

experiments [420]. In line with the current literature, both PD-1 and PD-L1 have been shown 

to be expressed at markedly higher levels at the cell surface of activated proliferating CD8+ 

T lymphocytes than resting cells, indicating that both molecules represent early activation 

markers [422]. Moreover, correlations of CFSE profiles with PD-1 cell surface levels indicated 

that PD-1 levels decrease in T lymphocyte populations in dependence on the number of cell 

divisions they have passed. In this context, it has been reported that PD-1 cell surface levels 

indeed decrease in the course from activation to effector function to differentiation into memory 

T cells [422,423]. However, while the role of initial PD-1 upregulation and subsequent stepwise 

downregulation is poorly understood so far, it has been reported that constantly high PD-1 cell 

surface levels are commonly found in virus infected T cells and correlate with an exhausted 

phenotype [422,424] 

The fact that the biological relevance of differential PD-1 expression during T cell activation 

and effector function is poorly understood, highlights that is has not been yet clearly solved 

whether PD-1/PD-L1 signaling predominantly regulates T lymphocytes’ priming or effector 

function. Generally, it is assumed that PD-1 and PD-L1 antagonists in cancer therapy are only 

effective for the treatment of patients with a pre-existing anti-tumor response, implying that 

PD-1/PD-L1 signaling mediates peripheral tolerance in the effector phase [189,425]. However, 

while there is great evidence that PD-1/PD-L1 additionally regulates positive and negative 

selection in the thymus, a recently published study by Mizuno and colleagues indicated that 

PD-1/PD-L1 signaling also prominently participates in the regulation of T cell priming by direct 

interference with TCR signaling instead of solely competing with CD28 co-stimulatory 

signaling [190]. According to the findings obtained in the present study, PD-1 expression is 

strongly upregulated in proliferating T lymphocytes after anti-CD3/CD28 stimulation 

indicating that PD-1 has a function in regulating the clonal expansion of T cells upon priming. 
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However, the provided data allow no conclusion about the exact time point of PD-1 functional 

relevance in T cell priming in the present activation model. Nevertheless, preliminary data 

indicate that a higher proportion of vital CD8+ T lymphocytes can be obtained from activation 

cultures after anti-CD3/CD28 and IL-2 stimulation when culture medium is supplemented with 

Durvalumab instead of IgG1 isotype control (data not shown). Interestingly, flow cytometric 

analyses of freshly isolated CD8+ T lymphocyte populations prior to activation culture 

reproducibly revealed the existence of a small PD-1+ subpopulation. However, whether this 

subpopulation might be the responsive towards PD-L1 blockade by Durvalumab during 

activation culture cannot be deduced from the present data and, therefore, needs to be addressed 

in further studies. In CD8+ T lymphocyte mono-cultures after activation culture, Durvalumab 

treatment showed no effects on the proportion of proliferating cells, CFSE profiles, the 

proportion of vital/dead cells and cell morphology compared to IgG1 isotype control treated 

cells, but Durvalumab treatment was associated with significantly decreased supernatant levels 

of activation-related cytokines and effector molecules. In view of the findings obtained in the 

present study and current literature, the underlying mechanism for this observation can only be 

assumed. A reasonable explanation for the decreased effector molecule levels in Durvalumab 

treated T lymphocyte cultures despite the lack of alterations within the proportion of vital and 

dead cells could implicate rather intrinsic PD-L1 functions than signaling via PD-1. Since 

several studies provide evidence that intrinsic PD-L1 signaling is a regulator of mTOR and 

mTOR signaling essentially promotes a glycolytic metabolism that is needed to maintain the 

effector function-associated anabolic pathways of T cells, blockade of PD-L1 might indirectly 

interfere with mTOR signaling and, therefore, attenuates protein biosynthesis of effector 

molecules. However, this hypothesis is based on the assumption that PD-L1 indeed exerts 

intrinsic signaling that regulates mTOR activation, which has not been proven on a mechanistic 

level so far. Moreover, it is questionable how Durvalumab could affect the intrinsic function 

PD-L1. In this context, it can only be speculated that Durvalumab binding to PD-L1 either 

causes structural changes with the cytoplasmic domain or PD-L1 internalization. According to 

the current state of research, there is great evidence that the biological relevance of PD-1/PD-

L1 signaling for the regulation of T cell activation status is not exclusively restricted to the 

effector phase and maintenance of peripheral tolerance. Moreover, PD-1/PD-L1 signaling has 

been shown to be tightly regulated on several levels. Noteworthy, preliminary data shows that 

besides PD-L1 also CD80 cell surface expression levels are significantly upregulated in CD8+ 

T lymphocytes upon anti-CD3/CD28 stimulation and, therefore, CD80-PD-L1 cis-interaction 
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might play an essential role for the regulation of PD-1/PD-L1 signaling in clonal expansion of 

T cells (data not shown). 

The central question addressed by the in vitro experimental setup in the present study has been 

whether the in situ identified tumor areas at the tumor margin and tumor-lymphatics interface, 

which have been characterized by high abundance of TAMs and T lymphocytes as well as 

remarkable PD-L1 expression in both tumor and stromal cell populations, rather provide a T 

cell suppressive or promoting microenvironment and whether PD-L1 plays a regulating role in 

this context. Based on the already discussed assumption that the in situ identified cellular 

composition favors an M1-like macrophage polarization, the results obtained in the present 

study clearly suggest a T cell activation promoting role of TAMs within these areas. This 

finding might be attributed to several characteristics of M1 MΦ in the present setup. First, M1 

MΦ secrete high levels of TNFα and IL-6. These pro-inflammatory cytokines potentially foster 

T cell activation and prevent the differentiation into regulatory T cells by the induction of NFκB 

and JAK/Stat signaling, respectively [426,427]. Vice versa, pro-inflammatory cytokines 

secreted by T cells like IFNγ foster M1-like polarization of macrophages causing a positive 

feedback loop, a potential mechanism that is also supported by the present study. Secondly, 

preliminary data show that M1 MΦ express high cell surface levels of co-stimulatory molecules 

CD80 and CD86, a finding that might explain why T cell supportive function of M1 MΦ was 

more pronounced in direct than in indirect co-culture settings. Moreover, CD80 cell surface 

levels in M1 MΦ might interfere with the binding capacity of macrophage expressed PD-L1 to 

T cell localized PD-1 via cis-interaction [364,416], a mechanism that could explain why 

Durvalumab treatment does not foster the T cell supportive abilities of M1 MΦ despite their 

high PD-L1 expression levels. Notably, the finding that CD8+ T lymphocyte proliferation was 

hardly affected by co-culture with M1 MΦ might be attributed to the fact that IL-2, which is 

essential for maintenance of T cell proliferation and survival, is neither secreted by M1 MΦ nor 

to sufficient amounts by CD8+ T lymphocytes [68]. Moreover, this finding highlights the in 

vivo relevance of CD4+ T lymphocytes for a sustained anti-tumor response, which has been 

reported in several studies [89,99,102–104]. In the context of this study, it has been shown in 

situ that especially the tumor margin is characterized by high infiltration with CD8+ but not 

CD4+ T lymphocytes, a finding that does not suggests a favorable microenvironment for a 

durable anti-tumor response. As discussed in the previous sections, most studies reported a 

negative correlation between PD-L1 expression and the presence of TAMs with respect to 

patient prognosis in PDAC and other tumor entities [80,392,393,395,396]. However, as 

outlined in this and the previous section, in most of the studies macrophage characterization is 
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oversimplified and important factors like spatial separation within the tumor as well as the 

overall cellular stromal composition are poorly addressed. In the latter context, multi-marker 

co-staining panels combined with subsequent computer-based staining evaluation, like the 

PhenopticsTM approach provided by Perkin Elmer, certainly represent one of the best methods 

for precise characterization of the tumor-stromal composition as well as for implementation of 

spatial cellular distribution. With regard to the role of PD-L1 expression by tumor and stromal 

cell populations, a major problem for putting results of the present study into the context of 

their in vivo relevance is the fact that currently available data on the prognostic value of tumor 

infiltration by CTLs, the presence of TAMs and tumor PD-L1 status almost exclusively 

originate from retrospective studies. Hence, at present in many tumor entities it is completely 

unknown how the tumor and stromal compartment develops under PD-1 or PD-L1-targeting 

immunotherapy. Having a closer look at the role of TAMs for the efficiency of immune 

checkpoint antagonists, Arlauckas and colleagues reported that TAMs efficiently impede the 

function of PD-1 antagonists by capturing antibodies via FCγ receptors [428]. Furthermore, 

Vargas and colleagues reported that CTLA-4 antagonists induce antibody-mediated 

cytotoxicity against intra-tumoral regulatory T cells via targeting FCγ receptor expressing 

TAMs and, thereby, causing tumor rejection [429]. In the present study, it has been shown that 

PD-1 cell surface levels in CD8+ T lymphocytes were markedly increased after co-culture with 

M1 MΦ and this effect was even more pronounced in Durvalumab treated culture settings. 

Similar to the present findings, which indicate that PD-L1 targeted therapies affect the 

expression levels of PD-1 in T cells, Sasse and colleagues reported that classical Hodgkin 

lymphoma patients that relapsed under therapy with PD-1 antagonists showed a markedly 

increase in PD-1+ T cells and decrease of PD-L1+ macrophages in tissue biopsies after relapse 

in comparison to biopsies, which were sampled before treatment [430]. Searching for a 

reasonable explanation for increased PD-1 expression levels in CD8+ T cells upon co-culture 

with M1 MΦ, Austin and colleagues reported that IL-6 signaling via Stat3 activation induces 

PD-1 expression in T cells [431]. Since it has been shown that M1 MΦ secrete high levels of 

IL-6 whose expression is even elevated in Durvalumab treated M1 MΦ, IL-6 likely represents 

the mediator for increased PD-1 expression in CD8+ T lymphocytes upon co-culture with M1 

MΦ in the present study.                

In line with the findings of numerous other studies [274,332,337], it has been shown in the 

present study that increased PD-L1 expression by PDAC cell lines correlates with suppressive 

effect on CD8+ T lymphocyte proliferation and cytokine secretion. However, despite it has been 

demonstrated that CD8+ T lymphocytes indeed interact with PancTu-I cells in the present co-
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culture settings, major points of concern within the established co-culture system are allogenic 

reactions as well as the fact that isolated, activated CD8+ T lymphocyte populations only to a 

very low probability comprise TCR clones, which react antigen-specific against PancTu-I cells. 

Therefore, growth inhibition of PancTu-I under co-culture settings with CD8+ T lymphocytes 

was certainly mainly mediated by T cell-secreted interferons that cause cell cycle arrest but not 

cell-specific lysis via cytotoxic effector molecules like perforin, granzymes and granulysin. 

However, it cannot be excluded with certainty that also antigen-specific T cell clones are 

isolated and activated by chance. Nevertheless, in order to validate whether reduced vital cell 

numbers and confluency resulted from T cell-mediated induction of cell cycle arrest or 

apoptosis, further experiments have to be performed which assess e.g. caspase activities, DNA 

fragmentation and histone H2AXγ formation as well as Ki67 and cyclin-dependent kinases 

status. Another interesting finding obtained in the present study are the changes in the cytokine 

secretion profile of IL-8, IL-6 and VEGF in PancTu-I cells from co-culture with pre-activated 

CD8+ T lymphocytes. Concerning the decreased levels of IL-8 in supernatants of PancTu-I co-

cultures with CD8+ T lymphocytes, Hess and colleagues identified a CXCR1 expressing CD8+ 

T cell subset [432]. However, whether CD8+ T lymphocytes generated in the present study 

express CXCR1 and, therefore, are able to remove PancTu-I secreted IL-8 from the culture 

medium has to be proven. Elevated IL-6 levels in co-culture supernatants might be attributed 

to lymphocyte-secreted TNFα which induces IL-6 expression in PancTu-I cells via activation 

of NFκB [433]. Frequent binding of soluble TNFα to TNFR1 or TNFR2 expressed by PancTu-

I cells might be also a reasonable explanation for the low supernatant concentrations of TNFα 

in co-cultures. These findings might be even relevant from a therapeutic point of view. 

Considering that TNFα secreted by TILs or TAMs activates IL-6 expression in PDAC cells 

and, in turn, IL-6/Stat3 signaling-mediated upregulation of PD-1 expression in CD8+ 

T lymphocytes sensitizes T lymphocytes for PD-1/PD-L1 signaling induced anergy, both TNFα 

and IL-6 represent reasonable therapeutic targets in combinatorial therapeutic regimens. 

Notably, therapeutic antagonists targeting TNFα and IL-6 are already available, namely 

Etanercept [434], Tocilizumab [435] and soluble gp130, respectively [436]. Finally, the higher 

cellular density in co-culture settings might cause increased VEGF secretion by PancTu-I cells 

in two separate ways. First, the high number of lymphocytes surrounding PancTu-I cells might 

cause a decrease of local oxygen levels. The lower oxygen levels in turn could cause the 

activation of hypoxia-inducible factor 1 alpha (HIF1α) signaling, which leads to the elevated 

expression, synthesis and secretion of VEGF [437]. Moreover, activated CD8+ T lymphocytes 

exhibit a highly glycolytic metabolism, which even in buffered cell culture medium stepwise 
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leads to medium acidification due to secretion of metabolic intermediates like lactate. These 

acids release protons that bind available oxygen and, therefore, can cause a marked reduction 

of oxygen levels. Interestingly, both tumor acidification and tumor hypoxia in combination with 

increased VEGF secretion by neoplastic cells have been reported to suppress the effector 

function of VEGFR-1/2 positive T cells as well as promote cancer stemness and tumor cell 

invasion [438,439]. However, whether these mechanisms also apply to the present in vitro 

setting has to be investigated in further studies. Nevertheless, the present results indicate that 

already approved VEGF inhibitors like Bevacizumab [440] and Aflibercept [441] represent 

interesting supplements for combinatorial therapeutic regimens in PDAC.         

As already discussed in section 5.4, the present study might indicate another tumor progression-

promoting ability of CD8+ T lymphocytes, namely EMT induction in PDAC cells via 

interferons and other pro-inflammatory mediators. Considering these findings, it would be 

interesting to examine the correlation between local PD-L1 expression, differentiation status of 

tumor cells and stromal composition in situ by the analysis of EMT markers, PD-L1, cytokeratin 

and leukocyte lineage markers in co-staining. Moreover, the present co-culture system might 

provide the basis for tumor evolutional experiments by phenotypic analysis of PancTu-I cells 

that have been repeatedly challenged by co-culture with CD8+ T lymphocytes and treatment 

with Durvalumab or IgG1 isotype control.                    

Taken together, results obtained from the in vitro co-culture settings resemble numerous 

findings that have been reported by other pre-clinical studies as well as coincide with proposed 

mechanisms in vivo. Noteworthy, the present findings underscore that the local cellular 

composition has to be considered as an important factor for predicting the effect of PD-L1 

blockade by Durvalumab. Therefore, it is likely that Durvalumab effects might vary between 

organs and even different tumor areas. Moreover, the presented results indicate that PD-1/PD-

L1 co-inhibitory signaling represents not the only way PDAC cells interfere with T cell effector 

function and, in turn, CD8+ T lymphocytes themselves might induce immune-modulating 

responses and escape mechanisms in PDAC cells, like VEGF secretion and EMT induction. In 

this context, the established co-culture system might be helpful to identify and test 

combinatorial therapeutic approaches that synergize with Durvalumab effects. However, it has 

to be noted that the present co-culture system is certainly limited in its ability to model the 

complex tumor biology in PDAC. Hence, in vivo relevant obstacles in other phases of the anti-

tumor response like the role of macrophages and extracellular matrix composition in blocking 

tumor infiltration by T cells, the role of PD-L1 expression in lymphatic vessels as well as T cell 
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priming in secondary and tertiary lymphoid structures could not be addressed 

[107,275,311,442].   
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6. Conclusion 
In conclusion, the present study clearly highlights that overall tumor-associated PD-L1 

expression is not an obligatory marker for an immune suppressive state. Instead, the provided 

data along with the current state of research emphasize that the precise functional relevance of 

PD-L1 has to be considered in the context of (1) its subcellular origin, (2) co-expressed 

regulatory molecules like CD80, (3) the cellular population in which PD-L1 is expressed, (4) 

the tumor compartment PD-L1+ cells are located in and (5) the cellular composition as well as 

microenvironment PD-L1+ cells are nestled. Some of these variables have been already 

implicated in the presented POLE Score, but others might have to be addressed by alternative 

molecular biological methods due to the technical- and material-related limitations of IHC-

based analysis. Moreover, in the present study an in vitro co-culture setting has been established 

which simulated to a large extent the tumor situation identified in situ, provided molecular 

evidences for PD-L1 and PD-1 expression in macrophages, CD8+ T lymphocytes and PDAC 

cells as well as coincided in many parts with data from other pre-clinical studies and in vivo 

findings.             

Considering the therapeutic potential of PD-1/PD-L1 inhibitors for the treatment of PDAC in 

view of the present study and current literature, it has to be noted that PD-1/PD-L1 signaling-

mediated suppression of T cell-based anti-tumor responses seems not to represent the central 

mechanism of tumor immune escape in PDAC. Commonly, PDAC is an immune excluded 

tumor and, therefore, future combinatorial therapies have to face the problem of CTL 

mobilization into the tumor across the cellular and acellular barriers of the tumor. From the 

predictive point of view, future diagnostic assays have to deal with tumor complexity and 

integrate data from various resources in order to reliably predict patient responses towards PD-

1 and PD-L1 antagonists. Noteworthy, since the present study started in 2016, PD-L1 based 

companion diagnostics markedly have improved and included several additional variables of 

PD-L1 expression like the assessment of stromal PD-L1 expression and clustering of PD-L1+ 

cells. However, translation of current knowledge into clinical application commonly takes a 

long time. Furthermore, it is not clear whether the assay complexity that is needed for reliable 

patient stratification will enter clinical routine in near future, since such sophisticated assays 

require the collaboration of experts from different fields as well as different technical 

applications and, thereby, are hardly economic. 
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Figure 20: Tumor-associated macrophages represent a PD-L1 expressing stromal cell 
population in some PDAC patients or distinct tumor areas. (A) Gating strategy for detection 
of cell surface PD-L1 expression by flow cytometry in distinct populations of freshly isolated 
cells in resected PDAC specimens. Epithelial/tumor cells were discriminated from leukocytes 
by panCK/CD45 staining. Tumor-associated macrophages (TAMs) within the CD45+ leukocyte 
populations were discriminated from other leukocyte populations via side scatter (SSC) and 
CD68 expression. Specificity of staining (red contour plots/histograms) was ensured by 
detection of signals from respective isotype staining (black contour plots/histograms) in 
parallel. (B, C) Scatter plots summarize results from flow cytometric detection of PD-L1 cell 
surface expression in freshly isolated TAMs (CD45+ CD68+; black symbols), non-TAM 
leukocytes (CD45+ CD68-; red symbols) and epithelial/tumor cells (CD45- panCK+; white 
symbols) of PDAC specimens from three different patients with regard to (B) proportion of PD-
L1+ cells and (C) median fluorescence intensity (MFI) ratio (MFIPD-L1/MFIIsotype). (D) 
Representative images of CD68 and PD-L1 immunofluorescence co-staining in PDAC tissue 
sections from two different patients. Shown are grey scale signals from single channels for 
detection of CD68 (left) and PD-L1 (middle) staining as well as overlay (right) of CD68 
(orange), PD-L1 (green) and nuclei staining by Hoechst (blue) for analysis of co-localization. 
Marked are PD-L1+ CD68+ (white arrow heads) and PD-L1- CD68+ (red arrow heads) TAMs 
as well as a cluster of PD-L1+ CD68+ TAMs (white quadrant). Original magnification/scale bar: 
200-fold/50 µm. (published data [264]). .................................................................................. 81 
 

Figure 21: Basal PD-1 and PD-L1 expression in various PDEC cell lines. Cells for analyses 
were obtained from standard culture conditions of respective cell lines. (C) Representative 
western blot of whole-cell lysates from various pancreatic ductal epithelial cell lines from three 
independent experiments. Alpha tubulin was detected as loading control. Molecular weights in 
kDa are indicated according to the applied standard. Exp. = decreased/increased time of light 
exposure for signal detection. (B) Representative dot plots from flow cytometric analyses of 
H6c7eR-kras (top), Panc-1 (middle) and PancTu-I cells (bottom). Shown are the gating strategy 
in FSC/SSC dot plots (left) as well as signals detected by PD-1/PD-L1 antibody staining (red) 
and respective isotype control staining (grey) in dot plots with attached histograms. (C) PD-1 
(white) and PD-L1 (black) cell surface expression levels in PancTu-I cells detected by 
immunofluorescence staining and subsequent flow cytometric analysis. Bar chart presents mean 
values and SEM of median fluorescence intensity ratios detected in three independent 
experiments. The dashed line marks an MFI ratio of “1”. ....................................................... 83 
 

Figure 22: Induction of PD-L1 expression by various cytokines and growth factors in 
premalignant PDEC and PDAC cell lines. H6c7eR-kras, Panc-1, PancTu-I, Panc89, Colo357 
and BxPc3 cells were cultured for 72 h in respective standard culture medium supplemented 
with 10 ng/ml IFNγ, 20 ng/ml EGF, 10 ng/ml TNFα, 10 ng/ml IL-6, 60 ng/ml IL-2 or 20 ng/ml 
TGF-β1. (A+B) Representative western blots of whole-cell lysates from (A) H6c7eR-kras, 
Panc-1 and PancTu-I as well as (B) Panc89, Colo357 and BxpC3 cells after stimulation (+) with 
recombinant human EGF or IFNγ in comparison to unstimulated (-) cells. Hsp90 was detected 
as loading control. * = PD-L1 signal, ** = p-Stat1 signal (C) Representative western blot of 
whole-cell lysates from PancTu-I cells after indicated stimulations. Alpha tubulin was detected 
as loading control. Molecular weights in kDa are indicated according to the applied standard. 
(D) Densitometric analysis of PD-L1 levels detected by western blotting in whole-cell lysates 
of PancTu-I cells after stimulation with indicated cytokines. Relative PD-L1 signal intensities 
were normalized to unstimulated PancTu-I cells. Bar chart presents mean values and SEM from 
three independent experiments. (E) Representative histograms from flow cytometric analysis 
of unstimulated (blue) and IFNγ stimulated (red) PancTu-I cells stained with fluorochrome-
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conjugated PD-L1 antibody (blue and red) or respective isotype control antibody (grey). (F) 
Representative fluorescence microscopical images of immunofluorescence PD-L1 (red) 
staining in unstimulated and IFNγ stimulated PancTu-I cells. Nuclei were stained with Hoechst 
(blue). Scale bar = 50 µm ......................................................................................................... 85 
 

Figure 23: Basal PD-1 and PD-L1 expressions levels in M1- and M2-polarized 
macrophages. Polarized primary human macrophages were generated by in vitro stimulation 
of monocytes with either GM-CSF (M1 MΦ) or M-CSF (M2 MΦ) for seven days. (A) 
Representative dot plots from flow cytometric analyses of M1 MΦ (top) and M2 MΦ (bottom). 
Shown are the gating strategy in FSC/SSC dot plots (left) and discrimination of CD14+ 
macrophages (red) from CD14- cells (blue) (middle) as well as signals detected by PD-1/PD-
L1 antibody staining in M1 MΦ (red) and M2 MΦ (blue). Signal specificities were verified by 
staining with respective isotype control antibodies (grey). (B) PD-1 (white) and PD-L1 (black) 
cell surface expression levels in M1- and M2 MΦ detected by immunofluorescence staining 
and subsequent flow cytometric analysis. Bar chart presents mean values and SEM of median 
fluorescence intensity ratios detected in three independent experiments. The dashed line marks 
an MFI ratio of “1”. (C) Representative western blot of whole-cell lysates from M1- and M2 M 
Φ as well as various PDAC cell lines. Hsp90 was detected as loading control. Exposure = 
decreased/increased time of light exposure for signal detection; * = p<0.05 .......................... 87 
 

Figure 24: Induction of PD-L1 expression by various cytokines in M1- and M2-polarized 
macrophages. Polarized primary human macrophages were generated by in vitro stimulation 
of monocytes with either GM-CSF (M1 MΦ) or M-CSF (M2 MΦ) for seven days. Macrophages 
were cultured for 72 h in respective standard culture medium supplemented with 2.4 ng/ml GM-
CSF, 50 ng/ml M-CSF, 10 ng/ml IFNγ, 10 ng/ml TNFα or 20 ng/ml TGF-β1. (A+C) Relative 
PD-L1 cell surface expression levels in (A) M1- and (C) M2 MΦ after stimulation with 
indicated cytokines in comparison to unstimulated macrophages. Bar charts present percentage 
changes in median fluorescence intensity ratios resulting from single flow cytometric analysis 
of PD-L1 immunofluorescence staining. (B+D) Representative fluorescence microscopical 
images of immunofluorescence PD-L1 (green) staining in (B) M1- and (D) M2 MΦ after 
stimulation with indicated cytokines. Nuclei were stained with Hoechst (blue) (Scale bar = 50 
µm). (E) Representative western blot of whole-cell lysates from M1 MΦ after indicated 
stimulations. Hsp90 was detected as loading control. Molecular weights in kDa are indicated 
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Figure 25: Lymphocyte activation by anti-CD3/CD28 stimulation. Primary human 
lymphocytes were isolated from leukocyte retaining systems by density gradient centrifugation 
followed by counterflow centrifugation. Afterwards, lymphocytes were seeded in standard 
culture medium and either left unstimulated or were stimulated with immobilized CD3- and 
soluble CD28-targeting antibodies for 3 to 5 days. (A) Representative light microscopical 
images of unstimulated and anti-CD3/CD28 stimulated lymphocytes after indicated culture 
durations (Scale bar = 500 µm). (B) Representative western blot of whole-cell lysates from 
unstimulated (-) and anti-CD3/CD28 stimulated (+) lymphocytes after seeding (d0) and three 
(d3) and five (d5) days of culture, respectively. Molecular weights in kDa are indicated 
according to the applied standard. (C) Representative fluorescence microscopical images of 
immunofluorescence PD-1 (green) and PD-L1 (orange) staining in cytospins of unstimulated 
or anti-CD3/CD28 stimulated lymphocytes after five days of culture. Nuclei were stained with 
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Figure 26: Schematic illustration of the gating strategy for flow cytometric analyses of 
lymphocyte populations. Primary human lymphocytes were isolated from leukocyte retaining 
systems by density gradient centrifugation followed by counterflow centrifugation. Afterwards, 
lymphocytes were stained with CFSE, seeded in standard culture medium and were either left 
unstimulated or were stimulated with immobilized CD3- and soluble CD28-targeting 
antibodies. First, vital lymphocytes were discriminated in FSC/SSC plot. Secondly, resting 
(blue) and proliferating (red) population were identified via CFSE staining intensity. Thirdly, 
CD4+ (blue) CD8+ (red) and CD4- CD8- (grey) populations were discriminated by staining with 
fluorochrome-conjugated antibodies targeting CD4 and CD8, respectively. Finally, PD-1 and 
PD-L1 cell surface levels were quantified within resting (blue) and proliferating (red) 
populations of CD4+ (top) and CD8+ (bottom) lymphocytes by respective immunofluorescence 
signals. Signal specificities were verified by staining with respective isotype control antibodies 
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Figure 27: Proliferation within CD4+ and C8+ lymphocyte populations after anti-
CD3/CD28 stimulation. Primary human lymphocytes were isolated from leukocyte retaining 
systems by density gradient centrifugation followed by counterflow centrifugation. Afterwards, 
lymphocytes were CFSE stained, seeded in standard culture medium and either left 
unstimulated or were stimulated with immobilized CD3- and soluble CD28-targeting antibodies 
for 3 to 5 days. (A) Proportion of proliferating cells and (B) vital cell numbers in unstimulated 
and anti-CD3/CD28 stimulated lymphocyte populations after three (white) and five (black) 
days. (C+D) CFSE profiles of proliferating lymphocytes within the CD4+ (black) and CD8+ 
(white) population after (C) three and (D) five days of anti-CD3/CD28 stimulation. Data 
presents mean values and SEM of lymphocytes having divided 1 to 5 times. The maximum 
numbers of clearly distinguishable peaks in respective CFSE profiles are indicated by “+X”. 
(E) Proportion of proliferating lymphocytes within the CD4+ and CD8+ population after three 
(white) and five (black) days of anti-CD3/CD28 stimulation. Box plots present median values 
with quartiles (Q0.75 as upper, Q0.25 as lower deviation) and bar charts present mean values with 
SEM of three independent experiments. * = p<0.05 ................................................................ 93 
 

Figure 28: PD-1 and PD-L1 cell surface levels in the CD4+ T lymphocyte population after 
anti-CD3/CD28 stimulation.  Primary human lymphocytes were isolated from leukocyte 
retaining systems by density gradient centrifugation followed by counterflow centrifugation. 
Afterwards, lymphocytes were seeded in standard culture medium and stimulated with 
immobilized CD3- and soluble CD28-targeting antibodies for 3 to 5 days until 
immunofluorescence staining followed by flow cytometric analysis. (A) PD-1 and (B) PD-L1 
cell surface expression levels in the resting (white) and proliferating (black) population of CD4+ 
lymphocytes after indicated culture durations. Bar charts present mean values and SEM of 
median fluorescence intensity ratios detected in three independent experiments. The dashed line 
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Figure 29: Gene expression profile of cytokines and chemokines associated with various 
lymphocyte populations after anti-CD3/CD28 stimulation of whole lymphocyte 
populations. Primary human lymphocytes were isolated from leukocyte retaining systems by 
density gradient centrifugation followed by counterflow centrifugation. Afterwards, 
lymphocytes were seeded in standard culture medium and were either left unstimulated or 
stimulated with immobilized CD3- and soluble CD28-targeting antibodies for 3 (white) to 5 
days (black). Relative mRNA levels of (A) IFNγ, (B) IL-2, (C) TNFα, (D) TGF-β1, (E) IL-6, 
(F) IL-10, (G) IL-1β and (H) IL-8 in unstimulated and anti-CD3/CD28 stimulated lymphocytes 
after three (white) and five (black) days of culture. Box plots present median values with 
quartiles (Q0.75 as upper, Q0.25 as lower deviation) and bar charts present mean values with SEM 
of three independent experiments. Messenger RNA levels were normalized to respective 
GAPDH levels as well as levels detected in freshly isolated lymphocytes prior to seeding (= 1). 
* = p<0.05 ................................................................................................................................ 96 
 

Figure 30: Supernatant levels of T lymphocyte-associated cytokines after anti-CD3/CD28 
stimulation of whole lymphocyte populations. Primary human lymphocytes were isolated 
from leukocyte retaining systems by density gradient centrifugation followed by counterflow 
centrifugation. Afterwards, lymphocytes were seeded in standard culture medium and were 
either left unstimulated or were stimulated with immobilized CD3- and soluble CD28-targeting 
antibodies for 3 to 5 days. Concentrations of (A) IFNγ, (B) IL-6, (C) TNFα, (D) IL-17A, (E) 
soluble Fas ligand, (F) Perforin, (G) Granzyme A, (H) Granzyme B and (I) Granulysin were 
measured by multiplex assay in the culture supernatant of unstimulated and anti-CD3/CD28 
stimulated lymphocytes after three (white) and five (black) days of culture. Box plots present 
median values with quartiles (Q0.75 as upper, Q0.25 as lower deviation) and bar charts present 
mean values with SEM of three independent experiments. * = p<0.05 ................................... 98 
 

Figure 31: Isolation of primary human CD8+ T lymphocytes from peripheral blood 
mononuclear cells. Primary human lymphocytes were isolated from leukocyte retaining 
systems by density gradient centrifugation followed by counterflow centrifugation. (A) 
Schematic illustration of the staining panel and gating strategy in flow cytometric analysis 
before (pre MACS) and after (post MACS) magnetic-activated cell separation. First, vital 
lymphocytes were gated in FSC/SSC plot. Secondly, αβ T cell receptor (αβTCR) positive (red) 
were discriminated from αβTCR negative cells (blue). Finally, the proportion of CD4+ (blue), 
CD8+ (red) and CD4-CD8- (grey) αβTCR+ T lymphocytes were examined. (B) Proportion of 
CD8+ T lymphocytes after isolation by MACS separation (white) and after 4 days of anti-
CD3/CD28 stimulation (black). Bar chart presents mean values with SEM of six independent 
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Figure 32: Activation of human CD8+ T lymphocytes by anti-CD3/CD28 stimulation. 
Primary human lymphocytes were isolated from leukocyte retaining systems by density 
gradient centrifugation followed by counterflow centrifugation. Afterwards, CD8+ 
T lymphocytes were isolated by negative MACS selection, stained with CFSE and stimulated 
with immobilized CD3- and soluble CD28-targeting antibodies as well as IL-2 for 4 days. (A) 
Representative FSC/SSC dot plots of CD8+ T lymphocyte populations directly after MACS 
isolation (d0) and four days of anti-CD3/CD28 stimulation. (B) Representative histogram of 
CFSE staining in CD8+ T lymphocytes after four days of anti-CD3/CD28 stimulation. The 
resting (blue) and proliferating (red) population are discriminated by CFSE dilution. The 
numbers indicate the quantity of cell divisions each population characterized by the respective 
peak has progressed through. (C) CFSE profile of proliferating CD8+ T lymphocytes after four 
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days of anti-CD3/CD28 stimulation. Bar chart presents mean proportions with SEM of 
lymphocytes having divided 1 to 5 times in six independent experiments. (D) Overall proportion 
of proliferating CD8+ T lymphocytes after four days of anti-CD3/CD28 stimulation. Bar chart 
presents mean value with SEM of six independent experiments. (E) Relative mRNA levels of 
IFNγ, IL-2, IL-6 and TNFα in anti-CD3/CD28 stimulated CD8+ T lymphocytes after four days 
of culture. Bar chart presents mean values of technical triplicates from one representative 
experiment. Messenger RNA levels were normalized to respective GAPDH levels as well as 
levels detected in whole lymphocyte population after four days of anti-CD3/CD28 stimulation 
(= 1). (F) Representative western blot of whole-cell lysates from unstimulated CD8+ 
T lymphocytes and after four days of anti-CD3/CD28 stimulation. Hsp90 was detected as 
loading control. Molecular weights in kDa are indicated according to the applied standard.            
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Figure 33: PD-1 and PD-L1 cell surface expression levels in CD8+ T lymphocytes after 
anti-CD3/CD28 stimulation. Primary human lymphocytes were isolated from leukocyte 
retaining systems by density gradient centrifugation followed by counterflow centrifugation. 
Afterwards, CD8+ T lymphocytes were isolated by negative MACS selection, stained with 
CFSE and stimulated with immobilized CD3- and soluble CD28-targeting antibodies as well as 
IL-2 for 4 days. (A+B) Representative contour plots with attached histograms showing 
correlation between CFSE staining and (A) PD-1 or (B) PD-L1 staining within the resting (blue) 
and proliferating (red) population of anti-CD3/CD28 stimulated CD8+ T lymphocytes. Signal 
specificities were verified by staining with respective isotype control antibodies (grey). (C) PD-
1 and (D) PD-L1 cell surface expression levels in the whole (white) and proliferating (black) 
population of CD8+ lymphocytes after indicated stimulations and culture durations. Bar charts 
present mean values and SEM of median fluorescence intensity ratios examined in six 
independent experiments. (E) PD-1 and (F) PD-L1 cell surface expression levels in anti-
CD3/CD28 stimulated CD8+ T lymphocytes having divided one to five times. Bar charts 
present mean values and SEM of median fluorescence intensity ratios examined in six 
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Figure 34: Phenotype and proliferation of CD8+ T lymphocytes after direct co-culture 
with autologous M1-polarized macrophages. Activated primary human CD8+ T lymphocytes 
were mono-cultured or directly co-cultured for 72 h with M1-like polarized macrophages, 
which were differentiated from autologous monocytes by GM-CSF stimulation. (A) 
Representative FSC/SSC contour plots from flow cytometric analysis of CD8+ T lymphocytes 
after 72 h of mono- and co-culture with M1 MΦ, respectively. Comparison of (B) FSC medians, 
(C) SSC medians, (D) vital cell numbers and (E) the proportion of proliferating lymphocytes 
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proliferating lymphocytes within CD8+ T lymphocyte populations after mono- (white) or co-
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having divided 1 to 7 times examined in three independent experiments.                                            
The maximum numbers of clearly distinguishable peaks in respective CFSE profiles are 
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Figure 35: PD-1 and PD-L1 cell surface levels in CD8+ T lymphocytes after direct co-
culture with autologous M1-polarized macrophages. Pre-activated primary human CD8+ 
T lymphocytes were mono-cultured or directly co-cultured for 72 h with M1-like polarized 
macrophages, which were differentiated from autologous monocytes by GM-CSF stimulation.  
(A) PD-1 and (B) PD-L1 cell surface expression levels in the resting (white) and proliferating 
(black) population of CD8+ lymphocytes after indicated culture conditions. Bar charts present 
mean values and SEM of median fluorescence intensity ratios examined in three independent 
experiments. The dashed lines mark an MFI ratio of “1”. (C) Representative western blot of 
whole-cell lysates from CD8+ T lymphocytes directly after four days of anti-CD3/CD28 
stimulation (activated (d0)) as well as after following 72 h of either mono- or co-culture with 
M1 MΦ. Molecular weights in kDa are indicated according to the applied standard. ........... 106 
 

Figure 36: Cell surface expression levels of PD-L1, CD206 and CD163 in M1-polarized 
macrophages after co-culture with autologous activated CD8+ T lymphocytes. M1-
polarized primary human macrophages were mono-cultured or directly co-cultured for 72 h 
with autologous pre-activated CD8+ T lymphocytes. (A) Representative histograms from flow 
cytometric analysis of PD-L1 (left), CD206 (middle) and CD163 (right) cell surface 
immunofluorescence staining in M1 MΦ after mono- (blue) or co-culture with CD8+ 
T lymphocytes (red). Signal specificities were verified by staining with respective isotype 
control antibodies (white/grey). (B) PD-L1, (C) CD206 and (D) CD163 cell surface levels in 
M1 MΦ after indicated culture conditions. Bar charts present mean values and SEM of median 
fluorescence intensity ratios examined in three independent experiments. The dashed lines mark 
an MFI ratio of “1”. ................................................................................................................ 107 
 

Figure 37: Supernatant levels of T lymphocyte- and macrophage-associated cytokines, 
chemokines, growth factors and effector molecules after direct co-culture of activated 
CD8+ T lymphocytes with autologous M1-polarized macrophages. Pre-activated primary 
human CD8+ T lymphocytes and autologous M1-polarized macrophages were either mono-
cultured or directly co-cultured for 72 h. Concentrations of (A) IL-8, (B) VEGF, (C) IL-6, (D) 
TNFα, (E) IFNγ, (F) IL-17A, (G) soluble Fas ligand, (H) Perforin, (I) Granulysin, (J) 
Granzyme A and (K) Granzyme B were measured by multiplex assay in the culture supernatant 
of mono-cultured CD8+ T lymphocytes (white) and M1 MΦ (grey) as well as direct co-cultures 
(black) after 72 h. Box plots present median values with quartiles (Q0.75 as upper, Q0.25 as lower 
deviation) and bar charts present mean values with SEM of three independent experiments. 
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Figure 38: Proliferation of activated CD8+ T lymphocytes after direct co-culture with 
various PDAC cell lines. Pre-activated primary human CD8+ T lymphocytes were either 
mono- or directly co-cultured for 72 h with Panc1, Panc89 and PancTu-I cells, respectively. (A) 
Proportion of proliferating cells within CD8+ T lymphocytes after mono- (white) or indicated 
co-culture (black) conditions. Dashed line marks the proportion of proliferating cells in mono-
cultured T lymphocytes.  (B) Median fluorescence intensity (MFI) of CFSE staining in the 
whole (white) and proliferating (black) population of CD8+ T lymphocytes after indicated 
mono- and co-culture settings with PDAC cell lines. Dashed line indicates the CFSE MFI in 
the whole lymphocyte population and drawn through line indicates the CFSE MFI of the 
proliferating lymphocyte population of mono-cultured CD8+ T lymphocytes. (C-E) CFSE 
profiles of proliferating CD8+ T lymphocytes after mono-culture (white) and direct co-culture 
with (C) Panc1, (D) Panc89 and (E) PancTu-I cells. Data present proportions of lymphocytes 
having divided 1 to 5 times.  
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The maximum numbers of clearly distinguishable peaks in respective CFSE profiles are 
indicated by “+”. (A-E) Graphs present data from one experiment. ...................................... 111 
 

Figure 39: PD-1 and PD-L1 cell surface expression levels in CD8+ T lymphocytes as well 
as levels of proteins associated with differentiation and proliferation status in various 
PDAC cell lines after direct co-culture. Pre-activated primary human CD8+ T lymphocytes 
were either mono- or directly co-cultured for 72 h with Panc1, Panc89 and PancTu-I cells, 
respectively. (A) PD-1 and (B) PD-L1 cell surface levels in the whole (white) and proliferating 
(black) population of CD8+ T lymphocytes after indicated culture conditions. Bar charts present 
median fluorescence intensity ratios examined in one experiment. The dashed lines mark an 
MFI ratio of “1”. (C) Representative western blot of whole-cell lysates from Panc1, Panc89 and 
PancTu-I cells after mono- (-) or co-culture with activated CD8+ T lymphocytes (+). Hsp90 was 
detected as loading control. Molecular weights in kDa are indicated according to the applied 
standard. Triangle indicates decreased/increased time of light exposure for vimentin signal 
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Figure 40: Phenotype and proliferation of CD8+ T lymphocytes after co-culture with 
PancTu-I cells and autologous M1-polarized macrophages. Pre-activated primary human 
CD8+ T lymphocytes were either mono-cultured (white), indirectly co-cultured with autologous 
M1 MΦ (banded), directly co-cultured with PancTu-I cells (grey) or co-cultured with both 
autologous M1 MΦ (indirect) and PancTu-I cells (direct) (black) for 48 h. Comparison of (A) 
FSC medians, (B) SSC medians, (C) relative vital cell numbers and (D) the proportion of 
proliferating cells within CD8+ T lymphocytes from indicated culture settings. Bar charts 
present mean values with SEM of three independent experiments. (E) CFSE profiles of 
proliferating CD8+ T lymphocytes after 48 h of indicated mono- and co-culture conditions. Bar 
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Figure 41: PD-1 and PD-L1 cell surface expression levels in CD8+ T lymphocytes after co-
culture with PancTu-I cells and autologous M1-polarized macrophages. Pre-activated 
primary human CD8+ T lymphocytes were either mono-cultured (white), indirectly co-cultured 
with autologous M1 MΦ (banded), directly co-cultured with PancTu-I cells (grey) or co-
cultured with both autologous M1 MΦ (indirect) and PancTu-I cells (direct) (black) for 48 h. 
(A) PD-1 and (B) PD-L1 cell surface levels in the whole (white) and proliferating (black) 
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Figure 42: Cell surface expression levels of PD-L1, CD206 and CD163 in M1-polarized 
macrophages after co-culture with PancTu-I cells and autologous activated CD8+ 
T lymphocytes. Primary human M1-polarized macrophages were either mono-cultured 
(white), indirectly co-cultured with autologous pre-activated CD8+ T lymphocytes (banded), 
PancTu-I cells (grey) or both autologous CD8+ T lymphocytes and PancTu-I cells (black) for 
48 h. (A) PD-L1, (B) CD206 and (C) CD163 cell surface levels in M1 MΦ after indicated 
culture conditions. Bar charts present mean values with SEM of median fluorescence intensity 
ratios examined in three independent experiments. The dashed lines mark an MFI ratio of “1”.
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Figure 43: Gene expression profiles of cytokines, chemokines and growth factors in M1-
polarized macrophages after co-culture with PancTu-I cells and autologous activated 
CD8+ T lymphocytes. Primary human M1-polarized macrophages were either mono-cultured 
(white) or indirectly co-cultured with autologous pre-activated CD8+ T lymphocytes (banded), 
PancTu-I cells (grey) or both autologous CD8+ T lymphocytes and PancTu-I cells (black) for 
48 h. Relative mRNA levels of (A) IL-1β, (B) IL-6, (C) TNFα, (D) IL-8, (E) IL-10, (F) TGF-
β1 and (G) VEGF in M1 MΦ after indicated mono- and indirect co-culture conditions. 
Messenger RNA levels were normalized to respective GAPDH levels as well as levels detected 
M1 MΦ from mono-cultures, indicated by dashed lines. Bar charts present mean values with 
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Figure 44: Cell growth and differentiation of PancTu-I cells after co-culture with 
activated CD8+ T lymphocytes and M1-polarized macrophages. PancTu-I cells were either 
mono-cultured (white), directly co-cultured with primary human pre-activated CD8+ 
T lymphocytes (banded), indirectly co-cultured with M1-polarized macrophages (grey) or co-
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Supplementary Data 

Supplementary Tables 
Supplementary Table 10: Summary of immunohistochemical staining evaluation of PD-L1 staining in tumor and stromal cells within PDAC tumor and peritumoral tissue sections. PD-L1 
staining is characterized with respect to the proportion of PD-L1+ cells (Quantity Score), staining intensity (Intensity Score), local distribution of PD-L1+ cells (Cluster Score) as well as expression in 
lymph follicles (Lymph Score). Immunoreactivity/Tissue Score combines results from Quantity and Intensity Score. PDAC tissue sections were categorized by the proportion of fields of view (FoV) 
comprising at least one PD-L1+ cell (%FoV+). Quantity, Intensity as well as Lymph Scores are presented as median and Tissue, %FoV+ as well as Cluster Scores as mean values of rated FoV within 
each tissue. Tissues comprising no neoplastic cells within the respective section but lymph follicles were excluded from Quantity, Intensity, Tissue as well as Cluster scoring and, therefore, denoted 
as „Missing“.(data published in [264]) 

 

 Quantity Score n (%) Intensity Score n (%) Tissue Score n (%) %FoV+ n (%) Lymph Score n (%) Cluster Score n (%) 

T
um

or
 

0 (0%) 44 (78.6) 0 (negative) 44 (78.6) 0 1 (1.8) ≤ 5% 6 (10.7) 0 (negative) 7 (17.9) 0 16 (28.6) 
1 (≤ 1%) 12 (21.4) 1 (weak) 12 (21.4) < 0.1 4 (7.1) 5% – 10% 6 (10.7) 1 (weak) 17 (43.6) < 0.1 8 (14.3) 
2 (> 1%) 0 (0) 2 (moderate) 0 (0) 0.1 – < 0.2 4 (7.1) 10% - 20% 13 (23.2) 2 (strong) 15 (38.5) 0.1 – < 0.2 13 (23.2) 

  3 (strong) 0 (0) 0.2 - < 0.4 9 (16.1) 20% - < 50% 19 (33.9)   0.2 - < 0.3 9 (16.1) 
    0.4 - < 0.7 21 (37.5) ≥ 50% 12 (21.4)   0.3 - < 0.4 7 (12.5) 
    ≥ 0.8 17 (30.4)     ≥ 0.4 3 (5.3) 

 Total 56 (100)  56 (100)  56 (100)  56 (100)  39 (100)  56 (100) 
 Total/Missing 59 / 3  59 / 3  59 / 3  59 / 3  59 / 20  59 / 3 
             

 Quantity Score n (%) Intensity Score n (%) Tissue Score n (%) %FoV+ n (%) Lymph Score n (%) Cluster Score n (%) 

Pe
ri

tu
m

or
al

 0 (0%) 15 (83.3) 0 (negative) 15 (83.3) 0 2 (11.1) ≤ 5% 6 (33.3) 0 (negative) 0 (0) 0 6 (33.3) 
1 (≤ 1%) 2 (11.1) 1 (weak) 3 (16.7) < 0.1 4 (22.2) 5% – 10% 1 (5.6) 1 (weak) 5 (55.6) < 0.1 2 (11.1) 
2 (> 1%) 1 (5.6) 2 (moderate) 0 (0) 0.1 – < 0.2 0 (0) 10% - 20% 4 (22.2) 2 (strong) 4 (44.4) 0.1 – < 0.2 4 (22.2) 

  3 (strong) 0 (0) 0.2 - < 0.4 4 (22.2) 20% - < 50% 4 (22.2)   0.2 - < 0.3 4 (22.2) 
    0.4 - < 0.8 4 (22.2) ≥ 50% 3 (16.7)   0.3 - < 0.4 2 (11.1) 
    ≥ 0.8 4 (22.2)     ≥ 0.4 0 

 Total 18 (100)  18 (100)  18 (100)  18 (100)  9 (100)  18 (100) 
 Total/Missing 18 / 0  18 / 0   18 / 0  18 / 0  18 / 9  18 / 0 
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Supplementary Table 11: POLE Score criteria. (data published in [264]) 

            
    Values and Criteria 

Parameter Description 0 1 2 X 

P PD-L1 intratumoral 
overall expression 

Tissue Score = 0  Tissue Score < 0.8 
Tissue Score > 0.8 

  

no ratable 

or %FoV PD-L1+ ≤ 20% and %FoV PD-L1+ > 20% structures 
  

Cellular Origin 
of PD-L1 

1 2 3 X 
O Cell Score = 1 

  
Cell Score =2 

  
Cell Score =3 

  
not rated 

  (P0 or P1) 
  

PD-L1 Expression in 
intratumoral Lymph follicles 

0 1 2 X 
L Lymph Score = 0 0 < Lymph Score < 2 Lymph Score = 2 no ratable 

  structures 
  

Enumerated PD-L1 expression 
(spatial distribution) 

0 1 X   
E Cluster Score < 0.4 Cluster Score ≥ 0.4 no ratable   
  structures   
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Supplementary Table 12: Statistical correlation of intra-tumoral PD-L1 staining classified by POLE scoring and stromal as well as epithelial/cancer cell-related parameters in pancreatic 
tissues of PDAC patients. For statistical analyses POLE Scores were dichotomized (+P, +O, +L, E) into: +P1 (=P0+P1) vs. +P2 (=P2); +O1 (=O1) vs. +O2 (=O2+O3); +L1 (=L0) vs. +L2 (=L1+L2). 
Results are shown as p-values from Chi-square/Fisher exact test. Statistically significant correlations (p <0.05) are marked in bold. n.p. (correlation not possible because one parameter is constant); 
n.d. (not enough data for statistical analysis); int. = intensity. (data published in [264]) 

 

  PD-L1 Staining 
 Marker +P-Score +O-Score +L-Score E-Score 

T cells CD3+ (% stroma) 0.428 0.018 n.p. 0.755 
CD4+ (% stroma) 0.426 0.107 0.045 0.193 
CD8+ (% stroma) 1.000 0.107 0.632 0.538 
CD25+ (% CD3) 1.000 n.p. 1.000 1.000 
CD25+ (% CD4) 1.000 0.464 0.646 0.495 
FoxP3+ (% CD3) 0.631 0.464 1.000 1.000 
FoxP3+ (% CD4) 1.000 0.464 1.000 1.000 
γδTCR+ (% stroma) 1.000 1.000 0.640 0.492 
γδTCR+ (duct-associated) 1.000 1.000 1.000 0.218 

macrophages CD68+ (% stroma) 0.434 1.000 1.000 0.216 
CD68+ (duct-associated) 0.368 n.p. 0.048 0.407 
CD163+ (% stroma) 0.447 1.000 1.000 0.230 
CD163+ (duct-associated) 0.368 n.p. 0.048 0.407 
HLA-DR+ (% stroma) 0.683 0.429 1.000 1.000 
HLA-DR+ (duct-associated) 0.797 0.446 0.417 0.653 

fibroblasts 
 

α-SMA+ (% stroma) 1.000 0.429 1.000 1.000 
α-SMAhigh (α-SMA+) 1.000 0.036 0.279 1.000 

EMT L1CAM+ (% epithelium) 0.701 0.464 1.000 1.000 
L1CAM+ (int. epithelium) 0.447 0.464 0.646 1.000 
Vimentin+ (% epithelium) 0.690 1.000 0.621 1.000 

Other PanCK+ (% section) 0.338 1.000 0.069 0.524 
Ki67+ (% epithelium) 0.153 n.p. 0.053 1.000 

PD-L1 +P-Score ///////// n.p. 0.133 0.040 
+O-Score n.p. ///////// n.d. 1.000 
+L-Score 0.133 n.d. ///////// 1.000 

 E-Score 0.040 1.000 1.000 ///////// 
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Supplementary Figure 58: Levels of cytokines, chemokines, growth factors and effector molecules in the supernatant of 
directly co-cultured activated CD8+ T lymphocytes and various PDAC cell lines. Pre-activated primary human CD8+ 
T lymphocytes as well as PDAC cell lines Panc1, Panc89 and PancTu-I were either mono-cultured (white) or directly co-
cultured (black) for 72 h. Concentrations of (A) VEGF, (B) IL-6, (C) IL-8, (D) IFNγ, (E) IL-17A, (F) soluble Fas ligand, (G) 
Perforin, (H) Granulysin, (I) Granzyme A and (J) Granzyme B were measured by multiplex assay in the culture supernatant 
of indicated culture settings. Bar charts present data from one experiment. N.D. = not detectable 



Supplementary data |  v 
 

 
 

 

Supplementary Figure 59: Direct cell-cell interaction of activated CD8+ T lymphocytes in co-culture with PancTu-I 
cells. Pre-activated primary human CD8+ T lymphocytes were directly co-cultured for with PancTu-I cells. Co-cultures were 
performed in a humidified incubation chamber of a Lionheart Fx Automated microscope at 37°C and 5 % CO2. Representative 
light microscopical phase contrast images from time-lapse analysis in a total time frame of 80 min at intervals of 20 min. Black 
arrow heads mark a PancTu-I cell that is encounter by CD8+ T lymphocytes (highly refractive smaller cells). Pictures were 
taken at 200-fold magnification. Scale bar = 50 µm 

 

 

Supplementary Figure 60: PD-L1 expression levels in M1-polarized macrophages after mono-culture or direct co-
cultures with autologous activated CD8+ T lymphocytes and Durvalumab treatment. Primary human M1-polarized 
macrophages were mono-cultured or directly co-cultured with anti-CD3/CD28 pre-activated autologous CD8+ T lymphocytes 
and treated with 10µg/ml of either human IgG1 isotype control antibody (white) or Durvalumab (black) for 72 h. 
(A) Representative western blot of whole-cell lysates from mono-cultured M1 MΦ after indicated treatments. Hsp90 was 
detected as loading control. Molecular weights in kDa are indicated according to the applied standard. (B) Relative mRNA 
levels of PD-L1 in M1 MΦ after indicated culture settings and treatments. Messenger RNA levels were normalized to respective 
GAPDH levels as well as levels detected M1 MΦ from mono-cultures treated with IgG1 isotype control antibody, indicated by 
dashed line. Bar chart presents mean values of technical triplicates from one experiment. 
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Supplementary Figure 61: Normalized levels of cytokines, chemokines, growth factors and effector molecules in the 
supernatant of directly co-cultured activated CD8+ T lymphocytes and autologous M1-polarized macrophages treated 
with Durvalumab. Pre-activated primary human CD8+ T lymphocytes (CD8+ Tc) and M1 MΦ were directly co-cultured for 
72 h and treated with 10µg/ml of either human IgG1 isotype control antibody or Durvalumab. 
(A+B) Concentrations measured in the supernatant of Durvalumab treated co-cultures were normalized to levels detected in 
supernatants of human IgG1 isotype control antibody treated co-cultures, indicated by dashed lines. Bar charts present mean 
values with SEM examined in three independent experiments. 
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