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 Introduction 

1.1 Pancreatic Ductal Adenocarcinoma 

People diagnosed with pancreatic cancer have a poor prognosis and 5-year overall 

survival (OS) rate of only 10% (Siegel et al., 2021). Carcinomas that originate from the 

exocrine part of the pancreas have been described to account for more than 90% of all 

pancreatic cancer cases. Among these malignancies, Pancreatic Ductal 

Adenocarcinoma (PDAC) is the most frequent tumor disease (Orth et al., 2019). In 

particular, the absence of early symptoms, a late diagnosis, early metastasis, and tumor 

marker deficiency contribute to one of the most aggressive and lethal cancer phenotypes 

(Miquel et al., 2021). Surgical removal of the primary tumor and adjuvant chemotherapy, 

such as Gemcitabine monotherapy, is currently the only curative treatment that exists. 

Due to the lack of early symptoms and a resulting late diagnosis, only 15-20% of tumors 

are resectable (Vincent et al., 2011; Hessmann et al., 2020). In contrast, patients with 

inoperable tumors and distant metastases, especially to the liver, peritoneum, and lungs, 

undergo systemic chemotherapy (Yachida and Iacobuzio-Donahue, 2009). Depending 

on the patient's health status, two different standards of care combinations are 

administered to increase median overall survival. Besides Gemcitabine combined with 

nab-Paclitaxel (Hoff et al., 2013), FOLFIRINOX consisting of leucovorin, fluorouracil, 

irinotecan, and oxaliplatin is the more promising chemotherapeutic regime, even if there 

is only a slight improvement in health for patients with pancreatic cancer (Conroy et al., 

2011; Conroy et al., 2018). The emergence of PDAC is a stepwise process. Before the 

actual tumor develops, so-called precursor lesions arise. The latter existing in three 

different types, pancreatic intraepithelial neoplasias (PanIN) is the most common 

precursor form that occurs. With an increase in the number of lesions and molecular 

alterations, PanINs can be graded in low- to high-grade dysplasia, also known as PanIN 

1-3. Furthermore, during PanIN to PDAC progression, key mutations in onco- and tumor 

suppressor genes drive the development of tumorigenesis (Hruban et al., 2000; Hezel et 

al., 2006). In more than 90% of all PDAC patients, an oncogenic activation of the kirsten 

rat sarcoma virus (KRAS) has been detected – this was especially evident at the 

beginning of carcinogenesis (Almoguera et al., 1988; Hruban et al., 1993). In addition, 

mutations in tumor suppressor genes of cyclin-dependent kinase inhibitor 2A (CDKN2A) 

and transformation related protein 53 (TP53) are visible in higher frequencies while, 

breast cancer gene 2 (BRCA2) and small mothers against decapentaplegic (SMAD) 

family member 4 (SMAD4) are apparent in lower frequencies (Caldas et al., 1994; 

Redston et al., 1994; Goggins et al., 1996; Bardeesy et al., 2006).  
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1.1.1 The tumor microenvironment and tumor-associated macrophages in PDAC 

An essential feature of PDAC is the strong desmoplastic reaction, also called the tumor 

microenvironment (TME), that accounts for approximately 90% of the actual tumor mass. 

Tumor cells initiate the tumor cross-talk of the TME by secreting various proinflammatory 

cytokines and growth factors. As a result, a complex network of several cell types, mainly 

consisting of activated fibroblasts, immune cells, blood vessels, and neural cells, 

accumulate into the tumor stroma (Figure 1; Feig et al., 2012; Neesse et al., 2015; Huber 

et al., 2020). The interaction within the TME leads to the intense production of 

extracellular matrix (ECM) components such as growth factors, matrix metalloproteases 

(MMP), cytokines, and structural proteins, mainly collagen I (Figure 1; Hessmann et al., 

2020). Until today, many studies have demonstrated that tumor stroma in PDAC is 

significantly involved in tumor progression, vascularization, metastasis, and 

chemoresistance (Matsuo et al., 2009; Xu et al., 2010b; Griesmann et al., 2017; 

Nywening et al., 2018).  

 

Figure 1. The tumor microenvironment in PDAC. The comparison of the cellular composition of normal 

pancreatic tissue (upper left) and the dense desmoplastic stroma of the PDAC tumor microenvironment 

(upper right). Created with Biorender.com (adapted and modified from Orth et al., 2019) 

As a result, the tumor stroma and its associated components are of great interest as a 

drug target and the associated desired cure of the disease. Furthermore, cells of the 

innate immune system, mainly granulocytes, monocytes, macrophages, and dendritic 

cells, have an essential role in the TME of PDAC. Infiltrating macrophages are the most 
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abundant immune cells in the tumor stroma and negatively correlate with patient survival 

(Ino et al., 2013; Zhu et al., 2017; Yang et al., 2020).  

In response to tumorigenesis, chemokines and cytokines such as chemokine C-X-C 

motif ligand 12 (CXCL12), chemokine C-C motif ligand 2 (CCL2), granulocyte-

macrophage colony-stimulating factor (GM-CSF), macrophage colony-stimulating factor 

(M-CSF), and interleukin 3 (IL-3) are secreted, thus resulting in the recruitment of 

circulating monocytes to the tumor stroma. In situ, either the recruited monocytes 

develop into tumor-associated macrophages (TAMs), or elsewhere postulated tissue-

resident macrophages become TAMs (Gordon and Taylor, 2005; Santoni et al., 2014; 

Zhu et al., 2017; Huber et al., 2020). The emergence of TAMs is described as a dynamic 

process between different functional and phenotypic polarization states. A distinction is 

mainly made between the subtypes M1 and M2. Polarized M1 macrophages 

predominantly secrete pro-inflammatory cytokines such as IL-12, IL-23, and tumor 

necrosis factor (TNF), reactive nitrogen intermediates, and reactive oxygen 

intermediates. M2 macrophages, on the other hand, produce anti-inflammatory signals, 

increase the expression of vascular endothelial growth factor (VEGF) or epidermal 

growth factor (EGF), and reduce antigen presentation upon polarization (Mosser and 

Edwards, 2008; Biswas and Mantovani, 2010). Due to the complex signaling network 

described above, the role of TAMs has been widely and extensively discussed. Various 

studies attribute an immunosuppressive part to TAMs, promoting angiogenesis, tumor 

progression, and metastasis in PDAC (Griesmann et al., 2017; Nywening et al., 2018).  

 

1.2 A disintegrin and metalloproteinase 8 

The proteolytically active protease termed “a disintegrin and metalloproteinase 8” 

(ADAM8) is associated with several diseases such as respiratory diseases, bone 

destruction, liver injury, neurodegeneration, neuroinflammation, and neoplasias 

(Schlomann et al., 2000; Ainola et al., 2009; Mahoney et al., 2009; Chen et al., 2016; 

Conrad et al., 2019; Awan et al., 2021b). The chromosomal localization of the ADAM8 

gene is mapped to chromosome 10q26.3 and comprises 23 exons. The translated 

protein product consists of 824 amino acids and was first isolated from monocytic 

immune cells by Yoshida et al. in 1990 (Yoshida et al., 1990; Yoshiyama et al., 1997). 

As a type I transmembrane (TM) glycoprotein, ADAM8 can be assigned to the metzincin 

superfamily and is therefore structurally composed of a prodomain, followed by a 

catalytically active metalloprotease domain, disintegrin domain, cystein-rich/EGF-like 

structure, and a cytoplasmic tail (Figure 2). ADAM8 possesses a typically conserved 

zinc-binding site (HEXGHXXGXXHD) as part of its metalloprotease domain for enzyme 
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function (Figure 2; Bode et al., 1996). To exert its proteolytic activity, removing the pro-

domain of the 120 kilodaltons (kDa) heavy protein is a critical step and is achieved by 

autocatalysis in the trans-Golgi network. In contrast, other members of the ADAM family, 

except ADAM28, are dependent on a different mechanism and are activated by furin-like 

convertases (Howard et al., 2000; Schlomann et al., 2002).  

 

Figure 2. The functional domain structure of ADAM8. ADAM8 can be subdivided into a prodomain, 

metalloprotease domain, disintegrin domain, CYS-rich/EGF-like domain, and the cytoplasmic tail. Created 

with Biorender.com (adapted and modified from Conrad et al., 2019) 

The autocatalytic cleavage of the prodomain occurs in a two-step reaction and depends 

on the assembly of at least two ADAM8 monomers. The disintegrin and cystein-

rich/EGF-like domains enable multimerization and facilitate intermolecular cleavage, 

resulting in a 90-kDa mature ADAM8. In addition, various isoforms such as the remnant 

form (60 kDa) or soluble ADAM8 (~30 kDa) that result from further processing are known 

as well (Schlomann et al., 2002; Hall et al., 2009; Schlomann et al., 2015). Unlike other 

ADAM family members, ADAM8 is not ubiquitously but selectively expressed at low 

levels in cell types of the immune system, central nervous system, bone, and lung 

epithelial (Schlomann et al., 2000; Choi et al., 2001; King et al., 2004; Kelly et al., 2005). 

Furthermore, ADAM8 seems to be dispensable for normal development and 

homeostasis, as Adam8-deficient mice show no impairment in embryonic development 

and are viable (Kelly et al., 2005). Specific stimuli such as bacterial lipopolysaccharide 

(LPS), interferon-γ (IFN-γ), TNF-α, interleukin 1β (IL-1β), IL-4, IL-13, or peroxisome 

proliferator-activated receptor-γ (PPAR-γ) during pathophysiological processes like 

inflammation or neoplasia upregulate ADAM8 expression (Yoshiyama et al., 1997; 

Schlomann et al., 2000; Hodgkinson and Ye, 2003; King et al., 2004; Ainola et al., 2009). 

In contrast to inflammatory processes, in which the occurrence of growth factors and 

cytokines control the upregulation of ADAM8, its expression is found to be constitutive in 

tumor contexts (Conrad et al., 2019). The increased expression of ADAM8 leads to 
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proteolytic shedding of adhesion molecules, cytokine receptors, and ECM components, 

demonstrating a broad spectrum of substrates. Due to the lack of a specific substrate, 

there is an overlap in the substrate range of ADAM8 with ADAM10 and ADAM17 

(Schlomann et al., 2002). Above all, these include proteins with an immune function, 

such as the low-affinity IgE receptor (CD23), tumor necrosis factor receptor 1 (TNF-R1), 

and L-Selectin (Fourie et al., 2003; Naus et al., 2006; Gómez-Gaviro et al., 2007; Bartsch 

et al., 2010). Other examples are proteins that play a role in tumor-associated processes 

such as angiopoietin-1 receptor (Tie-2), vascular endothelial growth factor receptor-1 

(Flt-1), vascular endothelial cadherin (VE-cadherin), vascular endothelial growth factor 

receptor 2 (Flk-1), ephrin type-B receptor 4 (EphB4), platelet endothelial cell adhesion 

molecule (CD31), E-selectin, and fibronectin (Zack et al., 2009; Guaiquil et al., 2010). 

Although ADAM8 is proteolytically active, it is also involved in specific signaling pathways 

independent of its catalytical domain. The C-terminal region of ADAM8 harbors two 

potential phosphorylation sites (Serine 758, Tyrosine 766) and five different sarcoma 

(Src) homology 3 (SH3) motifs that allow the interaction with adaptor proteins that in turn 

can execute downstream effects (Kleino et al., 2015). Another example is the binding of 

ADAM8 to β1-Integrin and the subsequent phosphorylation of focal adhesion kinase 

(FAK), mitogen-activated kinase (MAPK), and protein kinase B/phosphoinositide 3-

kinase (AKT/PI3K), leading to increased invasive behavior of tumor cells (Schlomann et 

al., 2015; Dong et al., 2015; Conrad et al., 2018). The following section will give more 

details on the role of ADAM8 in cancer. 

 

1.2.1 ADAM8 in cancer 

The development of malignant cells is a complex process, where specific key events, in 

conjunction with the interplay of various regulators, drive cancerogenesis. In this context, 

overexpression of ADAM8 has been demonstrated in several cancer types and is 

associated with poor patient outcomes (Valkovskaya et al., 2007; He et al., 2012; 

Romagnoli et al., 2014; Yang et al., 2014; Conrad et al., 2019). In 2006, Wildeboer et al. 

demonstrated that ADAM8 expression is upregulated to significant levels in brain tumors 

such as glioblastoma (GBM) and astrocytoma. Here, essential mechanisms of 

metastasis such as tumor cell migration and invasion were described to be mediated by 

the proteolytic activity of ADAM8. Furthermore, ADAM8 seems crucial to temozolomide 

(TMZ) resistance, the standard chemotherapy of GBM, since treating GBM cells with 

TMZ induced ADAM8 expression (Dong et al., 2015). The upregulation of ADAM8 in 

gliomas was confirmed by another study published by Li et al. in 2021, demonstrating 

the positive staining for ADAM8 in GBM tissue samples of 50 patients. In addition, TAMs, 
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tumor-associated neutrophils, and tumor-associated natural killer (NK) cells of these 

tissue samples exhibited marked ADAM8 expressions, suggesting a role for ADAM8 in 

TME communication and, therefore, tumor progression. In this context, ADAM8 also 

seems to be involved in promoting angiogenesis by regulating osteopontin (OPN) levels 

in TAMs in GBM (Li et al., 2021). In line with GBM, ADAM8 was also shown to be linked 

to cancerogenesis in triple-negative breast cancer (TNBC), as overexpression of the 

protease leads to the increased release of VEGF-A, promoting neovascularization in the 

tumor micro milieu. Further, an additional elevation of ADAM8 levels in breast cancer 

was shown to be induced by hypoxia and to facilitate the migration of tumors through 

endothelial monolayer, the detachment of tumor cells, and the formation of metastases 

(Romagnoli et al., 2014). Additionally, another study verified the increased ADAM8 

expression in primary tumors and metastases derived from breast cancer patients. This 

was further investigated using a mouse model in which high ADAM8 expression in 

circulating tumor cells correlated with a higher incidence of brain metastases. Moreover, 

ADAM8 expression was found to regulate MMP-9 expression levels in breast cancer, a 

metalloprotease involved in potentiating a migratory and invasive phenotype of tumor 

cells underlining the suggested role for ADAM8 in tumor progression and metastases 

formation (Park, 2009; Conrad et al., 2018). In non-small-cell lung cancer (NSCLC), high 

ADAM8 levels in patient-derived tissue microarrays and serum were correlated with 

advanced tumor progression and related dissemination to distant organs proposing 

ADAM8 as a potential diagnostic marker (Ishikawa et al., 2004). In 2010, Hernández et 

al. discovered two spliced and truncated isoforms of ADAM8 with distinct functions only 

detectable in lung cancer cell lines. One of these isoforms was put into context to 

facilitate bone metastasis and induce a higher tumor burden. Furthermore, ADAM8 

upregulation was described to mediate chemoresistance. NSCLC cells overexpressing 

ADAM8 were less sensitive to cisplatin-induced apoptosis. Only the silencing of ADAM8 

promoted the response to chemotherapy (Zhang et al., 2013).  

 

1.2.2 ADAM8 in PDAC 

In 2007, Valkovskaya et al. examined the occurrence of ADAM8 messenger ribonucleic 

acid (mRNA) and protein in PDAC patient-derived and normal pancreas-derived tissue. 

This investigation detected a significant elevation of ADAM8 expression in the plasma 

membrane of tumor cells, mainly in degenerating acinar cells and tubular complexes. It 

was the first study to report an association between high ADAM8 expression levels with 

poor overall survival of PDAC patients (Valkovskaya et al., 2007). Based on these 

findings, several pancreatic cancer cell lines were tested for ADAM8 mRNA and protein 
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expression in a normoxic or hypoxic experimental setting in vitro. The results revealed 

that ADAM8 expression is enhanced upon hypoxia, displaying the potentially important 

role of ADAM8 during tumor progression and metastasis since oxygen tension in tumors 

is a critical event in cancerogenesis (Valkovskaya, 2008). Experiments under hypoxic 

conditions were also conducted by Puolakkainen et al. in 2014. Unlike previously 

described, nonmetastatic and metastatic PDAC cell lines were first co-cultivated with 

primary macrophages and then exposed to a hypoxic environment. Co-culture alone 

already consistently increased the expression of ADAM8 and MMP-9, and the invasive 

behavior of all pancreatic cancer cell lines was upregulated. The observed effect of 

macrophages on PDAC cells was intensified by applying hypoxic conditions and seemed 

to be ADAM8-dependent since silencing of ADAM8 reduced macrophage- or hypoxia-

induced invasion of PDAC cells in vitro (Puolakkainen et al., 2014). Supplementary to 

the in vitro data described before, another study collected mechanistic and in vivo data 

in the context of ADAM8 and PDAC (Schlomann et al., 2015). PDAC cell lines were 

generated with a stable knockout or overexpression to examine the gain or loss of 

function of ADAM8. Both migration and invasion were increased in cells with a strong 

ADAM8 expression, whereas in knockout cells, migrative and invasive behavior was 

downregulated dosage-dependently. Furthermore, to assess the regulation of other 

MMPs involved in tumor-associated processes, a proteolytic activity matrix assay was 

performed and subsequently revealed an increase in MMP-2 and MMP-14 activity upon 

ADAM8 overexpression, whereas cells lacking ADAM8 were less active. Due to its 

localization in the membrane of tumor cells and MAPK signaling being crucial to PDAC 

development, the interaction of ADAM8 with β1-Integrin and downstream signaling was 

investigated (Hayes et al., 2016; Principe et al., 2017). The activation of β1-Integrin by 

ADAM8 led to the phosphorylation of FAK and MAPK, suggesting that ADAM8 may 

regulate MMP-2 and MMP-14 activities via MAPK signaling to promote the dissemination 

of tumor cells in PDAC (Schlomann et al., 2015). In accordance with in vitro data, this 

study also exhibited the ability of ADAM8 to increase tumor burden and invasion in a 

xenograft model. Tumors that evolved from implanted cells overexpressing ADAM8 had 

larger volumes. Additionally, infiltration to adjacent organs such as the spleen, 

diaphragm, and peritoneum and metastasis to the liver was reported to occur more 

frequently than in tumors lacking ADAM8 expression (Schlomann et al., 2015). Another 

experimental setup demonstrated that ADAM8 inhibition in a genetically engineered 

PDAC mouse model (KrasLSL-G12D, Trp53R172H/+, PdxCre/+; KPC) improved overall survival 

by the occurrence of fewer metastases (Schlomann et al., 2015). These results suggest 

that ADAM8 is involved in many tumor-associated and -promoting processes and might 

be a potential therapeutic target or diagnostic tool.  
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1.3 Extracellular Vesicles 

During homeostasis or pathological processes such as inflammation or tumorigenesis, 

intercellular communication is enabled by direct cell-cell contact, secretory proteins, and 

extracellular vesicles (EV; Chang and Pauklin, 2021). EVs are secreted particles 

enclosed in a lipid bilayer and can be classified into three groups according to their size 

and origin: exosomes (diameter 30 – 150 nm), microvesicles or so-called ectosomes 

(diameter 100 – 1000 nm), and apoptotic bodies (diameter 500 – 1000 nm). In contrast 

to apoptotic bodies and microvesicles described to budd from the cell membrane, 

exosomes are secreted by fusion of multivesicular bodies (MVB) with the cell membrane, 

more precisely exocytosis (Osaki and Okada, 2019). Exosome biogenesis is associated 

with the endosomal network, in which specific components are directed to either 

lysosomal degradation or cell surface membrane for exocytosis. In particular, 

endosomes are described to occur in three different forms: early endosome, late 

endosome, and recycling endosome. After sorting out the components to be recycled or 

degraded, exosomes form by constricting the late endosomal membrane resulting in 

intraluminal vesicles within the late endosome, termed MVB (Akers et al., 2013). Different 

mechanisms for EV cargo loading have been reported in the literature so far. Among 

these, endosomal sorting complexes required for transport (ESCRT) machinery for 

internalizing biomolecules in EVs is the most extensively described form (Mir and 

Goettsch, 2020). Nevertheless, ESCRT-independent mechanisms such as lipid raft-, 

tetraspanin-, and ceramide-mediated processes were published (Wei et al., 2021). 

However, the exact mechanism for exosome packaging is still the subject of intensive 

research. Nearly all cell types release EVs or specific exosomes to exchange proteins, 

lipids, or nucleic acids, thereby inducing particular signaling pathways or biological 

functions. For instance, cell-cell communication, immune response modulation, and 

cancerogenesis were reported in several studies (Robbins and Morelli, 2014; Maia et al., 

2018).  

 

1.3.1 ADAMs in Exosomes 

The content of EVs has been the subject of recent proteomics research and has thus 

revealed the exosomal existence of proteolytically active enzymes such as MMPs and 

ADAMs (Shimoda and Khokha, 2017; Das et al., 2019). In 2006, Keller et al. postulated 

that exosome release and ectodomain-shedding by ADAM proteases are linked 

processes since ADAM proteases and exosome secretion are stimulated by similar 

molecules (Stoeck et al., 2006). Another study supported this suggestion, showing that 

inhibition of ADAM-mediated processes prevented exosome release (Hawari et al., 
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2004). One of the most studied ADAM proteases, ADAM10, was reported to be 

predominantly secreted as a mature form in exosomes derived from different cell types. 

In a human B-cell line, ADAM10 was described to execute binding and cleavage of CD23 

L1 neural adhesion molecule inside both MVB and released exosomes, proofing ADAM-

mediated activity in vesicles (Mathews et al., 2010). Upon phorbol 12-myristate 13-

acetate (PMA) or LPS stimulation, ADAM17 has also been demonstrated to be secreted 

as an active form by exosomes derived from a lung cancer cell line (Groth et al., 2016). 

Concurrent with ADAM17, ADAM15 was demonstrated to be packed in EVs in a breast 

cancer cell line; further, the occurrence was increased after PMA stimulation 

emphasizing the potential role of ADAMs in the tumor microenvironment (Lee et al., 

2012). 

 

1.4 Aim of this thesis 

ADAM8 is a proteolytically active transmembrane metalloprotease with multiple functions 

such as the extracellular release of proteins and receptors from the cell membrane, 

degradation of the extracellular matrix, and the induction of intracellular signaling 

(Conrad et al., 2019). In PDAC, ADAM8 was found to be highly expressed and to 

promote tumor progression by increasing the invasion and dissemination of tumor cells 

proposing ADAM8 as a potential therapeutic target (Valkovskaya et al., 2007; Schlomann 

et al., 2015). Since the PDAC tumor microenvironment is a complex network of tumor-

associated cells that secrete extracellular matrix, cytokines, and metalloproteases, 

treatment of pancreatic cancer is not only limited to the tumor cells themselves but must 

also include the tumor stroma (Hessmann et al., 2020). This work aims to elucidate the 

critical role of ADAM8, especially in the tumor microenvironment, to verify its potential as 

a diagnostic tool and therapeutic target.  
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 Summary of the publications 

2.1 Cohort Analysis of ADAM8 Expression in the PDAC Tumor 

Stroma 

Christian Jaworek*, Yesim Verel-Yilmaz*, Sarah Driesch, Sarah Ostgathe, Lena Cook, 
Steffen Wagner, Detlef K. Bartsch, Emily P. Slater*, Jörg W. Bartsch* 

*These authors have contributed equally to this work 

 

(2021) Journal of Personalized Medicine, 11 (113): DOI: 10.3390/jpm11020113 

 

2.1.1 Scientific summary 

The most characteristic feature of PDAC disease is its activated desmoplastic nature 

with a high extracellular matrix content and numerous tumor-associated cells. Thus, 

immune cells are recruited during carcinogenesis by inflammatory signals secreted by 

tumor cells (Huber et al., 2020). In this context, ADAM enzymes such as ADAM8 were 

reported to modulate cell migration and invasion, promoting PDAC tumor progression 

and metastasis in an in vitro and in vivo experimental setting (Schlomann et al., 2015). 

Following a glioblastoma study, in which ADAM8 was detectable in tumor-associated 

immune cells at high levels, we examined the ADAM8 expression in the stroma of PDAC 

tumor sections from a cohort of 72 patients (Gjorgjevski et al., 2019).  

Prior to the experiments, all tumor tissue samples of PDAC patients, surgically resected 

in the Department of Visceral Surgery at the University Hospital Marburg, were 

histologically evaluated and classified according to Union for International Cancer 

Control; tumor, node, metastasis classification (UICC-TNM; Brierley et al., 2017). 50 

PDAC patients of our cohort were assigned to two different groups depending on their 

median survival times. The boundary between the two groups was set at 18 months, 

resulting in n = 16 patients surviving less than 18 months and n = 34 patients surviving 

longer than 18 months. Obtained tissue sections were then 3,3’-diaminobenzidine 

(DAB)-stained for ADAM8, resulting in different positive signal intensities and 

immunohistochemistry (IHC) scores ranging from 0 to 3 (representative images, Figure 

1A-D; detailed description of IHC scoring, (Conrad et al., 2018). Except for two PDAC 

sections that showed minor to none ADAM8 expression, all tumor tissues were positively 

stained for ADAM8. However, comparing the evaluated IHC scores for both groups, we 

detected no significant difference in ADAM8 expression between both survival groups 

(Figure 1E). To investigate the presence of ADAM8 in specific tumor-associated cells, 

sections of n = 10 representative PDAC patients were double-stained for ADAM8 and 

stromal cell marker and subsequently quantified (Figure 3). Co-localization of ADAM8 
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was observed with macrophage marker cluster of differentiation (CD68; Figure 2B) for 

0-17%, NK-cell marker neural cell adhesion molecule (CD56; Figure 2F) for 18-75%, and 

neutrophil marker myeloperoxidase (MPO; Figure 2H) for 30-90%. No significant match 

was visible for T-cell marker CD3 (Figure 2C), CD4 (Figure 2D), CD8 (Figure 2E), and 

stellate cell marker smooth-muscle actin (SMA; Figure 2G). In addition, ADAM8-positive 

neutrophils were particularly abundant in post-capillary veins, from where neutrophils 

usually infiltrate tissues (Figure 4). For quantification and further comparison, ADAM8-

positive neutrophil density (n/μm²) was determined by counting neutrophils in at least 

three independent post-capillary veins with an area of >2000 μm² within the tumor tissue. 

Pearson correlation of neutrophil density and patient survival data showed significant 

results (r = -0.463, p = 0.0006; Figure 5A). Further, neutrophil density was significantly 

higher in patients with a median survival of fewer than 18 months (p = 0.0128; Figure 

5B). In contrast, neutrophils present in peripheral blood (p = 0.2797) and the neutrophil-

to-leukocyte ratio (NLR, p = 0.5143) did not correlate with PDAC patient survival. 

2.1.2 Description of own contribution 

The personal contribution to the preparation of this publication includes participation in 

the experimental design, supervision of the experiments, and curation of data shown in 

Figures 1-4. 

 

2.2 Extracellular Vesicle-Based Detection of Pancreatic Cancer 

Yesim Verel-Yilmaz*, Juan Pablo Fernández*, Agnes Schäfer, Sheila Nevermann,  

Lena Cook, Norman Gercke, Frederik Helmprobst, Christian Jaworek,  

Elke Pogge von Strandmann, Axel Pagenstecher, Detlef K. Bartsch, Jörg W. Bartsch*,  

Emily P. Slater* 

* These authors have contributed equally to this work 

 

(2021) Frontiers in Cell and Developmental Biology, 9:  

DOI: 10.3389/fcell.2021.697939 

2.2.1 Scientific summary 

The lack of specific biomarkers and the resulting late detection of PDAC disease 

contributes to a short overall survival and a grim prognosis for PDAC patients (Zhang et 

al., 2018). In this context, exosomes isolated from body fluids of diseased patients and 

their molecular content are current research subjects since cargo molecules were 

described to differ from healthy to tumor patients (Sumrin et al., 2018). MicroRNAs 

(miRNAs) are small non-coding RNAs consisting of 18-22 nucleotides. Malignant 
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processes such as proliferation, migration, and invasion of tumor cells have been 

reported to be caused by miRNA-mediated dysregulation of specific genes (Peng and 

Croce, 2016). Therefore, several studies examined the role of exosomal miRNAs in the 

tumor cross-talk, potentially providing novel diagnostic markers for the early detection of 

PDAC (Soung et al., 2017). Further, the alteration of miRNA expression levels is 

associated with ADAM8 in TNBC, particularly miR-720 (Das et al., 2016). Based on these 

findings, this study intended to investigate the occurrence of ADAM8 and associated 

miRNAs in exosomes of PDAC patients and their potential as biomarkers for the early 

detection of PDAC.  

Exosomes were isolated by sequential ultracentrifugation and filtration from the blood 

serum of 20 healthy donors, 7 patients with precursor lesions, and 72 PDAC patients. 

Afterwards they were examined regarding their characteristic properties. Electron 

microscopy of a representative exosome preparation revealed the typical bilayer 

structure (Figure 1A). Independent of their health status, exosomes derived from control 

or diseased patients had the appropriate size of < 120 nm (Figure 1B-D) and showed the 

same distribution in blood sera (Figure 1E). The only difference noted was the presence 

of CD9 in vesicles from healthy subjects compared to PDAC patients. Different CD9 

levels were found in exosomes from diseased patients (Figure 1F), whereas in healthy 

donors, CD9 levels were relatively consistent (Figure 1G). For the detection of ADAM8 

in the described exosomes, a bead-coupled fluorescence activated cell sorting (FACS) 

analysis (Figure 2A) was performed, and positive counts were found in all preparations 

(Figure 2B-G). Moreover, ADAM8 abundance increased upon disease status: exosomes 

derived from pancreatic precursor lesion patients (p = 0.0139) and PDAC patients (p < 

0.0001) had significantly more positive ADAM8 beads than healthy individuals (Figure 

2H). Additionally, the proteolytic activity of exosomes derived from PDAC patients on a 

förster resonance energy transfer (FRET)-based CD23 substrate (Figure 3B) was higher 

than in healthy controls (Figure 3A). However, to further investigate the content of 

pancreatic cancer-derived exosomes, 7 oncomiRNA were found to be dysregulated in 

PDAC patient-derived exosomes (Figure 3C). Among these, miR-451 showed the 

strongest upregulation and miR-720 downregulation compared to healthy donor vesicles 

(Figure 3C). Subsequent quantitative polymerase chain reaction (qPCR) analysis of the 

complete patient cohort verified the observed results. Additionally, the data of 10 chronic 

pancreatitis (CP) and 7 precursor lesion patients derived exosomes were supplemented 

to this analysis. The upregulation of miR-451 was detectable in precursor lesions and 

even more so in exosomes isolated from PDAC patients. Exosomes of CP patients had 

comparable levels of miR-451 as in healthy control samples (Figure 3 D,E). MiR-720 

levels in exosomes from CP and PDAC patients were lower than in healthy control 
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samples, whereas exosomes derived from precursor lesion patients had similar levels 

as the control samples (Figure 3F,G). In another experimental setup, isolated exosomes 

of Panc89 with a knockout of the ADAM8 gene served to validate the described miRNA-

ADAM8 association. Exosomal miR-451 expression was 11-fold down (p = 0.0102), and 

miR-720 3.2-fold upregulated (p = 0.0032) in Panc89 ADAM8 knockout cells compared 

to exosomes derived from Panc89 cells expressing wildtype ADAM8. 

2.2.2 Description of own contribution 

The personal contribution to the preparation of this publication includes participation in 

the experimental design, the execution and data analysis of Figures 3A,B and S1, and 

the isolation of exosomes derived from Panc89 cells for Figure 3H. 

 

2.3 ADAM8-Dependent Extracellular Signaling in the Tumor 

Microenvironment Involves Regulated Release of Lipocalin 2 and 

MMP-9 

Lena Cook, Marie Sengelmann, Birte Winkler, Constanze Nagl, Sarah Koch,  

Uwe Schlomann, Emily P. Slater, Miles A. Miller, Elke Pogge von Strandmann,  

Bastian Dörsam, Christian Preußer, Jörg W. Bartsch 

 

(2022) International Journal of Molecular Sciences, 23 (4): DOI: 10.3390/ijms23041976 

2.3.1 Scientific summary 

Within the TME, communication between several cell types is obligatory for regulating 

various complex tumor-associated processes such as tumor immunity, stroma 

remodeling, metastasis, angiogenesis, and drug resistance. In this context, the 

interaction of tumor and immune cells is either mediated by direct cell-to-cell contact or 

indirectly through secretion of soluble factors such as cytokines, growth factors, or in 

forms of EVs (Dominiak et al., 2020). Moreover, EVs can harbor remodeling enzymes 

such as MMPs and ADAMs executing communication via cleavage of receptors, 

cytokines, inflammatory or ECM proteins in the TME (Das et al., 2019). Neutrophil 

gelatinase-associated lipocalin, also known as lipocalin 2 (LCN2), has been frequently 

linked to pancreatic inflammation, tumorigenesis, and tumor progression (Gomez-Chou 

et al., 2017; Gumpper et al., 2020). As a secreted glycoprotein, LCN2 can dimerize with 

MMP-9, thereby modulating its proteolytic activity (Yan et al., 2001; Tschesche et al., 

2001). In this context, the knockdown of ADAM8 in TNBC cells led to a downregulation 

of MMP-9 expression and reduced invasiveness (Conrad et al., 2018). It was also 
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reported that upon co-cultivation of PDAC cells with macrophages, MMP-9 expression 

was increased and accompanied by enhanced migration and invasion (Puolakkainen et 

al., 2014). The subject of this study was to examine the role of ADAM8 in macrophage-

tumor cell communication and the regulation of MMP-9 and LCN2.  

To investigate the role of ADAM8 in the tumor cross-talk, we initially conducted a 

knockout of the ADAM8 gene in two PDAC and one TNBC cell line. For this, we used a 

clustered regularly interspaced short palindromic repeats/CRISPR-associated 9 

(CRISPR/Cas 9) system to induce a genomic ADAM8 knockout in Panc89 (Figure 1A-

D), AsPC1 (Figure S1A,B), and MB-231 cells (Figure 2E, Figure S2,G). Since only 

Panc89 cells were used in the main experiments, we first investigated their functional 

properties. ADAM8 deficiency in Panc89 cells resulted, as expected, in reduced 

migrative and invasive behavior, whereas proliferation was unimpaired (Figure 1E-H). 

Based on the metalloprotease domain of ADAM8, we examined the impact of ADAM8-

absence on activities of particular proteases by a FRET-based peptide cleavage assay, 

revealing decreased MMP-9 and ADAM8 activities (Figure 1P,Q; Miller et al., 2011). 

Although activity was measured, MMP-9 expression was barely detectable at the mRNA 

level, as Ct values exceeded 30 (Figure 1N). Despite high mRNA expression of 

ADAM17, we assessed low cleavage rates for ADAM17. Only MMP-2 expression 

showed significant differences at mRNA level; however, MMP-2 activity, which had low 

values, was not affected (Figure 1N-Q). As a next step, we sought to determine whether 

ADAM8 influences MMP-9 activity levels indirectly by regulating LCN2 expression. 

Previous experiments made us aware of LCN2 using a protease/inhibitory array of 

supernatants derived from MB-231 cells, indicating that LCN2 and MMP-9 expression is 

downregulated in cells lacking ADAM8 expression (Figure 2A-C). These results could be 

confirmed for both MB-231 and Panc89 cells on mRNA and protein levels (Figure 2D-

G). Moreover, the regulation of extracellular proteolysis in tumorigenesis has been a 

complicated network based on the interaction of enzymes and inhibitors; thus, we 

examined the potential effect of LCN2 on ADAM8 activity using the same FRET-base 

peptide cleavage assay as described above. Regardless of the applied concentration, 

recombinant LCN2 did not affect the proteolytic functionality of recombinant ADAM8 in 

vitro (Figure 2H).  

Communication within the TME can be mediated by extracellular vesicles, thereby 

modifying and affecting signaling or metabolic processes in recipient cells (Dominiak et 

al., 2020). Therefore, exosomes were isolated from Panc89 cells by sequential 

ultracentrifugation and subsequently analyzed regarding their typical properties. The 

successful exosome preparation was confirmed by both NanoFCM analysis and electron 

microscopy, displaying the appropriate size of 30-150 nm (Figure 3A,B) followed by the 
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antibody-based detection of exosome-associated proteins such as tumor susceptibility 

gene 101 (TSG101), CD81, and flotillin-1 (Figure 3C,F). Interestingly, exosomal ADAM8 

was found to be secreted as an active protease, whereas whole-cell lysates of Panc89 

showed both the mature and pro-forms of ADAM8 (Figure 3C). In accordance with these 

findings, exosomes derived from Panc89 control cells had significantly higher protease 

activities than exosomes isolated from ADAM8-deficient Panc89 cells (Figure 3D). The 

membranes of the applied exosomes were not disrupted, so protease activity could only 

be measured on the outside of the exosomal bilayer. Next, we were interested in 

investigating the mechanism underlying the sorting of ADAM8 into extracellular vesicles. 

As part of the ESCRT machinery, TSG101-dependent cargo-loading is mediated by 

recognizing a PS/TAP motif at targeted proteins, found at the C-terminal end of ADAM8 

(Nabhan et al., 2012). No specific evidence for the presumed interaction was detected 

since immunofluorescence staining of TSG101 and ADAM8 revealed little to no co-

localization (Figure 3E). Supplementary to these results, we aimed to find out if cells 

lacking the C-terminal domain of ADAM8 are still being loaded into extracellular vesicles. 

For this purpose, ADAM8-deficient Panc89 cells were used to knock in either full-length 

ADAM8 or ADAM8 lacking the C-terminal structure (“hA8ΔCD rescue”). After exosomes 

were isolated, the subsequent immunoblot revealed the detection of ADAM8 in both 

preparations (Figure 3F). Next, we wanted to ascertain whether LCN2 and MMP-9 were 

sorted into exosomes and included MB-231 cells in this experimental part. The 

immunodetection of LCN2 displayed a positive signal for exosomes derived from Panc89 

and MB-231 control cells. Interestingly, lower levels of LCN2 were present in exosomes 

from Panc89 cells lacking ADAM8 expression (Figure 4A), whereas LCN2 in exosomes 

from MB-231 ADAM8 knockout cells could not be detected (Figure 4B). However, MMP-

9 was only secreted in exosomes from MB-231 cells (Figure 4B) and not in Panc89 cell-

derived exosomes at all (Figure 4A).  

Considering the possible important role of ADAM8-dependent LCN2 expression in 

PDAC, we read up on another study that reported the effect of LCN2 on the cell surface 

maintenance of EGF-receptor (EGFR), therefore regulating EGFR signaling (Yammine 

et al., 2019). In this context, we examined EGFR and downstream signaling in Panc89 

ADAM8 knockout cells, and interestingly, EGFR phosphorylation was not affected 

(Figure 5A,C). Nevertheless, activation of MAPK was lower in ADAM8-deficient Panc89 

cells. The treatment of Panc89 ADAM8 knockout cells with transforming growth factor-

alpha (TGF-α) further downregulated MAPK phosphorylation significantly (Figure 5A,D), 

whereas LCN2 expression was elevated to Panc89 control cell levels (Figure 5A,B). 

Additionally, we did not observe any protein expression changes upon treatment with 

recombinant LCN2 (Figure 5). 
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Based on the results so far, we were interested in how ADAM8-dependent regulation of 

LCN2 is affected by cells of the TME, particularly macrophages. For the experimental 

setup, the THP-1 cell line derived from acute monocytic leukemia was differentiated into 

M0 macrophages and then co-cultured with Panc89 cells. As a result, LCN2 expression 

significantly increased upon co-culture on mRNA and protein levels. The observed effect 

was even more pronounced in Panc89 control cells than in Panc89 cells lacking ADAM8 

expression (Figure 6C,E). Surprisingly, the analysis of MMP-9 expression revealed an 

upregulation after co-culture, not only at the mRNA but especially at the protein level. 

However, no differences in MMP-9 expression were detected in both Pan89 cell lines 

(Figure 6D,E). Although MMP-9 expression was not affected by the absence of ADAM8 

in Panc89 cells after co-culture, we noted significant differences in MMP-9 activity when 

we used conditioned supernatants for zymography (Figure 6F,G). In addition, the cell 

structure and morphology of the pancreatic cancer cell lines changed to a more 

mesenchymal appearance after co-culture (Figure 6H). In the last part of our 

experiments, we wanted to verify to what extent the ADAM8-dependent regulation of 

LCN2 and MMP9 is affected by the polarization status of the macrophages employed. 

Firstly, Panc89 control cells had approximately 2.5-fold higher ADAM8 levels after co-

culture with M2 macrophages than with M0, M1, or without co-culture (Figure 7A,C). 

Besides, we observed the highest ADAM8-independent induction of MMP-9 expression 

in tumor cells co-cultured with M0 macrophages from non-detectable levels to ~65,000 

pg/mL; however, both M1 and M2 increased MMP-9 levels to about 40,000 pg/mL 

(Figure 7A,B). In contrast, two macrophage types induced LCN2 expression and 

associated secretion of Panc89 control cells upon co-culture dependent on ADAM8. 

Interestingly, ADAM8-deficient Panc89 cells that were co-cultivated with M1 

macrophages showed similar LCN2 levels compared to the co-cultured Panc89 control 

cells (Figure 7A,D). Finally, we treated both Panc89 control and Panc89 ADAM8 

knockout cells with macrophage-conditioned supernatants to establish the link between 

co-culture and exosome-based communication as a preliminary experiment. The 

therefore mimicked co-culture had no effects on LCN2 expression, whereas the MMP-9 

protein level was elevated in an ADAM8-dependent manner (Figure S9).  

2.3.2 Description of own contribution 

The personal contribution to the preparation of this publication includes participation in 

writing the manuscript, as well as the experimental setup, execution, and data analysis 

of Figure 1A-H,N,O, Figure 2D-H, Figure 3C-F, Figure 4A, Figure 6A,E, Figure 7, Figure 

S1, Figure S2, Figure S6, Figure S8C,D and Figure S9. The contributing authors, Marie 
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Sengelmann, Birte Winkler, and Constanze Nagl worked in their Master's thesis (M.S.) 

and their Bachelor's thesis (B.W. and C.N.) under my supervision.  
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 Discussion 

3.1 Cohort Analysis of ADAM8 Expression in the PDAC Tumor 

Stroma 

The correlation of verifiable ADAM8 expression with increased tumor cell migration, 

invasion, or dissemination in PDAC was the subject of several research studies 

(Valkovskaya et al., 2007; Puolakkainen et al., 2014; Schlomann et al., 2015). In this 

context, an earlier study demonstrated that qPCR analysis of healthy pancreatic and 

PDAC derived tissue revealed significantly elevated levels of ADAM8 in tumor samples. 

The observed results were then correlated with survival data of PDAC patients. Patients 

with higher ADAM8 mRNA expression had shorter overall survival times than patients 

with lower ADAM8 mRNA levels (Valkovskaya et al., 2007). Consistent with these 

results, ADAM8 protein expression was detected in all PDAC tissue sections of the 

Marburg patient cohort using immunohistochemistry. In our cohort, however, we could 

not detect a significant correlation of ADAM8 expression in tumor cells with patient 

survival. Since different methods were used to assess ADAM8 levels in tumor tissue of 

PDAC patients, the comparability of these two studies must be viewed critically. On the 

one hand, there is no distinction possible between tumor and stromal cells when using 

tumor tissue for RNA extraction. On the other hand, RNA isolation from tissue samples 

and subsequent qPCR analysis is independent of semi-quantitative assessments and 

scoring of parameters like staining intensities, as previously applied for correlation 

analyses of ADAM8 and survival of tumor patients (Li et al., 2012; Romagnoli et al., 2014; 

Conrad et al., 2018). However, immunohistochemical staining of tumor-tissue sections 

offers the possibility to distinguish between positive signals either in tumor or in stromal 

cells. The critical function of tumor-associated cells in the diagnosis, prognosis, and 

treatment of PDAC is widely discussed. In the case of TAMs, various studies used 

different markers, and the number of patients included varied, emphasizing the need for 

more specific markers (Kurahara et al., 2011; Ino et al., 2013; Knudsen et al., 2017).  

Given the presence of ADAM8 in various immune cells and its inducibility by 

inflammatory stimuli, we were interested in the expression profile of ADAM8 in tumor-

associated cells (Yoshida et al., 1990; Yoshiyama et al., 1997; Schlomann et al., 2000; 

Gómez-Gaviro et al., 2007; Valkovskaya et al., 2007). The conducted double-staining 

revealed a co-localization of ADAM8 with macrophages, NK cells, and neutrophils. 

Contrary to what was shown by Li et al. in GBM patients, we detected ADAM8 most 

frequently in neutrophils and NK cells and to a lesser extent in macrophages (Li et al., 

2021). However, the role of ADAM8 in immune cells is the subject of current research 

and discussed in the context of various diseases. For instance, a recent study postulated 
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that the lack of ADAM8 in macrophages promotes chronic obstructive pulmonary disease 

(COPD) by increasing the numbers of infiltrating macrophages and upregulating EGFR-

mediated mucus cell metaplasia, a hallmark of COPD (Polverino et al., 2018). In 

compliance with Polverino et al., another study showed that the absence of ADAM8 in 

leukocytes had a pro-inflammatory effect on allergic airway inflammation in mice by 

inducing apoptotic signaling pathways in those cells. Since an infiltration of leukocytes, 

particularly eosinophils and macrophages, into the airways during asthma inflammation 

and COPD promotes disease progression, these studies suggested that the 

improvement of leukocyte-derived ADAM8 may be a potential therapy for asthma and 

COPD disease relief (Knolle et al., 2013; Polverino et al., 2018).  

As a completely opposite result, Dreymueller et al. demonstrated that mRNA knockdown, 

enzyme inhibition, or gene knockout of ADAM8 impaired transendothelial and 

transepithelial migration of macrophages in acute lung inflammation in vitro. Unlike 

described by Knolle et al., no effects of ADAM8-deficiency on leukocyte proliferation or 

survival were observed in vitro. However, the absence of ADAM8 reduced the number 

of infiltrating leukocytes into the lung (Dreymueller et al., 2017). Contrary results on the 

role of ADAM8 were also described for allergic asthma, leaving a dispute whether 

ADAM8 is a “friend or foe” in allergic asthma (Naus et al., 2010; Chen et al., 2013; Knolle 

et al., 2013). These contrary results concluded that ADAM8 can act either stage-specific 

or strain-specific in mice. Given the competence of ADAM8-positive immune cells to 

inflammation sites, its impact might be due to the recruitment of relevant immune cells 

(macrophages, neutrophils, NK cells) during disease development and their impact on 

disease progression. 

On the protective site of ADAM8, it was shown that both neutrophils and macrophages 

are recruited during skeletal muscle regeneration to clear the remnants of destroyed 

muscle fibers. In vivo data from skeletal muscle of dystrophin-null mice crossed with 

Adam8 knockout mice confirmed the assumption that infiltration of neutrophils and 

macrophages into the tissue is ADAM8 dependent. Consequently, ADAM8-positive 

neutrophils and macrophages have been shown to dispose of injured muscle fibers that 

contribute to skeletal muscles' successful regeneration (Nishimura et al., 2015).  

As a demonstration of detrimental effects of ADAM8, a current study by Conrad et al. 

using intravital microscopy in Adam8-deficient mice again confirmed that neutrophil 

recruitment and transepithelial migration is ADAM8 dependent in vivo. The pulmonary 

infection of Adam8 knockout mice with Pseudomonas aeruginosa, a commonly used 

method to induce acute respiratory distress syndrome (ARDS) in animals, was followed 

by fewer neutrophil counts, reduced morbidity, limited lung injury, and decreased 

bacterial burden. Moreover, ADAM8 expression and proteolytic activity in ARDS patients 
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are associated with higher mortality, clearly demonstrating that ADAM8-inhibition is a 

therapeutic option (Conrad et al., 2022). 

In contrast to the disputable role of ADAM8 in lung diseases, ongoing studies in oncology 

strongly suggest that ADAM8 is involved in tumor progression so that inhibition of 

ADAM8 seems an attractive option. For instance, studies in GBM suggested that ADAM8 

expression in tumor cells and TAMs regulates angiogenesis-associated processes in 

cancer disease. More detailed, the experiments conducted by Li et al. showed that 

ADAM8 can regulate a protein involved in angiogenesis termed osteopontin (OPN) in 

both, cancer cells and macrophages. Supernatants of macrophages derived from Adam8 

deficient mice showed decreased tube formation capacity in a human umbilical vein 

endothelial cells (HUVEC)-based angiogenesis assay, postulating that ADAM8 regulates 

OPN levels in macrophages while promoting angiogenesis and thus tumor progression 

(Li et al., 2021).  

Because both disease-promoting and improving roles have been described for ADAM8, 

it is essential to elucidate the function of ADAM8 in tumor-associated macrophages, NK 

cells, and neutrophils of PDAC. In this regard, our study identified the most frequent co-

localization of ADAM8 with neutrophils mainly found in post-capillary venules within the 

tumor area. More interestingly, after quantifying the ADAM8-positive neutrophil density 

for all tumor tissue sections of our patient cohort, we could show that the abundance of 

ADAM8-positive neutrophils negatively correlated with patient survival. These results 

indicate that ADAM8-positive neutrophils in tumor tissue may provide a measure of 

disease progression and thus serve as a prognostic factor. Therefore, we concluded that 

ADAM8 is essential for neutrophil mobility and transmigration through the endothelium 

in PDAC. Interestingly, we recently demonstrated for ARDS that ADAM8 was significant 

for neutrophil recruitment in lung tissue by the interaction of its cytoplasmic domain with 

the unconventional myosin1f (myo1f; Conrad et al., 2022). In contrast to this, we 

achieved to convey that both the NLR and neutrophil counts in peripheral blood of PDAC 

patients did not correlate with patient survival. Comparing this data with the existing 

literature, we found that using a NLR ratio as well as scoring of general neutrophil 

infiltration for correlation analyses is still under debate (Stotz et al., 2013; Piciucchi et al., 

2017; Wikberg et al., 2017; Iwai et al., 2020; Naso et al., 2021).  

Overall, our study detected ADAM8 in the Marburg PDAC patient cohort, supporting its 

presumed essential role in tumorigenesis and dissemination of PDAC. In addition, there 

is evidence for ADAM8 expression in tumor-associated cells such as macrophages, NK 

cells, and neutrophils. The role of ADAM8 in NK cells and macrophages is still uncertain 

and should be further investigated. Nevertheless, based on the literature and the findings 

of our study, it can be argued that ADAM8 tends to exert tumor-promoting rather than 
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tumor-suppressing functions by either improving the general “fitness” of tumor cells 

(invasion, proliferation) or recruiting tumor-associated cells such as macrophages and 

neutrophils. The detection of ADAM8 in neutrophils of tissue sections could aid in the 

diagnosis and prognosis of PDAC patients to improve disease progression and 

treatment. 

 

3.2 Extracellular Vesicle-Based Detection of Pancreatic Cancer 

Detection of ADAM8 in tumor-associated neutrophils in post-capillary venules and the 

subsequent quantification allowed us to identify a potential prognostic method for 

patients at risk for PDAC (Jaworek et al., 2021). The health outcome, as well as the 

pathological diagnosis of diseased patients, are essential for the appropriate treatment. 

Nevertheless, one of the biggest challenges in PDAC is the early detection of the 

disease. The lack of specific symptoms during the development of PDAC makes early 

diagnosis and thus curative treatment difficult, if not almost impossible (Vincent et al., 

2011; Hessmann et al., 2020). Despite commonly used medical imaging methods such 

as computed tomography (CT), endoscopic retrograde cholangiopancreatography 

(ERCP), upper endoscopic ultrasonography (EUS), magnet resonance imaging (MRI), 

and positron emission tomography (PET), tumors are usually detected in a more 

advanced state and therefore have little to no treatability (Yee et al., 2018). Carbohydrate 

antigen 19-9 (CA 19-9) has gained acceptance as a biomarker in sera from PDAC 

patients and is still used today. However, elevated CA 19-9 levels can mislead 

diagnostics since biliary obstruction, endocrinal, gynecological, hepatic, pulmonary, 

spleen, and malignancies apart from pancreatic cancer can increase the amount of 

serum CA 19-9 (Ballehaninna and Chamberlain, 2012; Kim et al., 2020).  

The search for more specific and suitable biomarkers is the subject of current research. 

It has turned out that the content of EVs, in particular, exosomes, derived from patients’ 

blood appeared to serve as a potential diagnostic tool for the detection of early-stage 

PDAC tumors (Yee et al., 2020). To obtain a better insight into the molecular content of 

serum EVs (sEVs), we isolated and characterized exosomes from 72 PDAC patients and 

compared them with exosomes derived from 20 healthy individuals and 7 patients with 

precursor lesions. Electron microscopy and ZetaView® analyses of the EV samples 

confirmed the size and shape prescribed for exosomes (Fuhrmann et al., 2015; Théry et 

al., 2018).  

Given the prognostic value of ADAM8, we wanted to investigate the diagnostic potential 

of ADAM8 in exosomes of PDAC patients (Jaworek et al., 2021). In lung cancer, as well 

as gastric and breast cancer, significantly increased ADAM8 levels were found in blood 
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from diseased patients compared to healthy control groups (Ishikawa et al., 2004; 

Romagnoli et al., 2014; Chung et al., 2019). However, no differences were observed in 

detecting soluble ADAM8 in sera from PDAC patients and healthy individuals 

(Valkovskaya et al., 2007). Considering EVs as a powerful diagnostic tool, we applied a 

bead-coupled FACS analysis of the isolated sEVS from our control group and our patient 

cohorts. Apart from the fact that ADAM8 was present in all sEVs, the data analysis 

revealed a positive correlation of high exosomal ADAM8 secretion with disease 

progression, demonstrating that ADAM8 is a tumor-dependent cargo of EVs. In 

agreement with the membrane localization in EVs, we identified a correlating proteolytic 

activity of sEVs derived from PDAC patients using a FRET-based CD23 substrate, 

whereas ADAM8 activity of sEVs isolated from healthy individuals was hardly detectable. 

Although this peptide substrate is not ADAM8-specific, the high amount of detectable 

ADAM8 levels in sEVs of diseased patients suggests a predominant involvement of 

ADAM8 in the observed high cleavage rates. Both the use of an antibody recognizing 

the extracellular domain of ADAM8 as well as the detectable proteolytical activity indicate 

a topological orientation of ADAM8 towards the extracellular compartment. It is tempting 

to speculate that ADAM8 may exert its tumor-promoting functions not only by being taken 

up by recipient cells but also by the proteolytic activity on the surface of exosomes. 

Interestingly, the proteolytic activity of several proteases on the surface of exosomes has 

been described in previous studies (Sanderson et al., 2019). Among these, a protease 

termed membrane-type1 MMP (MT1-MMP, MMP14) embedded in the bilayer structure 

of exosomes has been reported to degrade type I collagen and proenzyme MMP-2 

(Hakulinen et al., 2008). In addition, enhanced TNF-α and amphiregulin shedding activity 

of ADAM17 on the surface of exosomes were shown by Groth et al. (Groth et al., 2016). 

This data suggests a possible regulatory and ECM shaping role for ADAM8 on exosomes 

since it can also cleave several ECM molecules and regulate protease activities (Conrad 

et al., 2019; Scharfenberg et al., 2020). 

Considering the heterogeneity of PDAC tumors, detecting, or profiling several different 

biomolecules in exosomes is thought to have greater diagnostic value than focusing on 

just one biomarker. Based on the finding that miRNAs can be packed into EVs, we were 

interested in exosomal miRNAs that are correlated with the presence of ADAM8 (Soung 

et al., 2017). By means of a cancer-associated miRNA screening, we identified two 

miRNAs affected by the disease status of PDAC patients compared to healthy probands. 

One of them has already been described in connection with ADAM8. For instance, Das 

et al. reported downregulation of miR-720 in ADAM8-deficient breast cancer cells and 

their derived exosomes (Das et al., 2016). In contrast, our study found a significant 

decrease of mirR-720 levels in exosomes derived from the blood of CP and PDAC 
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patients compared to exosomes from healthy controls and patients with precursor 

lesions. The validation of these results in exosomes derived from Panc89 ADAM8 

knockout cells revealed, contrary to Das et al., an upregulation of exosomal miR-720 in 

Panc89 ADAM8 knockout cells suggesting a rather tumor-promoting role for the ADAM8-

regulated release of miR-720 in PDAC. A study reinforced this assumption by 

demonstrating that upregulation of miR-720 acts as a tumor suppressor, thereby 

preventing pancreatic tumor cell proliferation and invasion ability (Zhang et al., 2017). In 

addition, it was shown that high miR-720 expression in pancreatic cancer cells 

downregulated epithelial-mesenchymal transition (EMT)-associated genes (Lemberger 

et al., 2019). By further analyzing the isolated sEVs' content, we observed a significant 

upregulation of miR-451 in samples of precursor lesions or PDAC patients and a 

simultaneous reduction of miR-451 expression in EVs from ADAM8 knockout Panc89 

cells. A study that has been retracted claimed a tumor-promoting role for miR-451 by 

targeting calcium-binding protein 39 (CAB39), thus increasing cell proliferation and 

invasion of pancreatic cancer cells (Retracted article (Guo et al., 2017; International, 

2021). Although this article was retracted, the use of TargetScan (v8.0; targetscan.org; 

accessed on 01 March 2022) revealed a target site in the 3’ untranslated region (UTR) 

of CAB39. Considering these results and the tumor-promoting effects and regulatory 

functions that have been described for ADAM8 in PDAC, it seems plausible to speculate 

that ADAM8 may regulate tumor progression by upregulation of miR-451. Despite this, 

the regulatory role of ADAM8 for miR-451 must be investigated further.  

To conclude, our study provides insights into the content of exosomes derived from 

PDAC patients compared to healthy individuals. We successfully detected ADAM8 in 

exosomes and identified ADAM8-dependent exosomal miR-720 and miR-451 levels as 

a potential biomarker profile. The different regulatory patterns of miRNAs might help to 

differentiate between CP, precursor lesions, and PDAC disease and to improve the early 

detection of pancreatic cancer, particularly the curative treatment of the disease. 

Furthermore, the presence of exosomal ADAM8 and its proteolytic activity on exosomes' 

surface could extend the additional important functions of ADAM8 in the TME of PDAC 

regarding tumor progression and metastasis. Again, ADAM8 has emerged as a potential 

therapeutic target in pancreatic cancer.  
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3.3 ADAM8-Dependent Extracellular Signaling in the Tumor 

Microenvironment Involves Regulated Release of Lipocalin 2 and 

MMP-9 

The TME in PDAC has emerged as a complex network of cancer cells as well as tumor-

associated cells, ECM proteins, and signaling molecules (Hessmann et al., 2020). During 

tumorigenesis, cells within the TME communicate either by cell-to-cell contact or 

exchange of soluble factors and EVs (Dominiak et al., 2020; Yang et al., 2020). In the 

article published by Verel-Yilmaz et al., we demonstrated the proteolytic activity and the 

potential regulatory function of ADAM8-positive exosomes that have been isolated from 

PDAC patients’ blood  (Verel-Yilmaz et al., 2021). Since there is evidence that ADAM8 

is expressed in tumor-associated macrophages in the tumor tissue of PDAC patients, we 

were interested in the role of the multifunctional protein ADAM8 in communication 

between macrophages and tumor cells in PDAC (Jaworek et al., 2021).  

Firstly, the characterization of the Panc89 ADAM8 knockout cell line used in our studies 

revealed a reduced cell migration and invasion. These findings are in accordance with 

data of a previous study in that Schlomann et al. reported a decrease in migration and 

invasion upon ADAM8 knockdown in another pancreatic cancer cell line (Schlomann et 

al., 2015). However, ADAM8 not only affects cancer cell migration and invasion in PDAC 

but also in breast, brain, and lung cancer, as well as in hepatocellular carcinoma 

suggesting that ADAM8 is involved in general tumor-promoting and cancer 

dissemination processes (Wildeboer et al., 2006; Hernández et al., 2010; Romagnoli et 

al., 2014; Awan et al., 2021b). The underlying mechanisms also include the complex 

coordination and interaction of different MMPs and ADAMs. Previous studies 

demonstrated an ADAM8-dependent regulation of MMP-2, MMP-9, MMP-14, and 

ADAM17 activities, leading to the investigation of an activity profile in both Panc89 cell 

lines (Schlomann et al., 2015; Conrad et al., 2018; Scharfenberg et al., 2020). As a result, 

the inferred proteolytic activities of MMP-2 and ADAM17 were hardly measurable, 

whereas ADAM8 and MMP-9 cleavage rates were comparably high and downregulated 

in ADAM8 knockout cells. Hence, the data indicated that functional active ADAM8 might 

regulate high MMP-9 activity levels in Panc89 cells. Due to its ability to degrade ECM 

molecules such as collagen, fibronectin, and laminin, MMP-9 has been described to 

facilitate extravasation and dissemination of tumor cells, thus accelerating metastasis 

formations in several cancer diseases (Xu et al., 2010a; Hagemann et al., 2012; 

Yabluchanskiy et al., 2013; Farina and Mackay, 2014; Mehner et al., 2014; Huang, 

2018). A recent study addressing proteolytic functions in breast cancer implied an 

ADAM8-dependent regulation of the transcription and proteolytic activity of MMP-9 via 
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activation of extracellular signal-regulated kinases 1/2 (ERK1/2) and cyclic adenosine 

monophosphate responsive element-binding protein (CREB) signaling. Consequently, 

the transmigration of tumor cells through the endothelial cell layer was induced, and 

metastasis to the brain occurred (Conrad et al., 2018). Additionally, in brain cancer, the 

latest results indicate that MMP-9 expression induced by ADAM8 via MAPK signaling is 

mediated by a downregulation of miR-181a-5p that has evolved as a tumor suppressor 

in glioma cells, suggesting a plausible mechanism for ADAM8-dependent regulation of 

MMP-9 activity in PDAC (Shi et al., 2008); Schäfer et al., Manuscript in press). Based on 

these findings, the noted ADAM8-dependent proteolytic activity of MMP-9 could explain 

the increased invasive behavior of Panc89 control cells compared to ADAM8 knockout 

cells. Nevertheless, unlike what was shown by Conrad et al., we could not ascertain a 

transcriptional regulation of MMP-9 by ADAM8 expression in Panc89 cells since MMP-9 

mRNA and protein levels were almost not detectable. Consequently, we were interested 

in the regulatory mechanisms underlying MMP-9 activity and therefore performed a 

protease/inhibitory array to investigate potential proteins regulated by ADAM8 to 

promote MMP-9 activity.   

Among these proteins, our data revealed a decreased LCN2 expression in cells lacking 

ADAM8, which became much more interesting for us since LCN2 has been described to 

regulate MMP-9 activity by forming a complex, thus protecting it from degradation 

(Tschesche et al., 2001; Yan et al., 2001). The role and function of LCN2 expression in 

pancreatic diseases are contrarily discussed in the literature (Gumpper et al., 2020). 

Nevertheless, it has been demonstrated that the depletion of LCN2 in pancreatic cancer 

cell lines diminished invasive behavior, as shown by a lower proteolytic activity of MMP-

9 in gelatin zymography and the reduced ability to degrade ECM molecules in an 

invasion assay. Furthermore, pancreatic cancer cells lacking LCN2 expression were 

more sensitive to gemcitabine treatment than cells exhibiting LCN2 (Leung et al., 2012). 

In addition, in vivo data of a constitutive Lcn2 knockout in KPC mice revealed increased 

overall survival, reduced ECM secretion, less PanIN development, diminished tumor 

growth, and impaired macrophage recruitment (Gomez-Chou et al., 2017). Considering 

the observed effects of ADAM8 on pancreatic cancer cells and PDAC development, we 

suggested that ADAM8 could regulate MMP-9 activity indirectly by controlling LCN2 

levels. Since no ADAM8-mediated cleavage or activation of pro-MMP-9 is known so far, 

we hypothesize that ADAM8-dependent regulation of LCN2 results in higher levels of 

enzymatically active MMP-9. As a result, ADAM8 could thereby increase tumor cells' 

invasive behavior and enhance tumor progression and metastasis. A possible 

mechanism for regulating LCN2 expression could be the activation of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB). In chondrosarcoma cells, 
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ADAM8 has been described to regulate migration and invasion of tumor cells by the 

activation of NF-κB (Liu et al., 2019). In hepatoma cells, the binding of ADAM8 to β1-

integrin is responsible for the activation of FAK/MAPK/Src kinase and ras homolog 

guanosine triphosphate hydrolyzing enzyme (Rho GTPase) that in turn can activate NF-

κB (Lee et al., 2007; Awan et al., 2021a). Since the promotor of LCN2 contains a binding 

site for NF-κB, this type of regulation would be possible and requires further research 

(Zhao et al., 2014). In addition, upon IL-10 stimulation, signal transducer and activator of 

transcription 3 (STAT3) phosphorylation led to an increased LCN2 expression in 

macrophages, as described by another study (Jung et al., 2012). In GBM cells as well 

as in macrophages, ADAM8 has been found to regulate angiogenesis by inducing OPN 

expression via janus kinase (JAK)/STAT3 activation, suggesting a possible regulatory 

link between ADAM8-dependent activation of STAT3 and induced LCN2 expression. 

Furthermore, ADAM8 has been reported to regulate miRNAs involved in pancreatic, 

breast, and brain cancer progression (Das et al., 2016; Verel-Yilmaz et al., 2021). Thus, 

miRNA-mediated regulation of LCN2 by ADAM8 should not be ruled out. Several studies 

reported miRNAs that are found to target LCN2 expression. For instance, in the context 

of ischemic stroke, exosomal miR-138-5p has been shown to inhibit LCN2 expression, 

whereas the investigation of miR-761 revealed the inhibition of EMT by blocking LCN2 

transcription during chronic rhinosinusitis (Deng et al., 2019; Cheng et al., 2020). The 

latter could be a potential miRNA downregulated by ADAM8 and thus promote EMT-

associated processes. Moreover, the results of a miRNA expression analysis of GBM 

ADAM8 knockout cells of one of our master’s students have turned out to be informative 

and revealed a negative correlation of ADAM8 with miR-130a (master’s thesis by Lara 

Meier; unpublished data). The overexpression of miR-130a in a murine granulocytic 

precursor cell line led to decreased LCN2 mRNA expression, suggesting a regulatory 

mechanism in which LCN2 expression is induced by ADAM8-mediated downregulation 

of miR-130a (Larsen et al., 2014).  

When Panc89 control and ADAM8 knockout cells were co-cultivated with THP-1-derived 

macrophages, LCN2 expression was significantly enhanced in both cell lines but 

substantially higher in Panc89 control cells. Although MMP-9 mRNA and protein levels 

in Panc89 cells were elevated independent of ADAM8 and macrophage polarization, 

gelatin zymography displayed the ADAM8-dependent upregulation of MMP-9 activity. 

The presence of macrophage increased the observed effect of ADAM8 on LCN2 and 

MMP-9 activity; hence we expect a more invasive phenotype of Panc89 control than 

ADAM8 knockout cells. A study supporting this assumption published by Puolakkainen 

et al. could also indicate an increased induction of MMP-9 expression using a similar 

experimental setup. Unlike our study, ADAM8 was additionally upregulated in tumor cells 
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upon co-culture with macrophages. However, the invasion rate of co-cultivated tumor 

cells correlated with increased ADAM8 and MMP-9 expression levels (Puolakkainen et 

al., 2014). In addition, Tekin et al. reported that the secretion of MMP-9 by macrophages 

which leads to the activation of EMT by MMP-9-mediated cleavage of protease-activated 

receptor (PAR1). Other than described here, we assume that independent of its origin, 

tumor cell-derived MMP-9 might also lead to the activation of PAR1 and, consequently, 

induce the transcription of EMT-associated genes (Tekin et al., 2020). Based on these 

studies, our data suggest that the invasiveness of Panc89 control cells compared to 

ADAM8 knockout cells should increase upon co-culture. Experiments addressing these 

assumptions should provide further insights.  

Another possible underlying mechanism of ADAM8-dependent upregulation of LCN2 

expression could be the complex network of TNF-α signaling. In 2010, Bartsch et al. 

provided evidence that ADAM8 expression is upregulated after the stimulation with TNF-

α, which in turn led to shedding processes of TNF-R1 by ADAM8 (Bartsch et al., 2010). 

Since pro-inflammatory macrophages (M1) secrete inflammatory cytokines such as TNF-

α and the inducibility of LCN2 expression by TNF-α has been reported by an earlier 

study, one could assume that macrophage-derived TNF-α is responsible for the 

described upregulation (Zhao et al., 2014). It is tempting to speculate that TNF-α, 

released by macrophages, somehow induces the ADAM8-mediated cleavage of soluble 

TNF-R1, thus increasing LCN2 secretion in tumor cells. Our data supports this 

assumption, as pro-inflammatory macrophages have a relatively more substantial 

inducing effect on LCN2 expression in Panc89 control cells compared to anti-

inflammatory macrophages (M2). 

Our study revealed that ADAM8 was packaged as an active enzyme in EVs derived from 

Panc89 and MB-231 control cells, suggesting that the secretion of ADAM8 in EVs might 

mediate the ADAM8-based communication within the TME. Upon closer examination, 

we showed that the extracellular release of LCN2 and MMP-9 in EVs was dependent on 

the presence of ADAM8. EVs without ADAM8 as a cargo had lower levels of LCN2, 

whereas exosomal MMP-9 was hardly detectable. Since we could not find any evidence 

that ADAM8 is sorted into EVs by binding ESCRT-I protein TSG101 via PTAP-motif, 

other mechanisms independent of TSG101 need to be investigated (Nabhan et al., 

2012). For instance, the presence of lipid rafts was shown to facilitate the formation of 

exosomes, thereby encapsulating proteins that are embedded in these structures (Tan 

et al., 2013). ADAM17 was associated with lipid rafts and was also detected in EVs, 

presenting an alternative mechanism for directing ADAM8 into EVs (Tellier et al., 2006; 

Groth et al., 2016). Furthermore, the association with ceramides or tetraspanins, which 

have been described to be involved in exosomal sorting processes, could also allow 
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ADAM8 to be packaged into exosomes (Wei et al., 2021). Previous studies could 

demonstrate an association for ADAM10 with tetraspanins, thus supporting the proposed 

mechanism (Arduise et al., 2008; Harrison et al., 2021). 

In conclusion, it became clear from the results presented here that ADAM8 in the TME 

significantly affects tumor development and progression. Its multidomain structure 

enables the execution of essential functions for tumor-associated processes such as 

enzymatic processing of receptors and proteins or signaling by interaction with regulatory 

factors (Conrad et al., 2019). Our results proved that ADAM8 was not only detected in 

tumor cells but also in tumor-associated cells such as neutrophils, NK cells, and 

macrophages. In addition, the determination of ADAM8-positive neutrophil density in 

venules of pancreatic tumors has been shown to be useful as a prognostic marker in 

PDAC (Jaworek et al., 2021). It has turned out that ADAM8 is important for the 

recruitment of immune cells as well as for the motility and transendothelial migration of 

these cells, contributing to a tumor-supportive microenvironment (Dreymueller et al., 

2017; Jaworek et al., 2021; Conrad et al., 2022).  Besides its ability to recruit immune 

cells to the tumor site, ADAM8 can also activate regulatory proteins such as β1-integrin, 

STAT3, or MAPK/CREB leading to the upregulation of tumor-promoting proteins such as 

LCN2, OPN, and MMP-9 and increased migration, invasion, and angiogenesis. In 

addition, the presence of immune cells such as macrophages can enhance the ADAM8-

dependent upregulation of these proteins (Schlomann et al., 2015; Conrad et al., 2018; 

Li et al., 2021; Cook et al., 2022). Furthermore, as a cargo of extracellular vesicles, we 

could conclusively show that ADAM8 exerts its functions in the TME by either regulating 

the molecular content or acting as an active protease on the surface of these vesicles. 

For instance, ADAM8 has been described to regulate the expression and sorting of 

miRNAs such as miR-451, miR-720, and miR-181a into extracellular vesicles, but also 

proteins such as LCN2 and MMP-9. (Verel-Yilmaz et al., 2021; Cook et al., 2022; Schäfer 

et al., Manuscript in press). The uptake of these vesicles by recipient cells could lead to 

either expression changes of genes involved in tumor progression or activation of 

signaling pathways. Moreover, the outward-facing metalloprotease domain of ADAM8 

could potentially degrade ECM molecules during dissemination processes or receptor-

ectodomain shedding on recipient cells, creating a tumor-promoting microenvironment. 

In addition, ADAM8 present in exosomes derived from serum of PDAC patients is a 

suitable method for diagnostic purposes since exosomal ADAM8 abundance correlated 

with disease progression that needs to be improved by identification of markers that are 

regulated by ADAM8 in order to provide a higher specificity of diagnoses (Verel-Yilmaz 

et al., 2021). 
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Further elucidation of the ADAM8-dependent regulation of miRNAs as well as tumor-

promoting proteins is crucial. Furthermore, a more detailed understanding of regulatory 

mechanisms underlying ADAM8-dependent cargo loading of extracellular vesicles may 

provide more insight into ADAM8-driven communication of tumor and immune cells in 

the TME and support the development of diagnostic and therapeutic approaches in 

PDAC.  
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 Summary 

The expression of the membrane-bound protein ADAM8 is associated with various 

diseases such as respiratory diseases, liver injury, neuroinflammation, and cancer. 

Despite its low expression level in distinct cell types, ADAM8 can be upregulated to 

significant levels upon specific stimuli. Unlike inflammatory processes, ADAM8 is 

constitutively overexpressed in cancer diseases as it has been described for brain, 

breast, lung, and pancreatic cancer, and correlates almost exclusively with poor survival. 

Most importantly, PDAC demonstrated that ADAM8 plays an essential role in tumor cell 

migration, invasion, and metastasis in vitro and in vivo. The treatment of PDAC is 

impeded by its high metastatic ability and the lack of specific symptoms leading to late 

detection of the tumor disease and a high mortality rate. Therefore, there is a high 

urgency to identify biomarkers for early detection as well as specific therapeutic targets. 

The first aim of this thesis was to detect ADAM8 in tumor tissue sections of the Marburg 

PDAC patient cohort. DAB staining of all patients revealed a positive detection of ADAM8 

in all sections, suggesting an essential role for ADAM8 in PDAC tumor and disease 

progression. Nevertheless, ADAM8 expression did not correlate with patient overall 

survival. ADAM8 expression was also detected in tumor-associated macrophages, NK 

cells, and neutrophils, indicating that ADAM8 is involved in the recruitment of immune 

cells to the tumor microenvironment and thus might promote tumor progression. 

However, the quantification and subsequent analysis of the neutrophil density in post-

capillary venules within the tumor areas disclosed the significant negative correlation of 

neutrophils positive for ADAM8 with overall survival, emphasizing the potential of ADAM8 

for diagnosis and prognosis of PDAC. 

In the second part of this study, ADAM8 was identified as an active protease in exosomes 

derived from sera of PDAC patients by applying a bead-coupled FACS analysis. 

Elevated ADAM8 levels in exosomes correlated with disease progression. In addition, 

two miRNAs, miR-451 and miR-720, that are reported to exert tumor-promoting 

functions, were dysregulated in exosomes derived from PDAC patients compared to 

healthy individuals. The validation of these two miRNAs in exosomes from pancreatic 

cancer cell lines Panc89 control and Panc89 ADAM8 knockout cells revealed the 

ADAM8-dependent upregulation of miR-720 and downregulation of miR-451. Based on 

these results, the detection of ADAM8, miR-451, and miR-720 in exosomes may facilitate 

diagnosis, as this regulatory profile allows the differentiation between different stages of 

PDAC disease. 

The final part of this work investigates the regulatory function of ADAM8 in the tumor 

microenvironment. As a protease involved in tumor cell invasion and metastasis, MMP-
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9 was previously described to be regulated by ADAM8 via MAPK/CREB signaling. Based 

on this finding, MMP-9 expression was validated in Panc89 control and ADAM8 knockout 

cells. However, ADAM8 was shown to regulate MMP-9 activity but not MMP-9 

expression. Further analysis of other regulatory proteins revealed the ADAM8-

dependent downregulation of LCN2, a protein that promotes PDAC progression and is 

involved in the regulation of MMP-9 activity. These data suggest that ADAM8 regulates 

LCN2 expression levels to control MMP-9 activity, promoting invasion and metastasis in 

PDAC. In addition, the described regulatory effect of ADAM8 on LCN2 and MMP-9 was 

enhanced by the co-culture of Panc89 cell with THP-1 derived macrophages 

demonstrating the essential role of ADAM8 in the PDAC tumor microenvironment and 

thus underlining the potential as a therapeutic target. The functional analysis of 

exosomes derived from Panc89 control and ADAM8 knockout cells demonstrated an 

ADAM8-dependent release of LCN2 and revealed that ADAM8 is sorted as a 

proteolytically active enzyme in exosomes.  

The presence of the ADAM8 in extracellular vesicles and the ability to exert specific 

regulatory functions in the tumor microenvironment by either cleavage of essential 

proteins or regulating particular genes involved in tumor progression offers the possibility 

to develop advanced treatment strategies and to improve the early detection of PDAC 

disease.  
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 Zusammenfassung 

Die Expression des membrangebundenen Proteins ADAM8 wird mit verschiedenen 

Krankheiten wie Atemwegserkrankungen, Leberschäden, Entzündung des 

Nervengewebes und Krebserkrankungen in Verbindung gebracht. Trotz seiner geringen 

Expression in bestimmten Zelltypen kann ADAM8 durch spezifische Stimuli auf ein 

beträchtliches Maß hochreguliert werden. Im Gegensatz zu entzündlichen Prozessen ist 

ADAM8 bei Krebserkrankungen konstitutiv überexprimiert, wie es für Gehirn-, Brust-, 

Lungen- und Bauchspeicheldrüsenkrebs beschrieben wurde und korreliert fast 

ausschließlich mit einem schlechten Überleben. Vor allem konnte beim PDAC 

nachgewiesen werden, dass ADAM8 für die Migration, Invasion und Metastasierung von 

Tumorzellen in vitro und in vivo eine wichtige Rolle spielt. Die Behandlung des duktalen 

Adenokarzinoms des Pankreas wird durch seine hohe Metastasierungsfähigkeit und das 

Fehlen spezifischer Symptome erschwert, was zu einer späten Erkennung der 

Tumorerkrankung und einer hohen Sterblichkeit führt. Daher ist es dringend notwendig, 

sowohl Biomarker für die frühe Erkennung als auch spezifische therapeutische Ziele zu 

finden. 

Das erste Ziel dieser Arbeit war der Nachweis von ADAM8 in den 

Tumorgewebeschnitten der Marburger PDAC-Patientenkohorte. Die DAB-Färbung aller 

Patienten ergab einen positiven Nachweis von ADAM8 in allen Schnitten, was auf eine 

wesentliche Rolle von ADAM8 bei der Progression des Tumors und Entwicklung der 

Erkrankung hindeutet. Dennoch korrelierte die ADAM8-Expression nicht mit dem 

Überleben der Patienten. Die Expression von ADAM8 wurde auch in tumorassoziierten 

Makrophagen, NK-Zellen und Neutrophilen nachgewiesen, was darauf hindeutet, dass 

ADAM8 an der Rekrutierung von Immunzellen in die Tumormikroumgebung beteiligt ist, 

und somit die Tumorprogression fördern könnte. Die Quantifizierung und anschließende 

Analyse der Neutrophilen-Dichte in den postkapillären Venolen innerhalb des Tumors 

ergab jedoch eine signifikante negative Korrelation der ADAM8-positiven Neutrophilen 

mit dem Gesamtüberleben, was das Potenzial von ADAM8 für die Diagnose und 

Prognose von PDAC unterstreicht. 

Im zweiten Teil dieser Studie wurde ADAM8 mit Hilfe einer „Bead“-gekoppelten FACS-

Analyse als aktive Protease in Exosomen aus Seren von PDAC-Patienten 

nachgewiesen. Ein erhöhter ADAM8-Spiegel in Exosomen korrelierte mit dem 

Fortschreiten der Erkrankung. Darüber hinaus wurde festgestellt, dass die zwei miRNAs 

miR-451 und miR-720, von denen berichtet wird, dass sie tumorfördernde Funktionen 

ausüben, in Exosomen von PDAC-Patienten im Vergleich zu gesunden Personen 

dysreguliert sind. Die Validierung dieser beiden miRNAs in Exosomen, die von den 
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Pankreaskrebs-Zelllinien Panc89 Kontrolle und Panc89 ADAM8 Knockout sekretiert 

wurden, zeigte die ADAM8-abhängige Hochregulierung von miR-720 und die 

Herunterregulierung von miR-451. Auf der Grundlage dieser Ergebnisse könnte der 

Nachweis von ADAM8, miR-451 und miR-720 in Exosomen die Diagnosestellung 

erleichtern, da durch dieses Regulationsprofil die Unterscheidung zwischen 

verschiedenen Stadien der PDAC-Erkrankung ermöglicht. 

Im letzten Teil dieser Arbeit wurde die regulatorische Funktion von ADAM8 in der 

Mikroumgebung von Tumoren untersucht. Als eine Protease, die an der Invasion und 

Metastasierung von Tumorzellen beteiligt ist, wird MMP-9 nachweislich von ADAM8 über 

MAPK/CREB-Signale reguliert. Auf dieser Grundlage wurde die Expression von MMP-9 

in Panc89 Kontroll- und ADAM8-Knockout-Zellen validiert. Es zeigte sich jedoch, dass 

ADAM8 zwar die Aktivität, aber nicht die Expression von MMP-9 reguliert. Eine weitere 

Analyse anderer regulatorischer Proteine zeigte die ADAM8-abhängige 

Herabregulierung von LCN2, einem Protein, das die PDAC-Progression fördert und die 

MMP-9 Aktivität bestimmen kann. Darüber hinaus wurde die beschriebene regulierende 

Wirkung von ADAM8 auf LCN2 und MMP-9 durch die Co-Kultur von Panc89-Zellen mit 

THP-1-Makrophagen verstärkt, was die wesentliche Rolle von ADAM8 in der 

Tumormikroumgebung von PDAC zeigt und damit das Potential als therapeutisches Ziel 

unterstreicht. Die funktionelle Analyse von Exosomen, die aus Panc89 Kontroll- und 

ADAM8-Knockout Zellen isoliert wurden, zeigte die ADAM8-abhängige Freisetzung von 

LCN2 und dass ADAM8 als aktives Enzym in Exosomen sekretiert wird.  

Das Vorhandensein von ADAM8 in extrazellulären Vesikeln und die Fähigkeit, 

spezifische regulatorische Funktionen in der Mikroumgebung des Tumors auszuüben, 

wie zum Beispiel die proteolytische Spaltung von essenziellen Proteinen oder die 

Regulierung bestimmter tumorfördernder Gene, bietet die Möglichkeit, fortschrittliche 

Behandlungsstrategien zu entwickelnd und die Früherkennung von PDAC zu 

verbessern. 
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