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Introduction 
 

6.1 The human pancreas – anatomy and function  

The pancreas, an elongated and slender organ, weighs between 82 g and 117 g, and has an 

approximate size of 17-20 cm. It is located in the retroperitoneal space of the abdominal cavity and is 

connected to organs such as the stomach, omental bursa, transverse mesocolon, the left kidney, 

spleen and the duodenum1.  

The pancreas is structured into five parts: the head, uncinate process, neck, body and tail. The parts 

are not clearly delineated. The head, located against the C-shaped duodenum, is narrow to the 

superior mesenteric artery (SMA) and the superior mesenteric vein (SMV). Duodenal obstructions are 

observed in up to 25 % of all patients with pancreatic cancers located in the head2. The uncinate 

process extends towards the SMA posteriorly. The pancreas head and body are connected by the short 

pancreas neck, which contacts the SMA, SMV and hepatic portal vein. The body resembles the largest 

part of the pancreas and is associated with the aorta, SMA, renal vessels, splenic vein and artery as 

well as the common hepatic artery. The tail lies in close proximity to the splenic hilum and is connected 

to splenic vessels. The pancreas is adhered to multiple larger vessels which explains the low rate of 

resectable pancreatic tumors as surgical intervention is very limited when vessel infiltration by 

cancerous cells is observed.  

The biological role of the pancreas serves as exocrine and endocrine gland which is unique in the 

human body. The exocrine function of the pancreas is the production of up to 1.5 l of pancreatic juice, 

a colorless and odorless alkaline liquid, every day. The pancreas juice mainly consists of digestive 

enzymes and bicarbonates. Acinar cells are synthesizing and secreting the digestive enzymes which are 

involved in sugar (amylase), protein (e.g. trypsin, chymotrypsin, aminopeptidase and elastase) and 

fatty acid (pancreatic lipase and phospholipase) digestion. The bicarbonates, produced by small ductal 

cells, neutralize the gastric acid entering the duodenum. Furthermore, ductal cells play a structural key 

role by forming small channels as well as the main pancreatic duct that transports the pancreatic juice 

to the duodenum after fusing with the bile duct. The endocrine function of the pancreas is maintained 

by pancreatic islets so called islets of Langerhans, which in turn contain alpha-, beta-, delta- and rare 

PP cells. PP cells are very few in number and secrete polypeptides which can inhibit gastrointestinal 

movement and the secretion of pancreatic juice. Specifically, alpha cells secrete glucagon, beta cells 

insulin and delta cells somatostatin.  
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6.2 Malignant diseases of the pancreas 

6.2.1 Epidemiology, survival and risk factors of pancreatic cancer 

With approximately 500.000 incidences in 2020, pancreatic cancer (PanCa) is the 14th most common 

malignant disease and accounts for 2.6% of all cancer cases globally. In parallel, PanCa was the cause 

for 466.000 mortalities in 2020, reflecting the poor prognosis of disease. PanCa is the seventh leading 

cause of cancer related deaths3. The 5-year survival rate is, among 46 cancer entities, the lowest (7%) 

in Europe4. It is predicted that PanCa will become the third leading cause of cancer associated deaths 

by 2025 in Europe, which might be explained by increasing rates of obesity, diabetes and alcohol 

consumption, as well as improved treatments in other cancer types such as breast cancer5. Patients 

presenting with early stage disease (only 10%) have a much higher 5-year survival rate of more than 

30%. However, more than 50% of cases present with distant metastasis at time point of diagnosis 

which is associated with worse prognosis of 3% (American Cancer Society, www.cancer.net). As for 

nearly all solid tumors, the PanCa incidence increases with age resulting in a median age at diagnosis 

of 72 and 76 for men and woman respectively3.  

Several studies showed that smoking is the most important environmental risk factor for developing 

PanCa. The relative risk (RR) correlates with accumulated cigarette package years, duration and 

intensity of cigarette smoking and has been estimated to be elevated up to 3.066. It is suspected that 

tobacco-specific carcinogens such as polycyclic aromatic hydrocarbons and N-nitroso compounds 

enter pancreatic tissue and promote the formation of PanCa6. Furthermore, 10-15 years of smoking 

cessation are necessary to lower the risk to the level of never-smokers. For obesity (BMI ≥ 30), RR 

values of 1.81 and 2.08 have been reported after analyzing data from 83.000 & 145.000 individuals, 

respectively6,7. Increased bodyweight is often associated with the development of an insulin 

resistance, which leads to an elevated secretion of insulin from beta-cells. Hyperinsulinemia, however, 

promotes cell proliferation of pancreatic cells through several mechanisms of action, e.g. binding to 

insulin-like growth receptor (IGF-1)8. Diabetes mellitus increase the risk of PanCa nearly by two-fold 

(RR = 1.94)9, which also can be explained with disease associated increased levels of IGF-1 in pancreatic 

tissues. Consumption of animal fat, red meat, sugar and alcohol correlate with PanCa incidences, whilst 

the intake of folate, cereals, fiber and fruits showed a negative association to morbidity10. In spite of 

many studies, the role of diet is not fully understood whether it impacts PanCa incidence and 

morbidity. Recent studies also suggested that adipocytes in close proximity to pancreatic tissue can 

promote tumorigenesis by inducing inflammatory processes11. There is a genetic link that affects up to 

10% of PanCa cases when at least one first-degree relative has been diagnosed with PanCa12. In 

addition, patients with chronic pancreatitis (CP) have an increased risk of PanCa development which 

has not been fully investigated. However, 1.1% of CP patients have been diagnosed with PanCa13.  
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6.2.2 Pancreatic ductal adenocarcinoma 

Within the malignant diseases of the pancreas, pancreatic ductal adenocarcinoma (PDAC) accounts for 

more than 90% of cases. Other malignant types that are not as common are neuroendocrine 

carcinoma, acinar carcinoma and pancreaticoblastoma14.  

 

 

6.2.2.1 Carcinogenesis of PDAC 

The onset of PDAC cannot be explained to arise from a defined stem cell compared to other cancers 

of the gastrointestinal tract15. It is assumed, that acinar cells transdifferentiate to ductal cells, which 

gives them progenitor like cell properties to maintain pancreatic cell homeostasis. This process is 

termed as acinar-to-ductal metaplasia (ADM) and can be induced by inflammatory processes, tissue 

damage or other stress signals16,17. During ADM, acinar cells are exceedingly susceptible to activating 

mutations in proto-oncogenes such as the Kirsten rat sarcoma viral oncogene homolog (KRAS) gene. 

KRAS is mutated in more than 90% of all PDAC. Furthermore, 98% of all missense mutations in KRAS 

can be found at the three hot spots of glycin-12 (G12), glycin-13 (G13) and glutamine-61 (Q61), all of 

which lead to a constantly activated KRAS protein, promoting proliferation and inhibiting apoptosis18. 

In some cases, the altered allele is amplified which can drive tumorigenesis additionally. Due to the 

nearly universal presence of mutated KRAS in PDAC, it therefore can be concluded to be the initiating 

gene alteration of this disease. PDAC is also associated with pancreatic intraepithelial neoplasia 

(PanINs) and other non-invasive pre-neoplastic lesions such as intraductal papillary mucinous 

neoplasms (IPMNs)19. PanINs can be classified into three different stages depending on the degree of 

cellular and nuclear atypia. PanIN1 exhibit KRAS mutations in up to 40% of cases, but rarely other 

alterations, whilst PanIN3 frequently harbors additional alterations such as mutations in tumor 

suppressor protein 53 (TP53), cyclin-dependent kinase inhibitor 2A (CDKN2A) and mothers against 

decapentaplegic homologue 4 (SMAD4) lesions20. During carcinogenesis, PanIN and IPMN precursor 

lesions can give rise to PDAC by accumulating mutations which allow uncontrolled growth, survival 

advantages and other hallmarks of cancer (Figure 1)21,22.  
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Figure 1 – Mutations in the KRAS gene are the initiating event during PDAC carcinogenesis.  Constitutively active 
altered KRAS in acinar cells undergoing ADM can induce formation of PanIN1 lesions. Subsequently, acquisition 
of additional mutations in tumor suppressor genes such as TP53, CDKN2A or SMAD4 support desmoplasia (grade 
2 & 3 PanIN) and might result in the onset of PDAC. Modified from Orth et al.15. 

 

Common for PDAC is the frequent formation of metastasis at early stages of disease23. The underlying 

mechanism still needs to be discovered that contribute to the invasion of distant organs such as liver, 

lung, peritoneum and in rare cases also kidney and bladder, particularly since metastasis and primary 

tumors share genetically alterations to a very high extent24. It is thought that epithelial-to-

mesenchymal transition (EMT) is a major driver of formation of distant metastasis, as well as 

mesenchymal to epithelial transition (MET)25.  

 

 

6.2.2.2 PDAC diagnosis and biomarkers 

The diagnosis of PDAC is difficult due to the lack of specific symptoms or biomarkers at early stage. 

Most patients present with advanced PDAC and exhibit symptoms such as reduced appetite, 

indigestion, weight loss, exocrine pancreatic insufficiency, jaundice and dark urine. The majority of 

PDAC (~70%) is located in the head of the pancreas causing the afore mentioned symptoms14, and 

frequently can result in biliary obstructions. Tumors in the corpus or tail are associated with more 

unspecific symptoms including back pain or abdominal pain. Imaging techniques such as computed 

tomography (CT) and endoscopic ultrasonography (EUS) are commonly used for PDAC visualization. 

Both techniques are essential for staging of disease by assessing vascular involvement and tumor size. 

EUS guided fine-needle aspiration (FNA) is often performed for histological confirmation of PDAC 
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disease. However, in many cases repeated sampling is necessary due to insufficient material for 

pathological assessment.  

Carbohydrate antigen 19-9 (CA19-9) is clinically used as a tumor marker, as serum levels are increased 

in most symptomatic PDAC patients. The preoperative CA19-9 level is also a useful parameter for 

prognosis prediction26. Yet, CA19-9 screening tests for early PDAC detection are not recommended 

due to low sensitivity and specificity (79-81% and 82-90%). In addition, patients that lack the Lewis 

antigen A cannot produce CA19-9, which accounts for 10% of the Caucasian population, thereby 

negatively affecting the biomarker’s sensitivity27. Patients with pancreatitis or mucinous cysts also 

show increased CA19-9 serum levels28. No reliable biomarker has been identified for early PDAC 

diagnosis yet. Several potential candidate biomarkers are currently under investigation including 

microRNAs (miRNAs), mucin 5AC or macrophage inhibitory cytokine 1 (MIC-1) serum levels, glypican 1 

(GPC1) positive exosomes, circulating cell free tumor DNA (ctDNA) for detection of mutated KRAS, 

osteoponin (OPN) levels in combination with CA19-9 and TIMP metallopeptidase inhibitor 1 (TIMP-1)29.  

 

 

6.2.2.3 Tumor staging and grading 

Tumor staging after PDAC diagnosis is essential for the choice of therapeutic intervention for the 

patient and the patients’ prognosis. Staging according to the Union internationale contre le cancer 

(UICC) criteria is commonly used and is based on the TNM classification, which describes tumors by 

size (T), regional lymph node involvement (N) and the occurrence of distant metastasis (M). PDACs 

with a size of 2 cm in diameter or smaller are defined as T1 (T1a ≤ 0.5 cm; T1b = 0.5 – 1 cm; 

T1c = 1 – 2 cm), T2 tumors are greater than 2 cm but smaller than 4 cm and T3 tumors have a size 

greater than 4 cm. If the tumor infiltrated the coeliac axis, the AMS or the common hepatic artery it is 

defined as T4 regardless of tumor size. Infiltration of regional lymph nodes are specified as N0 (no 

lymph node involved), N1 (1-3 tumor positive lymph nodes) or N2 (more than 4 infiltrated lymph 

nodes). If distant metastasis are present, this is defined as M1, if not M030. The combined consideration 

of all three parameters allows a UICC classification ranging from I to IV (Table 1).  
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Table 1 – The UICC TNM classification of PDAC. The TNM based classification is conducted based on the three 
tumor parameters of size (T), lymph node involvement (N) and the presence/absence of distant metastasis (M). 

 M0 M1 

N0 N1 N2 

T1 IA IIB III IV 

T2 IB IIB III IV 

T3 IIA IIB III IV 

T4 III III III IV 
 

 

More than 50% of patients present with distant metastasis (UICC IV) which is associated with the 

dismal prognosis of less than 5% 5-year survival rate. In case of early disease diagnosis, which occurs 

in only 10-20% of PDAC patients, the 5-years survival rate is with 30-35% significantly higher 14.  

The microscopic assessment of tumor tissue samples allows additional tumor grading, ranging from G1 

to G3. Low grade PDAC (G1) exhibits well differentiated cells, which show slow growth and are unlikely 

to form distant metastasis. PDAC with a moderate grade (G2) have an abnormal cell morphology. The 

most aggressive type of PDAC is poorly differentiated (high-grade G3) and commonly forms metastasis. 

The grading of PDAC has prognostic value as G3 is associated with poor prognosis compared to G131. 

 

 

6.2.2.4 Treatment 

The therapeutic intervention in PDAC is very limited as surgical resection of the tumor is the only 

potential curative measure so far. The aim is to achieve resection with tumor free margins (R0) as it 

improves the prognosis significantly compared to resections with positive tumor margins (R1)32. 

However, surgical resection is only possible in about 20% of patients at time point of diagnosis, which 

can be explained with the silent progression of PDAC at early stages and the occurrence of symptoms 

at advanced stages of disease33. The indication of surgical resection is also not given, when PDAC 

tumors infiltrated major arteries (locally advanced pancreatic ductal adenocarcinoma; LA PDAC), which 

is observed in nearly 35% of all patients at the time of diagnosis14,33,34. A subgroup of patients present 

with borderline (BR) resectable disease can receive surgical although the tumor infiltrated vessels . A 

clear definition for BR PDAC does not exist, and the risk for R1 or R2 resections (macroscopically tumor 

infiltrated resection margins) is increased within this group of patients. In case of distant metastasis to 

more than one location and one metastasis, surgical intervention is also not recommended, which 

accounts for 50-55% of patients35. 
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6.2.2.4.1 Systemic treatment of LA PADAC 

Systemic chemotherapy is the standard of care to treat unresectable LA PDACs and in case of a good 

response to treatment by downsizing of the tumor burden, the PDAC might become resectable33. 

Administering gemcitabine as a single drug therapy was the treatment of choice for more than 10 years 

as it showed improved overall survival (OS) compared to 5-fluorouracil (5-FU) monotherapy (5.6 vs. 

4.4 months, p = 0.002)36. Based on the results of the ACCORD11 study , gemcitabine was replaced as 

the standard of care measure by the multi-drug protocol FOLFIRINOX, a combination of 5-FU, 

leucovorin (folinic acid), irinotecan and oxaliplatin37. In this multicenter randomized phase 2/3 trial, 

patients with metastatic PDAC receiving FOLFIRINOX showed improved OS compared to the 

gemcitabine monotherapy cohort (11.1 vs. 6.8 moths, p < 0.001). Furthermore, progression free 

survival (PFS) was superior in the FOLFIRINOX group (6.4 vs. 3.3 months, p < 0.001) as well as the 

objective response rate (ORR; 31.6% vs. 9.4%, p < 0.001). Two years later, the results of the IMPACT 

trial, a randomized, multicenter, open-label, phase-3 study showed that the combination of 

gemcitabine and nanoparticle albumin-bound paclitaxel (nab-Pac) has superior efficacy compared to 

the gemcitabine monotherapy38. Gemcitabine plus nab-Pac (Gem/nab-Pac) was administered to 

patients with metastatic PDAC and increased OS significantly compared to patients treated with 

gemcitabine alone (8.5 vs. 6.7 months, p < 0.001). The 1-year survival rate (35% vs. 22%) and 2-year 

survival rate (9% vs. 4%) was improved as well as the PFS (5.5 vs. 3.7 months, p < 0.001). The ORR for 

Gem/nab-Pac was much higher compared to gemcitabine monotherapy (23% vs. 7%, p < 0.001). Both 

multi-drug regimens (FOLFIRINOX and Gem/nab-Pac) were successfully introduced in the palliative 

setting and current studies are evaluating patients benefits of drug combination protocols in the 

neoadjuvant setting.  

The downside of increased efficacies of multidrug treatments are high rates of adverse events, which 

were observed for both treatments, FOLFIRINOX and Gem/nab-Pac38,39. According to a meta-analysis 

of 13 studies in which patients received FOLFIRINOX as first-line treatment, severe grade 3 or 4 side 

effects were observed in 60.4% of individuals40. The most frequent adverse events seen were 

neutropenia (19.6%), thrombocytopenia (5.9%), diarrhea (8.2%), vomiting (8.8%) and fatigue (11.7). 

The IMPACT trial reported grade 3 & 4 neutropenia in 153 out of 405 Gem/nab-Pac treated patients 

(38%), leukopenia in 31%, thrombocytopenia in 13% and anemia in 13% of cases. The most frequent 

non-hematologic grade 3 & 4 adverse event was fatigue (17%), peripheral neuropathy (17%) and 

diarrhea (6%). As a consequence, dose reduction, a delay in treatment cycles or a reduction of cycle 

number was often necessary resulting in a median relative dose intensity (RDI) of 81% for nab-pac and 

75% for gemcitabine. Similar rates of treatment adaptation were necessary for the treatment with 
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FOLFIRINOX (RDI: 5-FU 82%, irinotecan 81% and oxaliplatin 78%)39. Of note, the consequences of RDI 

reduction on LA PDAC chemotherapy outcome has not been investigated yet.  

Recommendations for choice of treatment with either FOLFIRINOX or Gem/nab-Pac vary between 

countries and their published guidelines such as the European Society for Medical Oncology (ESMO) 

or American Society of Clinical Oncology (ASCO). In general, co-morbidities and patients´ performance 

status (ECOG) are the main parameters to consider. FOLFIRINOX is mainly administered to relatively 

young patients with good ECOG, while Gem/nab-Pac or mono-therapies are often chosen for elderly. 

In accordance with that, a retrospective analysis of 167 LA PDAC patients treated with either 

FOLFIRINOX (n = 86) or Gem/nab-Pac (n = 81) showed significant differences in patient´s age 

(FOLFIRINOX = 54 years vs. Gem/nab-Pac = 65 years) and ECOG performance status (FOLFIRINOX ECOG: 

0 83.7%, ECOG 1: 16.3%) vs. Gem/nab-Pac ECOG 0: 70.4%, ECOG 1: 29.6%)41. However, no significant 

differences were observed for OS, PFS and ORR. Adverse events occurred more frequently in the 

FOLFIRINOX group. The randomized phase 2 clinical SWOG-S1505 trial was performed in patients with 

resectable PDAC and showed no differences in OS between the cohorts treated with FOLFIRINOX or 

Gem/nab-Pac42. This underlines the importance to identify biomarkers that guide decision making in 

the systemic treatment of LA PDAC, which also accounts for adjuvant chemotherapy. Adjuvant 

chemotherapy, however, can only be administered to 50% of patients as many individuals suffer from 

a poor ECOG after surgical resection of the primary tumor33. RDI reduction is also often applied due to 

the onset of severe adverse events. Nevertheless, completion of adjuvant chemotherapy increases OS 

significantly43,44. It has been shown that completion rates of systemic chemotherapy are higher in the 

neoadjuvant setting (83-90% for FOLFIRINOX) and as a result many trials are currently investigating 

how neoadjuvant therapy can be improved42,45. Accordingly, BR PDAC patients benefit from 

neoadjuvant chemotherapy, as R0 resections with tumor free margins are significantly improved 

compared to surgery alone (82.4% vs. 33.3%, p = 0.01)46. R0 resection correlate with an improved 

survival in PDAC patients47,48.  

A poor response to the respective pre-surgery systemic treatment is not taken into account when 

choosing the adjuvant chemotherapy protocol.  

 

 

6.2.2.5 Response assessment in PDAC after systemic chemotherapy 

The Response Evaluation Criteria in Solid Tumors (RECIST) 1.0 and 1.1 have been used to assess the 

response of PDAC patients to systemic chemotherapy in clinical trials49. Using CT imaging, the single 

longest tumor diameter is measured and monitored during treatment. In clinical trials such as the 

aforementioned ACCORD-11 and IMPACT studies, reduction of tumor burden assessed by using RECIST 
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correlated well with ORR, OS and PFS. However, RECIST as a metric-based approach allows monitoring 

of distant PDAC metastasis but has limited value about the progression of the primary PDAC lesion. 

The underlying reasons for the poor visualization are the poor defined and irregular margins of PDAC 

resulting in a non-spherical shape, and the frequent involvement of adjacent large vessels, which 

makes the assessment of the tumor dimension particularly challenging49. In addition, in the event of 

good response to chemotherapy, PDAC might not show a reduction in tumor size due to the high 

degree of fibrosis. A retrospective study conducted by Ferrone and colleagues showed that imaging-

based response prediction is not suitable in the neoadjuvant setting of LA PDAC patients treated with 

FOLFIRINOX50. In this trial, treatment outcome was assessed by CT imaging and response to 

FOLFIRINOX was seen in around 30% of patients. However, R0 resection was achieved in over 90% of 

neoadjuvant treated (neoCTx) patients, compared to 86% in the CTx naïve cohort. The authors 

concluded that new biomarkers are urgently needed to determine the individual LA PDAC patients´ 

response to systemic neoCTx. 

After systemic neoadjuvant chemotherapy, the resection specimen retrieved during surgery gets 

evaluated by board certified pathologists to assess the R- and N-status, the tumor regression grade 

(TRG) and other histopathological parameters. Several TRG systems are in use all of which share the 

key feature of determining the amount of residual tumor tissue relative to the original tumor size or 

the degree of fibrosis or other regressive changes in the surrounding area51. The most common TRG 

systems are the following ones according to: Evans, White, CAP (college of American pathologists) and 

Le Scodan52–55. The evaluation of treatment response as described by Le Scodan and colleagues 

includes three groups of outcomes defined as minor- (TRG1), intermediate- (TRG2) and major response 

(TRG3). TRG1 is defined by the presence of more than 50% viable tumor cells or less than 50% of 

severely degenerative cancer cells (SDCCs), a type C pattern of nonviable cells within the tissue 

according to Ishikawa which describes a random distribution of dead tumor cells and the absence of 

complete necrosis56. The presence of 50-80% SDCCs, a type A and B distribution of nonviable cells 

(Ishikawa classification) and small areas of necrosis define TRG2. Characteristic for the histological 

type B pattern is a fibrous connective capsule with a high degree of SDCCs at the margin whilst cancer 

cells in the tumor core are not affected by the lesion. Fibrotic tissue is predominant in the type A 

pattern with only a few SDCCs detectable while non-affected cancers cells are absent. A major 

response (TRG3) to neoadjuvant chemotherapy is relatively rare and defined by a proportion of 80% 

or more of SDCCs, a type A pattern distribution of nonviable tumor cells and large areas of necrotic 

tissue.  

A prediction of individual patients´ responses to neoCTx is not possible yet. In a retrospective study it 

has been shown, that reduction in CA19-9 serum level correlates with TRGs in the neoadjuvant 
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setting57. Molecular characterization of PDAC tumors might be a promising approach to stratify 

treatment and improve patient care.  

 

 

6.2.2.6 Resistance to systemic chemotherapy in PDAC & LA PDAC 

Reasons for the aggressiveness of PDAC is, despite the silent progression at early stages of disease, the 

resistance to chemotherapeutic substances. The underlying reasons for chemoresistance in PDAC are 

subject of current research. For gemcitabine, several mechanisms have been identified that reduce 

efficacy of treatment. One mechanism impacting the efficacy of gemcitabine is the expression of 

nucleoside transporters regulating the drug efflux. Overexpression of ATP-binding cassette (ABC) 

pumps mediate resistance to multiple chemotherapeutic drugs including gemcitabine. Drugs that 

specifically target these ABC transporters could bypass resistance to gemcitabine as early studies 

indicated58. Enzymes involved in the nucleoside metabolism are also associated with reduced response 

to gemcitabine treatment. An example is deoxycytidine kinase (dCK) which catalyzes the 

transformation of gemcitabine into its active form. Consequently, low levels of dCK correlate with a 

reduced OS of PDAC patients59. EMT has also been found to mediate drug resistance, although the 

underlying mechanism of action is unclear. The tumor microenvironment (TME) is another key factor 

promoting tolerance to gemcitabine. Pancreatic stellate cells (PSCs) and cancer associated fibroblasts 

(CAFs) which originate from PSCs can increase the chemoresistance in epithelial PDAC cells directly by 

changing the tumor cells physiology or indirectly by altering the TME which selects for aggressive and 

drug resistant transformed cells60–62. Other identified factors promoting gemcitabine resistance are 

tumor inducing cells (TICs), infiltrating macrophages and neutrophils, epigenetic factors and 

microvesicles63. 

No studies have been published yet identifying molecular mechanisms that are associated with 

resistance to nab-paclitaxel in PDAC64. Since taxanes are commonly used for treating other tumor 

entities, only general resistance mechanisms are known. ABC pumps play a key role, and alterations in 

the β-tubulin family members which reduces the ability of paclitaxel to stabilize microtubes65.  

Not much is known about 5-FU resistance although it has been used for more than 60 years as 

anti-cancer agent. In colon cancer cell lines, expression levels of thymidylate synthase correlate with 

5-FU resistance. The lack of TP53, however, is associated with improved 5-FU efficacy66.  

The lack of studies revealing drug resistance in PDAC also accounts for irinotecan, which is also 

commonly used for the treatment of gastrointestinal cancers. As irinotecan targets topoisomerase I, 

mutations in the respective gene can lead to drug resistance67. Furthermore, the ATP-binding cassette 

gene multidrug resistance protein (MRP) is overexpressed in many colon tumors and actively promotes 
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irinotecan efflux. MRP overexpression has also been linked to oxaliplatin resistance in ovarian cancer 

cells68. Other oxaliplatin mediated resistance involved reduced drug uptake, decreased platinum 

accumulation in their DNA, which is linked to increased base excision repair (BER) and altered 

apoptosis programs69–71.  

Taken together, for most chemotherapeutic drugs commonly used in the treatment of LA PDAC the 

underlying mechanisms of drug resistances in PDAC are unknown. 

 

 

6.2.3 Molecular subtypes of PDAC 

For many cancer entities, it has been shown, that histopathological similar tumors can show 

differential responses to standard of care. Using next generation sequencing, substantial molecular 

differences between tumors of the same entities have been revealed, disrupting the ideology of organ-

specific clinical management of cancer 72. Nowadays, molecular subtyping of malignant diseases is a 

standard procedure for many tumor entities in the clinics. Assessment of the expression status of the 

human epidermal growth factor receptor 2 (HER2/neu or ERBB2) which is overexpressed in 20% of 

breast cancer is routinely performed and guides clinical decision making. Improved treatment outcome 

has been achieved in patients with HER2/neu positive tumors, when treated with monoclonal 

antibodies such as trastuzumab that binds to the HER2/neu receptor, causing an inhibition of tumor 

growth73.  

The main goal of molecular subtyping of PDAC tumors is to improve patient care and treatment by 

providing subtype specific therapies which has been shown for other cancer entities. Initially, 

subtyping of PDAC was sought by investigating single genetic alterations74. Genome wide sequencing 

of increasing numbers of PDAC revealed that the four genes KRAS, TP53, SMAD4 and CDKN2A are 

mutated in more than 50% of cases, whilst most of the other detected mutations were found in less 

than 1% of individuals. As a result of that, subtyping in PDAC is rather challenging as biomarkers such 

as ERBB2 amplifications, BRAF mutations or BRCA1 and BRCA2 mutations that have predictive 

properties to treatment outcome are rare73–76. A more promising approach is the analysis of patterns 

of genomic aberrations. Four different genome categories have been defined in PDAC: stable, 

scattered, locally rearranged and unstable genomes. Subtype specific therapies are potentially 

available for two out of the four categories. Tumors with locally rearranged genomes consist of large 

stretches of DNA that are more susceptible to amplifications of genes, such as ERBB2 or FGFR2, for 

which targeted therapy agents are available. PDACs with unstable genomes are often characterized by 

loss of DNA damage response, which sensitizes them to platinum based chemotherapy or PARP 

inhibitor treatment74,77.  
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In 2011, three new PDAC subtypes based on transcriptomic profiling were published by Collisson and 

colleagues. Microdissected epithelial tissue from resected tumors from CTX naïve patients was 

analyzed using hybridization based arrays72. Furthermore, expression data published earlier by Badea 

and colleagues were included in the analysis resulting in a gene signature of 62 genes which was 

termed as PDAssinger72,78. Based on expression data analysis according to the PDAssinger set, three 

molecular subtypes of PDAC have been defined: the quasi-mesenchymal (QM), exocrine-like and 

classical subtypes. Strikingly, these subtypes were independent predictors of OS and identified the QM 

subtype to be the one associated with the poorest prognosis, while the classical subtype showed the 

longest OS (Figure 2).  

 

 

 
Figure 2 - Molecular subtyping of PDAC. A) The Heatmap illustrates the mRNA expression data sets from the 
University of California-San Francisco (UCSF), and Badea and colleagues 78 that have been merged using the 
distance-weighted discrimination method resulting in the identification of three subtypes of classical, 
quasi-mesenchymal (QM) and exocrine-like. The green, grey and violet bars on the side represent the PDAssinger 
genes that are upregulated in the exocrine-like, QM and classical subtype respectively. B) PDAC patients 
prognosis correlates with their respective subtype as depicted in the Kaplan-Meier diagram. Modified according 
to Collisson and colleagues72. 

 

 

  



13 
 

A study by Moffitt and colleagues analyzed PDAC expression data using array technology and defined 

only two subtypes of basal-like and classical PDAC79. These subtypes overlap with the QM and classical 

subtype defined by Collisson. The absence of the third exocrine-like subtype was due to the algorithm 

that was used as transcripts of normal pancreatic tissue were subtracted in the expression analysis. As 

a result, Moffitt questions whether Collissons’ exocrine-like subtype is a result of tissue contamination 

with normal pancreatic epithelia. A third study by Baily and colleagues defined four subtypes of PDAC 

based on transcriptome data: squamous, pancreatic progenitor, immunogenic and aberrantly 

differentiated endocrine exocrine (ADEX) subtypes80. These subtypes overlapped with the Collisson’ 

data, except the immunogenic subtype. As Collisson and colleagues have only used microdissected 

tumor epithelia for their analysis, this may explain the absence of immune infiltrate if present as those 

are part of the stroma74.  

In 2016, Noll and colleagues reported that subtyping of PDAC according to Collisson is feasible using 

IHC staining of paraffin embedded tumor sections for cytokeratin-81 (KRT81) and hepatocyte nuclear 

factor 1A (HNF1A), which are both genes of the PDAssinger set81. The QM subtype was defined as 

KRT+/HNF1A-, the exocrine-like subtype as KRT-/HNF1A+ and the classical subtype as double negative 

for both markers (KRT-/HNF1A-). Noll also reported double positivity in 14 out of 231 immuno-stained 

PDACs, for which no subtype has been defined. Muckenhuber and colleagues improved the PDAC 

stratification by defining a cut-off value for KRT81 IHC staining. PDAC with less than 30% positivity for 

KRT81 was considered to be negative for the respective marker82. Subtyping was feasible in 86% to 

99% of samples in three independently analyzed cohorts. As the prognostic value of PDAC subtyping 

has been shown by others72,81, Muckenhuber also analyzed the predictive properties82. PDAC harboring 

the exocrine-like subtype (KRT+/HNF1A-) showed a significantly better response to FOLFIRINOX 

compared to patients treated with gemcitabine-based regimens of the same subtype. However, the 

improved response did not impact OS82. In the study of Collisson, a reduced response to gemcitabine 

treatment was seen in two- dimensional (2D) PDAC cell culture assays for samples which have been 

classified as QM, when compared to classical subtype cell lines72. Hence, the feasibility of subtype 

specific therapies are currently investigated in various prospective trials14. 

 

 

 

6.3 Patient –derived organoids as a three-dimensional cell culture system 

Organoids constitute a three-dimensional self-organizing structure originated from stem cells. 

Compared to conventional 2D cell culture models, organoids harbor most differentiated cell types from 

the respective tissue they have been established from83. Stem cell types which can initiate organoids 
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are embryonic stem cells, induced pluripotent stem cells and adult stem cells (ASCs), which have been 

identified in nearly all mammalian organs. A single ASC can give rise to a new organoid culture, 

however in the context of precision medicine research it is more common to use ASC containing tissue 

units derived from biopsies or surgical resections to establish human patient derived organoids (PDOs). 

To maintain the stem cell and stem cell like properties in organoid cultures mimicking the organ specific 

stem cell niche via complex growth factor and inhibitor supplements is required. Furthermore, a 

laminin-rich extracellular matrix (ECM) is crucial to maintain the capability of self-organization of 

organoids84. The most used ECM for organoid cultivation is Matrigel, a gelatinous protein mixture 

secreted by Engelbreth-Holm-Swarm mouse sarcoma cells85.  

The first report of successful established PDO cultures derived from adult stem cells was published in 

2009 by Sato and colleagues from the Hans Clevers group86. In his study, Sato generated PDOs from 

leucine-rich repeat containing G protein-coupled receptor 5 (Lgr5)-expressing single cells which have 

been shown previously to represent one population of adult stem cells in the intestine. Subsequently, 

the Hans Clevers lab developed protocols allowing the generation and long-term cultivation of 

stomach organoids derived from murine Lgr5 or Troy expressing adult stem cells87,88. Today, organoids 

can be generated from a vast variety of human tissues (Figure 3). The biggest hurdle in PDO generation 

is the identification of essential signaling pathways that need to be stimulated or inhibited by medium 

supplements for mimicking the organs specific adult stem cell niche. 
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Figure 3 - Landscape of human tissue organoid models. Human epithelial tissues which can be used for PDO 
culture initiation. Modified from Artegiani et al89. 

 

 

6.3.1 Pancreatic ductal adenocarcinoma organoids 

The first generation of murine pancreatic organoids was reported by Huch et al. in 201390. Within two 

years, Boj and colleagues described the initiation of human pancreatic tissue and PDAC derived 

organoids91. In her study, Boj identified common known PDAC driver mutations in patient tissue 

derived PDAC organoids and defined the complex medium composition for long-term propagation of 

both, normal pancreatic and PDAC organoids. According to Boj and colleagues, PDAC organoids require 

the supplements of A83-01 and noggin as TGF-β signaling pathway inhibitors to prevent cell 

differentiation, as this would limit expansion of the cell culture, which is essential for long term 

cultivation. Addition of conditioned WNT3A and Rspondin medium on the other hand mediates and 
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maintains stem cell properties. The stimulation of the EGFR and FGFR signaling pathways using EGF 

and FGF10, as well as the inhibition of NOS with the help of nicotinamide also improves organoid 

growth. N-acetylcysteine as a medium supplement acts as a ROS scavenger and B27 increases organoid 

formation efficacy92. Within the scope of this study, N2 was added additionally to the PDAC PDO 

medium as Broutier and colleagues shown that it is highly efficient for the initiation of PDO cultures93. 

A protocol for long-term cultivation of normal pancreatic tissue derived organoids has been 

established by Georgakopoulos and colleagues and is feasible by the addition of prostaglandin 

E2 (PGE2) and the of TGFβ inhibitor Forskolin94.  

In spite of well characterized niche factors required for PDAC PDO growth, rates of successful 

outgrowth vary between the research groups that managed to establish biobank depositories. Boj and 

colleagues described take rates of 75% and 83%, however with low sample sizes of four and six 

respectively91. In 2018, Tiriac and colleagues from the Tuveson lab reported successful PDAC PDO 

outgrowth rates from surgical resection specimens of 78% (61/78) and 72% (43/60) for biopsy samples 

obtained using EUS FNA95. Similar PDAC PDO initiation rate were reported by Driehuis and colleagues 

(62% outgrowth rate, 52 out of 83 samples)96. Other groups went on further to achieved PDAC PDO 

generation using xenografts by successful transplanting human PDAC tissue specimens into mice97.  

 

 

6.3.2 Applications of patient derived organoids 

PDOs present a promising in vitro model system for many research fields, such as disease modeling 

(Figure 4). In 2013, a PDO based assay has been established to predict cystic fibrosis patients´ response 

to CFTR modulators98. Within the same disease model system CRISPR/Cas9 technology has been used 

to repair CFTR mutations via homologous direct repair, resulting in a healthy phenotype99. Human 

intestinal PDOs also have been used to investigate the biology of SARS-CoV-2 and have proven to be a 

suitable model system for further research of this infectious disease100. Other infectious pathogens 

studied using the advanced cell culture models of organoids were for example Helicobacter pylori, 

Escherichia coli, Vibrio cholera, Clostridium difficile and Shigella84,101,102. First promising results in the 

field of regenerative medicine were achieved by Yui and colleagues, which succeeded to use ex vivo 

expanded murine colon organoids to repair tissue damage of the murine colon103. Research on the 

biology of cancer is one of the most prominent approaches PDOs were used for within the recent years, 

with focus on disease modeling, cancer evolution and the identification of novel targets for precision 

medicine (drug discovery)95,104,105. Tumor PDOs are also extensively used for patient treatment 

response prediction. For colorectal and breast cancers, a high correlation between individual patients´ 

response and PDO drug sensitivity has been shown106,107. However, for other cancers such as liver 



17 
 

cancer and PDAC prospective clinical trials are urgently needed to assess the predictive value of patient 

treatment outcome.  

 

 

 

 
Figure 4 – Applications of PDOs in science. Illustrated in the diagram are the most common applications of PDOs 
such as regenerative medicine, toxicology, drug discovery, the biology of infectious diseases, gene editing via 
CRISPR/Cas technology, analysis of multi-omics data, phylogenetic studies, developmental biology, modeling of 
diseases and precision medicine. Source of image: Corro and colleagues 84. 

 

 

6.4 The NeoResponse trial 

6.4.1 Aim of study and design 

The LA PDAC patients´ response to neoCTX is routinely assessed using CT imaging. However, it has 

been shown, that standard imaging is not suitable for treatment outcome validation as Ferrone and 

colleagues have shown50. In their study, response to FOLFIRINOX treatment in LA PDAC and BR PDAC 

patients was seen in 30% of cases using CT imaging technique. Yet, surgical resection was achieved in 

90% of the individuals.  
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We therefore sought to identify new biomarkers that allow the response prediction of LA PDAC 

patients to systemic neoadjuvant chemotherapy. The design of the NeoResponse trial is based on using 

organoids derived from tumor specimens obtained by ENA FUS as a promising tool to address the 

unmet need of adequate response to therapy .  

Patients with LA PDAC that fulfil the inclusion criteria of this clinical proof of concept trial will undergo 

an EUS guided FNA for histological confirmation of the malignant disease. This measure is mandatory 

for the initiation of the neoCTX and is carried out independently of the clinical trial. At this point, an 

additional biopsy is taken to obtain tissue for the establishment of PDAC organoids. In case of a 

successful outgrowth of patient PDOs, pharmacotyping of the clinically relevant combination therapies 

of FOLFIRINOX and Gem/Pac will be conducted, independent of which neoCTx protocol is administered 

to the patient. The response of the PDAC PDO will then compared to the patient’ individual response 

to the treatment. Additional parameters such as PFS and OS will be included into the statistical 

analyzes.  

Initially this non-randomized, non-blinded study with a pure explorative character was designed as 

mono centric trial. However, starting in April 2021 patients were recruited in the “Städtisches 

Krankenhaus Dresden Friedrichstadt” to increase the number of study patients.  

 

 

6.4.2 Inclusion and exclusion criteria 

The initial inclusion criteria for study enrollment is a high grade suspicion of a PDAC assessed using CT 

imaging. Patients were then considered for the trial if following conditions were met: 

 

• Histopathological a locally advanced PDAC is confirmed which is unresectable or borderline 

resectable 

• The staging happens to be cT3-4 cNx M0  

• The non-presence of distant metastasis via CT imaging of the thorax and abdomen 

• A systemic neoadjuvant therapy is planned 

• There is no contraindication (e.g. pregnancy) for such a systemic neoadjuvant therapy 

• The patient is older than 18 years 

• The ECOG is ≤ 2 

• The patient is able and willing to give written consent 
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Patients with PDAC recurrence after preceding complete/incomplete surgical resection of the tumor 

were not considered for this study. An additional exclusion criteria is any previously conducted 

systemic and/or targeted tumor therapy.  

It was estimated that data from 40 evaluable patients is needed to finish this descriptive exploratory 

trial. Considering a take rate of 50% for PDO initiation and an additional dropout of 20% of patients 

after staging (e.g. due to detection of distant metastasis), 100 patients need to be recruited, which will 

take approximately 24 months. The overall duration of the study was planned for 36 months.  
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Aim of the study 
Pancreatic cancer is the 14th most common malignant disease causing 466.000 deaths in 2020 

worldwide. The prognosis remains poor as most of the patients present with advanced disease at the 

time of diagnosis, which is reasoned with the silent progression of disease at early stages. Surgical 

resection is the only potential curative measure. However, only 20% of patients can undergo surgery 

after diagnosis as in most cases the tumor already contacted or infiltrated adjacent major vessels, 

which makes an operation technically impossible. Neoadjuvant chemotherapy is the favored 

treatment as it might turn unresectable tumors into resectable ones. Yet, multi-drug neoCTx therapy 

is associated with severe side effects and dose reduction or treatment discontinuation is required with 

unknown impact on chemotherapy outcome. There is a clinical unmet need to identify novel 

biomarkers for response prediction and patient individual therapy optimization. 

 

The questions to address in this thesis are: 

 

I. Does RDI reduction of neoCTx treatment impact on the outcome of therapy? 

 

II. Can we recapitulate the histopathological and molecular characteristics of PDAC tumours 

by using a living biobank of PDAC organoids from surgical resection specimens and EUS 

FNA biopsies? Is it possible to classify PDAC into different subtypes based on their 

histological and molecular characteristics?  

 

III. Does pharmacotyping of PDAC organoids reveal the individual drug sensitivities and 

resistances from both, CTx naïve and neoCTx pretreated patient derived PDOs?  

 

IV. Do human PDAC PDOs resemble a tool to predict the neoCTx response of individual 

patients treatment? 

 

 

Taken together, this thesis will determine how PDAC patient derived tumor organoids might help 

improving the treatment of disease by assessing if optimal therapy options vary between individual 

PDAC patients. 
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Materials and Methods 

8.1 Materials 

8.1.1 Devices 

Table 2 - Technical devices 

Device Name Manufacturer 

Analytical balance CP124S Sartorius AG, Göttingen, 
Germany 

Centrifuge 
 

MicroStar 17R VWR, Darmstadt, Germany 

MiniStar VWR, Darmstadt, Germany 

Centrifuge 5430 Eppendorf AG, Hamburg, 
Germany 

Biofuge PrimoR Heraeus, Hanau, Germany 

Centrifuge 5810R Eppendorf AG, Hamburg, 
Germany 

Rotanta 460R Hettich, Tuttlich, Germany 

Electrophoresis power supply PowerPac 200 BIO RAD 

Aspiration system Vacuum suction system AZ 04 DITABIS AG, Pforzheim, 
Germany 

Gel documentation system Vilber Fusion Fx Vilber, Collégien, France 

Incubator 
 

INCU-Line IL 53 VWR, Darmstadt, Germany 

Heracell 150i Thermo Fisher Scientific, 
Waltham, US 

MCO-19 AIC(UV) Sanyo, Osaka, Japan 

Fluorescence microscope LSM880 Laser Scanning 
Microscop 

Carl-Zeiss AG, Oberkochen, 
Germany 

Laminar flow hood Herasafe KS Thermo Fisher Scientific, 
Waltham, US 

Liquid nitrogen tank Biosafe MDβ Thermo Fisher Scientific, 
Waltham, US 

Magnetic mixer IKA RTC basic IKA-Werke GmbH, Staufen, 
Germany 

Microscope 
 

EVOS FL Auto Life Technologies, Carlsbad, US 

Axiovert 40C Carl-Zeiss AG, Oberkochen, 
Germany 

Multimode microplate reader Varioskan LUX Thermo Fisher Scientific, 
Waltham, US 

Microwave MW802 Exquisit, Kaarst, Germany 

PCR cycler Mastercycler epgradient Eppendorf AG, Hamburg, 
Germany 
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pH meter FiveEasy plus METTLER Toldeo, Columbus, 
US 

Pipette controller Easypet 3 Eppendorf AG, Hamburg, 
Germany 

Precision balance TE3102S Sartorius AG, Göttingen, 
Germany 

Quantitative Real Time PCR 
cycler 

GeneAmp 5700 Step One Plus Applied Biosystems, Waltham, 
US 

Electrophoresis power supply Powersource 250V VWR, Darmstadt, Germany 

Spectrophotometer NanoVue Plus GE Healthcare, Chicago, US 

Thermomixer Thermomixer Comfort Eppendorf AG, Hamburg, 
Germany 

Vortex mixer 
 

ZX3 advanced vortex mixer VELP Scientifica, Usmate 
Velate, Italy 

Classic vortex mixer Fisher Scientific, Waltham, US  

Water bath VWB VWR, Darmstadt, Germany 

Multipette Multipette E3 Eppendorf AG, Hamburg, 
Germany 

Gel electrophoresis system 
(agarose gels) 

EasyCast B2 Thermo Fisher Scientific, 
Waltham, US 

Rocking table CAT ST5 neoLab, Heidelberg, Germany 

Thermomixer Thermomixer C Eppendorf AG, Hamburg, 
Germany 

Automated nuclear acid 
extraction system 

QIAcube Qiagen, Hilden, Germany 

Tissue embedding system Leica EG1150H Leica, Wetzlar, Germany 

Microtome Leica RM2265 Leica, Wetzlar, Germany 
 

 

8.1.2 Additional material 

Table 3 - Additional material 

Material Name Manufacturer 

48 well plates 48 well cell culture plate Corning, New York, US 

384 well plates Cell culture micro plate, PS, F-
bottom 

Greiner Bio-One, 
Kremsmünster, Austria 

Glass pipettes glass Pasteur pipettes Thermo Fisher Scientific, 
Waltham, US 

Falcons 15/50 ml Greiner 15/50 ml tubes Greiner Bio-One, 
Kremsmünster, Austria 
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Microscope slide Microscope slide Engelbrecht Medizin und 
Labortechnik GmbH, 
Edermünde, Germany 

Cover glasses cover glasses 24x50 mm Paul Marienfeld GmbH & Co. 
KG, Lauda-Königshofen, 
Germany 

Scalpel Carbon steel scalpel #10 Aesculap AG, Tuttingen, 
Germany 

Freezing container Mr. Frosty freezing container Thermo Fisher Scientific, 
Waltham, US 

Embedding cassettes Biopsy embedding cassettes Engelbrecht Medizin und 
Labortechnik GmbH, 
Edermünde, Germany 

 

 

8.1.3 Commercial kits 

Table 4 - Commercial kits and reagents 

Application Name  Manufacturer 

RNA isolation RNeasy Mini Kit Qiagen, Hilden, Germany 

genomic DNA isolation QIAamp DNA Mini Kit Qiagen, Hilden, Germany 

cDNA synthesis qScript cDNA Synthesis Kit Quantabio, Gaithersburg, US 

Cell viability reagent PrestoBlue Cell Viability Reagent Thermo Fisher Scientific, 
Waltham, US 

Immunohistochemistry 
detection kit 

Signal Stain Boost Detection Kit 
(Mouse&Rabbit) 

Cell Signaling Technology, 
Danvers, US 

qRT-PCR Mix GoTaq pPCR Master Mix Promega, Madison, US 
 

 

8.1.4 Enzymes 

Table 5 - Enzymes 

Enzyme Manufacturer 

Collagenase II Sigma-Aldrich, St. Louis, US 

Dispase II Roche, Basel, Swizz 

Phusion High-Fidelity DNA Polymerase (2 U/µl) Thermo Fisher Scientific, Waltham, US 
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8.1.5 Fine chemicals 

Table 6 - Fine chemicals 

Fine chemical Manufacturer 

Butanol (C4H9OH) Clinic pharmacy, UKD 

Ehtanol (C2H5OH) VWR, Radnor, US 

Formaldehyde (4%) SAV Liquid Production GmbH, Flintsbach am Inn, 
Germany 

Alcoholic 1% eosin solution Clinic pharmacy, UKD 

Surgipath Paraplast (Paraffin) Leica, Wetzlar, Germany 

Xylene VWR, Radnor, US 

Hematoxylin Clin Tech, Guildford, UK 

Hydrochloride acid (37%)  VWR, Radnor, US 

Entellan Merck, Darmstadt, Germany 

Methanol (CH3OH) VWR, Radnor, US 

Isopropanol (C3H8OH) VWR, Radnor, US 

Hydrogen peroxide, 30% (H2O2) Merck, Darmstadt, Germany 

Sodium citrate tribasic dihydrate Sigma Aldrich, St. Louis, US 

Sodium chloride (NaCl) Carl Roth, Karlsruhe, Germany 

Tris Sigma Aldrich, St. Louis, US 

TrisHCl (1 M)  Sigma Aldrich, St. Louis, US 

Magnesium chloride (MgCl2) Carl Roth, Karlsruhe, Germany 

Sodium hydroxide (NaOH) Carl Roth, Karlsruhe, Germany 

Mowiol Carl Roth, Karlsruhe, Germany 

dNTPs  Carl Roth, Karlsruhe, Germany 

Dimethyl sulfoxide (DMSO) WAK-Chemie GmbH, Bad Homburg, Germany 

Ethylenediaminetetraacetic acid (EDTA) Thermo Fisher Scientific, Waltham, US 

Acetic acid VWR, Radnor, US 

Nonident P-40 US-Biological, Salem, US 

Sodium deoxycholate AppliChem, Darmstadt, Germany 

Ultrapure distillated water (dH2O) Thermo Fisher Scientific, Waltham, US 
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8.1.6 Biochemicals 

Table 7 - Biochemicals 

Biochemical Manufacturer 

HEPES Thermo Fisher Scientific, Waltham, US 

Dulbecco’s Modified Eagle Medium (DMEM): 
Nutrient mixture F12 

Gibco, Thermo Fisher Scientific, Waltham, US 

GlutaMAX GE Healthcare, Chicago, US 

Primocin Invitrogen, Thermo Fisher Scientific, Waltham, US 

Penicillin/streptomycin Gibco, Thermo Fisher Scientific, Waltham, US 

Dulbecco’s 1x phosphate-buffered saline 
(1x DPBS) 

Gibco, Thermo Fisher Scientific, Waltham, US and 
Sigma Aldrich, St. Louis, US 

Matrigel (#356231) Corning, New York, US 

WNT3A Conditioned medium, produced at AG Stange 

Noggin Conditioned medium, produced at AG Stange 

Rspondin Conditioned medium, produced at AG Stange 

B27 Invitrogen, Thermo Fisher Scientific, Waltham, US 
and Sigma Aldrich, St. Louis, US 

N2 Invitrogen, Thermo Fisher Scientific, Waltham, US 
and Sigma Aldrich, St. Louis, US 

Gastrin Sigma-Aldrich, St. Louis, US 

recombinant murine epithelial growth factor 
(mEGF) 

Invitrogen, Thermo Fisher Scientific, Waltham, US 
and Sigma Aldrich, St. Louis, US 

recombinant human FGF10 (hFGF10) PeproTech, Rocky Hill, US 

Nicotinamide Sigma-Aldrich, St. Louis, US 

N-acetyl-L-cysteine Sigma-Aldrich, St. Louis, US 

A-83-01 Tocris Bioscience, Bristol, UK 

Y-27862 Sigma-Aldrich, St. Louis, US 

ACK lysing buffer Gibco, Thermo Fisher Scientific, Waltham, US and 
Sigma Aldrich, St. Louis, US 

Cell Recovery Solution Corning, New York, US 

Goat serum Sigma-Aldrich, St. Louis, US 

Bovine serum albumin (BSA) Carl Roth, Karlsruhe, Germany 

Tween20 SERVA, Heidelberg, Germany 

Paraformaldehyde Carl Roth, Karlsruhe, Germany 

TritonX-100 Sigma-Aldrich, St. Louis, US 

Irinotecan EVER Pharma GmbH, Gröbenzell, Germany 

Oxaliplatin (ELOXATIN) Sanofi-Aventis Deutschland GmbH, Frankfurt 
a.M., Germany 

5-FU (5-FU medac) Medac, Gesellschaft für klinische Spezialpräparate 
mbH, Wedel, Germany 
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Gemcitabine HEXAL AG, Holzkirchen, Germany 

Paclitaxel (NeoTaxan) HEXAL AG, Holzkirchen, Germany 

Agarose SERVA, Heidelberg, Germany 

6x purple loading dye New England Biolabs, Ipswich, US 

GeneRuler 1kb plus DNA ladder Thermo Fisher Scientific, Waltham, US 

GelRed Nucleic Acid Stain (20,000x) Biotium, Hayward, CA 
 

 

8.1.7 Primary antibodies 

Table 8 - Primary antibodies 

Antibody Purpose Dilution Blocking Manufacturer 

mouse-anti-CK19 
mAB (BA16; 
ab20210) 

IHC IHC 1:100 5% goat block Abcam, Cambridge, UK 

mouse-anti-TP53 
mAB (1C12; 
#2524) 

IHC IHC 1:200 5% goat block Cell Signaling Technology, 
Danvers, US 

mouse-anti-
KRT81 mAB (36-
Z; sc-100929) 

IHC, IF IHC 1:150 
IF 1:50 

5% goat block Sana Cruz Biotechnology, 
Dallas, US 

rabbit-anti-CFTR 
mAB (ab131553) 

IHC, IF IHC 1:300 
IF 1:50 

5% goat block Cell Signaling Technology, 
Danvers, US 

 

 

8.1.8 Secondary antibodies and fluorescent dyes 

Table 9 - Secondary antibodies 

Antibody/Dye Purpose Dilution Manufacturer 

DAPI IF 1:2000 Sigma-Aldrich, St. Louis, US 

Phalloidin Alexa 
Fluor 568 

IF 1:100 Thermo Fisher Scientific, 
Waltham, US 

Goat-anti-mouse 
Alexa Fluor 488 

IF 1:200 Thermo Fisher Scientific, 
Waltham, US 

Goat-anti-rabbit 
Alexa Fluor 488 

IF 1:200 Thermo Fisher Scientific, 
Waltham, US 
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8.1.9 Nucleic acids 

8.1.9.1 Polymerase chain reaction (PCR) primers  

Table 10 - PCR primers 

Primer name Sequence (5’ – 3’) Product size [bp] 

hKRAS_Exon2_fwd AGCGTCGATGGAGGAGTTTG 395 

hKRAS_Exon2_rev TGTATCAAAGAATGGTCCTGCAC 

hKRAS_Exon3_fwd CCAGACTGTGTTTCTCCCTTC 286 

hKRAS_Exon3_rev TGCATGGCATTAGCAAAGAC 
 

 

8.1.9.2 Quantitative Real Time PCR (qRT-PCR) primers 

Table 11 - qRT-PCR primers 

Primer name Sequence (5’ – 3’) Product size [bp] 

qPCR_hGAPDH_fwd GCA CCA CCA ACT GCT TAG 166 

qPCR_hGAPDH_rev ATG ATG TTC TGG AGA GCC CC 

qPCR_hACTB1_fwd AAA TCT GGC ACC ACA CCT TC 185 

qPCR_ hACTB1 _rev AGA GGC GTA CAG GGA TAG CA 

qPCR_hCFTR_fwd CAGCGCCTGGAATTGTCAG 102 

qPCR_hCFTR_rev TGAAGCCAGCTCTCTATCCC 

qPCR_hHNF1a_fwd ACG ACG ATG GGG AAG ACT TC 139 

qPCR_hHNF1a_rev GAC TTG ACC ATC TTC GCC AC 

qPCR_hKRT81_fwd CTACCTCCGCAAGTCAGACC 114 

qPCR_hKRT81_rev TCTGAGATGTGCGACTGGAG 
 

 

8.1.9.3 Software 

Table 12 - Software 

Software Version Developer 

GraphPad Prism Version 8.4 GraphPad Software, San Diego, 
US 

Benchling - Benchling, San Francisco, US 
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8.2 Methods 

8.2.1 PDAC Patient cohort  

Medical data from patients diagnosed with resectable PDAC between 2016 and 2021 at the University 

Hospital Dresden have been used for retrospective analyses for the following parameters: patients’ 

age, gender, tumor differentiation (grading), T-, R-, N- and CRM-status. In order to investigate the 

impact of dose- or cycle number reduction on patients´ response to neoCTx treatment (i.e. FOLFIRINOX 

or the Gem/nab-Pac), patients with LA PDAC that have been hospitalized at Dresden University Hospital 

between 2014 and 2021 were analyzed. Inclusion criteria were the availability of the following 

chemotherapeutic parameters: therapy agent, number of cycles administered, reduction of dose or 

termination of therapy if necessary, and the assessment of the tumor regression grade (TRG) by a 

broad certified pathologist. The TRG evaluation was done according to Le Scodan52 using parameters 

such as the proportion of severely degenerative cancer cells (SDCCs) and necrotic areas in the resected 

tumor (Table 12). Only patients that received at least three 28 day-cycles of the Gem/nab-Pac or four 

14 day-cycles of the FOLFIRINOX without reduction of doses were considered as “full course” treated. 

Any reduction in dosing or termination of measure was defined as “adapted” therapy. Patients treated 

with any other chemotherapy except FOLFIRINOX or Gem/Pac were excluded from the analysis. This 

was also applicable for patients that switched to the respective other treatment protocol later than 

cycle 1. 

 

Table 12 - Tumor regression grade classification according to Le Scodan 2008 

Tumor regression grade Response to neoCTx Proportion of SDCCs Necrosis 

TRG1 Minor < 50% absent 

TRG2 Intermediate 50 – 80% small spotty areas 

TRG3 Major > 80% larger areas 

 

Chi-Square testing was performed for analyzing the impact of neoCTx dose adaption on tumor 

regression grade. Furthermore, the influence of a full dose or adapted dose neoCTx on the R- and 

N-status, as well as the impact of the TRG on the R- and N-status was conducted via Chi-Square testing 

in Graph Pad Prism 8.4 (GraphPad, CA, USA). 
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8.2.2 Tissue sampling 

Patient tissue and blood sampling, as well as PDO generation and cultivation has been approved by 

the local ethics committee (#EK451122014). Written consent was obtained from all patients before 

tumor specimens were received and processed. All tissue samples that have been processed for PDO 

generation were surveyed by board-certified pathologists to confirm PDAC disease according to the 

World Health Organization criteria. 

 

8.2.3 Cell culture techniques 

All cell culture methods have been conducted under sterile conditions. PDOs always were cultivated 

at 37°C and 5% (v/v) CO2. 

 

8.2.3.1 PDO generation from surgical resection specimens 

Tumor specimens were minced into small pieces (< 1 mm³) and further processed by incubating in 

digestion media for 2-4 h in a heat block at 37°C and 700 rpm. The digestive reaction was stopped by 

centrifuging at 400 x g for 5 min at 4°C and aspiration of the supernatant containing Collagenase II and 

Dispase II. The pellet was resuspended in 2 ml of F+++ medium and the sample incubated for 2 min to 

allow larger fragments to settle in the reaction tube. Cell clusters passing through a 200 µl pipette tip 

were transferred into a new reaction tube, followed by several washing steps with 1x DPBS. The 

remaining sample was resuspended in Matrigel in dependence of the pellet size and plated as 20 µl 

drops on a 48-well plate. After incubating 10 min at 37°C in an incubator the polymerized Matrigel 

drops were covered with 240 µl of PDAC medium supplemented with the rock inhibitor Y-27632.  

 

 

F+++ medium (500 ml) 10 mM HEPES 

1x GlutaMAX 

1x Primocin 

1x penicillin/streptomycin 

 

Digestion medium F+++ supplemented with 

0.625 mg/ml Collagenase II 

2.5 mg/ml Dispase II 
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PDAC medium (50 ml) 12.2 ml F+++ medium 

25.0 ml conditioned WNT3a medium 

5.0 ml conditioned noggin 

5.0 ml conditioned Rspondin 

1.0 ml B27 (50x) 

0.5 ml N2 (100x) 

0.5 ml nicotinamide (1 M) 

0.5 ml gastrin (1 µM) 

0.1 ml Primocin (500x) 

0.1 ml N-acetyl-L-cysteine (1 mM) 

0.05 ml mEGF (50 µg/ml) 

0.05 ml hFGF10 (100 µg/ml) 

0.01 ml A83-01 (10 mM) 

 

PDAC medium + Y27632 (10 ml) 9.990 ml PDAC medium 

10 µl Y27632 (10 mM) 

 

Pancreas medium (10 ml) 9.980 ml PDAC medium 

10 µl PGE2 (10 mM) 

10 µl Forskolin (10 mM) 

 

 

8.2.3.2 PDO generation from fine needle aspiration samples 

Endoscopic ultrasound (EUS) guided fine needle aspiration (FNA) samples were received from the 

Department of Medicine 1 at the University Hospital Carl Gustav Carus Dresden and the Department 

of Endoscopy and Gastroenterology at the Städtisches Klinikum Dresden Friedrichstadt. Due to the 

limited amount of sample, the processing of tissue was amended accordingly: The retrieved FNA 

material was directly transferred into a collection tube containing digestion medium without 

mechanical shredding. The incubation time in a heat block at 37°C and 700 rpm was reduced to 30-45 

min. Following a centrifugation step of 5 min at 300 x g and 4°C, sample contamination with blood 

coagulate was removed by re-suspending the pellet in 500 µl ACK lysing buffer and a 3 min incubation 

at room temperature. Two washing steps with 1x DPBS were performed before the pellet was re-

suspended in Matrigel, plated as 20 µl drops in 48-well plates and covered with 240 µl PDAC medium 

supplemented with Y-27632 after polymerization of the Matrigel. 
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8.2.3.3 Passaging and cultivation of PDOs 

Human PDAC PDOs were passaged once a week with a split ratio of 1:2 up to 1:6 depending on the 

proliferation dynamics of the individual organoid line. For this purpose, Matrigel drops from up to four 

wells were pooled in a 15 ml reaction tube with the help of a 1000 µl pipette. The PDOs were 

mechanically dissociated using a fire polished glass Pasteur pipette and washed two times with 

1x DPBS. The pellet was re-suspended in Matrigel and plated as drops on 48-well plates as described 

in section 3.2.3.1 & 3.2.3.2. PDAC medium without Y-27632 supplement has been used for all cultures 

beyond the first passage. Medium was replaced every 3-4 days, when no passaging of PDO lines was 

necessary.  

 

 

8.2.3.4 Freezing and unfreezing PDOs 

For long term preservation of human PDOs, cells from up to 4 wells have been harvested and 

mechanically dissociated as described in section 3.2.3.3. After washing with 1x DPBS the PDO pellet 

was re-suspended in 500 µl recovery cell culture freezing medium, transferred into a freezing container 

and stored at -80 °C for 24 h before storage in liquid nitrogen. 

1 ml preheated F+++ medium was added to a vial of cryopreserved organoids for rapid unfreezing. The 

sample was transferred into a 15 ml collection tube containing 6 ml of F+++ and centrifuged for 5 min 

at 300 x g and 4°C. The cell pellet was further handled as described in 3.2.3.1. Human PDOs were 

cultivated in PDAC medium supplemented with Y-27632 after unfreezing for one passage. 

 

 

8.2.4 Staining of human PDAC PDOs 

8.2.4.1 Fixation and paraffin embedding of PDOs 

Human PDOs from at least 10 dense growing wells (48-well plate) were harvested to obtain sufficient 

material for paraffin embedding. The sample was directly centrifuged for 5 min at 300 x g and 4°C 

without mechanical dissociation. Matrigel contaminations were removed by adding 1 ml of cell 

recovery solution and incubation for 30 min on ice. After washing with 1x DPBS, fixation of the PDOs 

was performed using 4% formaldehyde and incubated for 1 min at room temperature. Removal of 

formaldehyde was carried out by washing 2 times with 1x DPBS. Next, the sample was dehydrated by 

subsequent incubation for 3 min in 25%, 50% and 70% ethanol (v/v). Optionally, PDOs were stained 

with eosin to facilitate embedding and sectioning of the samples. Therefore, PDOs were incubated for 

5 min at room temperature in 1% eosin diluted in 96% ethanol followed by repeated washing with 

96% ethanol. The sample was incubated in butanol three times for 3 min before resuspension in 500 µl 
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liquid paraffin and incubation at 56°C for 30 min. The embedded PDOs were transferred into an 

embedding cassette and 2.5 µM thick section were cut using a microtome.  

 

 

8.2.4.2 Hematoxylin and eosin staining of PDOs 

Staining of cell nuclei (hematoxylin) and cytoplasm (eosin) was done on paraffin embedded PDO 

sections by de-paraffinizing in xylene and isopropanol for 5 min. Subsequently, the samples were 

rehydrated by incubating in 96% ethanol and 70% ethanol for 3 min respectively. Next, hematoxylin 

staining was done for 2 min followed by briefly dipping the slides into acetic dH2O. The development 

of the staining was achieved by rinsing 10 min with warm tap water. Next, the samples were incubated 

in eosin for 3 min and dehydrated by incubating in 70% and 96% ethanol for 2 min successively. 

Afterwards, the samples were incubated in isopropanol and xylene for 5 min each and mounted in 

entellan. Bright field images were taken using the EVOS FL Auto microscope for analysis of the 

stainings.  

 

8.2.4.3 Immunohistochemistry staining of PDOs 

For immunohistochemistry (IHC) stainings, paraffin embedded PDO sections were de-paraffinized by 

incubating these in xylene for 10 minutes. Sample rehydration was achieved by subsequently 

incubating in 95%, 85% and 70% ethanol for 3 min, followed by a 10 min washing step with 1x TBST 

buffer. The quenching of endogenous peroxidases was conducted by incubating in methanol 

supplemented with 0.8% H2O2 for 20 min at room temperature. After washing 3 times in 1x TBST for 

3 min, antigen retrieval was performed by boiling the samples in 0.01 M sodium citrate buffer (pH 6.0) 

in a microwave three times for 3 min at 540 W and allowed to cool for 3 min in between. This was 

followed by three additional heating/boiling steps at 230 V for 3 min each with 3 min cooling phases 

in between. The samples were washed in 1x TBST again before blocking with 5% goat block solution 

for 1 h at room temperature. The primary antibody (diluted as indicated in Table 8) was applied and 

incubated overnight at 4°C in a humidified chamber. Unbound antibodies were removed by washing 

10 min with 1x TBST. Horseradish peroxidase (HRP) conjugated SignalStain boost IHC detection reagent 

was applied to the sample and incubated for 30 min at room temperature in a humidified chamber. 

HRP substrate chromogen concentrate was added, and the staining monitored on a microscope. The 

enzymatic reaction was stopped by washing with 1x TBST. A counterstaining with H&E as described in 

section 3.2.4.2 was performed for improved visualization and samples imaged using the EVOS FL Auto 

microscope. 
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10x TBS buffer (500 ml) 43.83 g NaCl 

12.11 g Tris base 

add H2O to 500 ml 

 

1x TBS-T buffer (1000 ml) 100 ml 10x TBS buffer 

0.5 ml Tween20 

add H2O to 1000 ml 

 

0.1 M sodium citrate buffer (500 ml) 14.7 g sodium citrate tribasic dihydrate 

add dH2O to 500 ml 

 

0.01 M sodium citrate buffer (1000 ml) 100 ml 0.1 M sodium citrate buffer 

10 ml Tween20 

adjust pH to 6.0 with conc. HCl 

add dH2O to 1000 ml 

 

5 % goat block (50 ml) 330 µl TrisHCl (1.5 M) 

0.5 g MgCl2 

250 µl Tween20 

0.5 g BSA 

2.5 ml goat serum 

add dH2O to 50 ml 

 

 

8.2.4.4 Immunofluorescence staining of PDOs  

Organoids from 6-8 dense grown wells from a 48-well plate were harvested and pooled in a 15 ml 

collection tube. The remaining Matrigel was removed using cell recovery solution as suggested by the 

manufacturer. After repeated washing with 1x DPBS, the pellet was re-suspended in 7 ml 2% 

paraformaldehyde solution for fixation and stored at 4°C overnight. The supernatant was removed 

after centrifuging 5 min at 300 x g and 4°C, the pellet resuspended in 1 ml 0.3% TritonX-100 

permeabilization solution and incubated at room temperature for 20 min. The samples were then 

centrifuged for 5 min at 300 x g and 4°C, the supernatant aspirated, and the pellet resuspended in 

500 µl IF blocking solution before incubating 1 h at room temperature. The primary antibodies used 

were diluted (according to table 8) in IF blocking solution and the PDOs resuspended. After 2 h 
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incubation at room temperature, unbound antibodies were removed by repeated washing with IF 

washing buffer. Next, the pellet was re-suspended in 500 µl IF blocking solution containing the 

secondary antibody, DAPI and phalloidin, diluted in IF blocking solution. Repeated washing was done 

with IF washing buffer after 2 h incubation at room temperature and the pellet re-suspended in 50 µl 

Mowiol before applying onto microscope slides. Images were taken on a confocal laser-scan-

microscope (Zeiss LSM 550 and Zeiss LSM 880 Airyscan). 

 

 

2% paraformaldehyde solution (100 ml) 2 g paraformaldehyde 

Add 1x DPBS to 100 ml 

Adjust pH to 7.4  

 

Permeabilization solution (10 ml) 0.3 ml TritonX-100 

9.7 ml 1x DPBS 

 

IF blocking solution (50 ml) 0.5 g BSA 

50 µl TritonX-100 

49.95 ml 1x DPBS 

 

IF washing buffer (50 ml) 50 µl Tween20 

50 µl TritonX-100 

49.9 ml 1x DPBS 

 

 

 

8.2.5 Pharmacotyping of PDAC PDOs 

8.2.5.1 Single drug assays 

PDAC PDOs drug sensitivity was evaluated for irinotecan, oxaliplatin and 5-FU, which are part of the 

FOLFIRINOX therapy as well as gemcitabine and paclitaxel, which are components of the Gem/Pac 

protocol.  

Dense growing PDO cultures were collected and pooled in a 15 ml collection tube. PDOs from one well 

(48-well plate) were used to prepare 20-40 samples on a 384-well plate, depending on the individual 

PDO line growth rate. A fire polished glass pipette was used to mechanically dissociate the PDOs prior 

to centrifugation and washing with 1x DPBS. The cell pellet was re-suspended in 75% Matrigel diluted 
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with PDAC culture medium and seeded as 15 µl samples into a 384-well plate. After Matrigel 

polymerization 40 µl PDAC culture medium was applied to each sample before allowing the cell 

clusters to form organoids for 24 h. Next, the medium was replaced with allocated serial diluted 

chemotherapeutic compounds. Each dilution was performed in duplicates including the blank, which 

was composed of 75% Matrigel and PDAC culture medium. Six wells were used as negative control 

where PDOs were cultured in PDAC medium without drugs. The medium was refreshed after 72 h and 

viability was measured at day 6 by quantifying the metabolic activity in each sample using the 

PrestoBlue viability reagent. PrestoBlue viability assessment was performed as suggested by the 

manufacturer and analyzed using a Varioskan LUX plate reader with the following settings: samples 

were shaken for 5 seconds, and fluorescence measured from the bottom with an excitation and 

emission wavelength of 560 nm and 590 nm respectively. After empirically assessing suitable titration 

ranges, the 5 chemotherapeutic drugs used were diluted as follows:  

 

Drug Dilution 
1 

Dilution 
2 

Dilution 
3 

Dilution 
4 

Dilution 
5 

Dilution 
6 

Dilution 
7 

Irinotecan 

[µM] 
300 60 18.75 7.5 2.5 1 0.1 

Oxaliplatin 

[µM] 
500 100 39 15.63 6.25 2.5 0.5 

5-FU  

[µM] 
1000 100 25 5 1 0.1 0.01 

Gemcitabine 

[nM] 
390 97.6 39 15.63 6.25 2.5 1 

Paclitaxel 

[nM] 
200 40 15 5 2 0.8 0.2 

 

All drug dilutions were freshly prepared in in PDAC medium prior to use. Single drug assays were 

repeated at least 3 times for each PDO line tested within a range of 5 passages.  

 

 

8.2.5.2 Drug combination assays 

After assessing the single drug sensitivity for the first 10 PDAC lines, the mixture ratios for the 

FOLFIRINOX and Gem/Pac drug combination were defined as the compounds individual mean IC50 

values. The FOLFIRINOX single agents irinotecan, oxaliplatin and 5-FU were mixed in a 1 : 3.5 : 3.5 ratio 

respectively, while gemcitabine and paclitaxel were mixed 1 : 0.64. Eight different dilutions were tested 
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for both multi-drug regimens. The drug doses “n” for FOLFIRINOX or Gem/Pac was defined as follows: 

10 µM irinotecan + 35 µM oxaliplatin + 35 µM 5-FU or 14 nM gemcitabine + 9 nM paclitaxel, 

respectively. PDO seeding, assay design, duration of drug treatment and readout was analogous to the 

single drug assays as described in section 3.2.5.1 but with the following dilution steps: 

 

CTx Dilution 
1 

Dilution 
2 

Dilution 
3 

Dilution 
4 

Dilution 
5 

Dilution 
6 

Dilution 
7 

Dilution 
8 

FOLFRINOX 6.25n 2.5n n n/3 n/9 n/27 n/81 n/243 
 
Gem/Pac 10n 4n 2n n n/2 n/4 n/8 n/20 

 

Three individual experiments were conducted for each PDO line within 5 passages to avoid clonal 

expansion bias.  

 

 

8.2.5.3 Modified drug combination assays 

The analysis of how single drugs contribute to cytotoxicity in vitro in the FOLFIRINOX multi-drug 

protocol was performed by leaving out irinotecan, oxaliplatin, or 5-FU from the CTx mixture. PDAC PDO 

preparation and seeding, assay design, drug dilution numbers and steps, duration of drug treatment 

and the readout were analogous to the drug combination assays as described in section 3.2.5.2. The 

individual drug impact on cytotoxicity in the Gem/Pac group were investigated by merging single drug 

and drug combination data retrospectively.  

 

 

8.2.5.4 Drug assay data analysis and interpretation 

PDO drug assays were analyzed by normalizing the mean value of each dilution step to the mean of 

the negative control after blank subtraction. The obtained relative viability data were used to plot 

dose-response curves in GraphPad Prism 8.4 followed by the calculation of the area under the curve 

(AUC) value. Further comparison of PDO lines individual drug sensitivities was achieved via z-score 

normalization using the formula z= (x-µ)/σ, where x is the mean AUC from three individual conducted 

pharmacotyping assays, µ is the mean AUC from all PDO lines tested for a specific drug and σ is the 

standard deviation from all PDO lines analyzed. 

The relative area under the curve was calculated by dividing individual AUC values by the maximum 

AUC for each drug dilution range respectively. The comparison of the PDO cohort of CTx naïve and 

neoCTx cell lines was done via Mann-Whitney testing performed in GraphPad Prism 8.4. 
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The analysis of leave-on-out drug assays for FOLFIRINOX was done using the ANOVA test based on PDO 

lines AUC data. The modified Gem/Pac assays was done analogue for the overlapping dilution range 

from all three conditions (Gem/Pac vs. Gem vs. Pac) (* p < 0.05, ** p < 0.01, *** p < 0.001). Pearson 

correlation analysis was done in GraphPad Prism 8.4 for assessing the connection between FOLFIRINOX 

and Gem/Pac sensitivities. Investigating the correlation between the lowest single drug z-score and 

the respective drug combination z-score was also done using Pearson correlation. 

 

 

8.2.6 DNA & RNA techniques 

8.2.6.1 DNA isolation from PDAC organoids 

To ensure sufficient starting material organoids from 5-10 wells from a 48-well plate were collected in 

a 15 ml collection tube. Cell recovery solution was applied, and samples incubated on ice for at least 

30 min for non-enzymatic digest of the Matrigel. After repeated washing with 1x DPBS, the pellet was 

further processed according to the manufacturer instruction from the QIAamp DNA mini kit to obtain 

genomic DNA, which was eluted in dH2O instead of elution buffer. The DNA concentration was 

assessed using the NanoVue Plus spectrophotometer.  

 

 

8.2.6.2 Polymerase chain reaction and gel electrophoresis 

Sequencing of the Kirsten rat sarcoma viral oncogene (KRAS) was done to confirm the malignant origin 

of newly established PDO lines, since KRAS is mutated in around 90-95% of PDAC108. Most of the gain-

of-function mutations are located in KRAS exon 2 and exon 3, which is why both exons have been 

amplified in a PCR reaction, followed by a gel electrophoresis quality control and sample shipment for 

sequencing to the Eurofins Genomics. The PCR amplification for both, exon 2 and 3, was done with the 

following PCR mix and cycler protocol: 

 

PCR mix  Cycler program 
genomic DNA 100 ng     
Primer forward (10 µM) 1 µl  98°C 2 min  
Primer reverse (10 µM) 1 µl  98°C 10 sec  

35 cycles 5x Phusion Taq buffer 4 µl  64°C 20 sec 
Phusion Taq (2U/µl) 0.2 µl  72°C 25 sec 
DMSO 0.6 µl  72°C 5 min  
dH2O add to 20 µl 

 
 15°C hold  
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The PCR samples were analyzed via gel electrophoresis to assess successful DNA amplification prior 

sequencing. Agarose (0.8 – 1.2 % w/v) was dissolved in 1x TAE buffer by heating in a microwave. Gel 

Red (1:10000) was added for later visualization of nucleic acids in the Vilber Fusion Fx gel 

documentation system and loading buffer applied to the samples to a final concentration of 1x before 

loading on the gel. Gene ruler 1kb plus ladder has been used for fragment size determination and 

sample separation performed by default for 1 h at 100-120 V.  

 

 

50x TAE buffer (1000 ml) 242.0 g Tris 

57.1 ml acetic acid 

100 ml 0.5 M EDTA pH 8.0 

dH2O up to 1000 ml  

 

1 x TAE buffer (1000 ml) 20 ml 50x TAE buffer 

dH2O up to 1000 ml  

 

 

 

8.2.6.3 RNA isolation from PDAC PDOs and cDNA synthesis 

Organoid collection and processing prior RNA isolation was conducted as described in section 3.2.6.1. 

The RNeasy Mini Kit was used following the manufacturer’s protocol for further cell pellet processing. 

RNAse free water was used to elute total RNA and concentration measured with the NanoVue Plus 

Photospectrometer.  

Synthesis of complementary DNA (cDNA) from PDO derived RNA was performed using the qScript 

cDNA synthesis Kit and the following reaction protocol as suggested by the manufacturer: 

 

Sample Mix  Cycler program 
RNA 500 ng  22°C 5 min 
5x qScript reaction mix 4 µl  42°C 30 min 
qScript RT (20x) 1 µl  85°C 5 min 
dH2O add to 20 µl  4°C hold 
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8.2.6.4 Quantitative Real-Time PCR 

Quantitative real-time PCR (qPCR) was used for expression analysis of the KRT81, CFTR and HNF1A 

gene in human PDAC PDO lines. The genes GAPDH and ACTB1b were utilized as house-keeping 

controls. Primers for all genes were chosen to span at least one exon, have similar amplicon lengths of 

80 – 150 bp and at least one GC-clamp on the 3’ end. Each sample was pipetted and run in a GeneAmp 

5700 Step One Plus cycler as follows: 

 

qPCR mix  Cycler program 
cDNA 2 µl  50°C 2 min  
Primer forward (10 µM) 2.5 µl  95°C 10 min  

 
40 cycles 

Primer reverse (10 µM) 2.5 µl  95°C 30 sec 
2x GoTaq qPCR Master Mix 12.5 µl  60°C 1 min 
CXR reference dye 0.25 µl  60°C 1 min 
dH2O 5.25 µl    
      

 

Primer efficiency was first determined to be at least 90% before expression analysis was conducted. 

The data were processed according to Hellemans and colleagues109, which allowed using more than 

one house-keeping gene for more precise expression interpretation within the analyzed population. 

First, the arithmetical means from all PDO lines and genes analyzed were calculated for converting 

quantitative cycle values into relative quantities (RQs). Next, the sample-specific normalization factor 

(NF) was obtained by calculating the geometrical mean of the two house-keeping genes GAPDH and 

ACTB1b RQs. Dividing RQ by NF gives the relative expression within the population. Accordingly, the 

PDO lines specific gene expression is not normalized to a particular control, but the mean of all samples 

included into the analysis. 
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Results 

9.1 Chapter 1 – The efficacy of neoCTx in LA PDAC patients is negatively impacted 
by drug dose adaptations 

Most PDAC patients present with unresectable LA PDAC when diagnosed33. Neoadjuvant 

chemotherapy is the treatment of choice to potentially achieve resectability by tumor burden 

reduction. The standard therapy regimens FOLFIRINOX and Gem/nab-Pac showed promising response 

rates in the past but are associated with high rates of grade 3 & 4 side effects33,38,40. Dose reduction of 

standard of care or a switch of therapy are options to ensure the continuation of treatment. Yet, severe 

adverse effects can also result in a complete discontinuation of therapy, which might negatively impact 

the patients´ prognosis and outcome. 

In order to investigate the effect of neoCTx dose adaption or termination of treatment on patients’ 

response to therapy, data from LA PDAC patients were retrospectively analyzed. 59 patients have been 

identified that fulfill the inclusion criteria (see Chapter 3.2.1.) and that were hospitalized at the 

University Hospital Dresden between 2014 and 2021. Additionally, data from 66 patients diagnosed 

with initially resectable PDAC were recorded for comparison of several prognostic markers such as 

lymph node and resection margin status of neoCTx and CTx naïve patients (Table 13, Supplementary 

table 1 + 2).  

 

The gender was almost equally distributed (34 male vs 32 female) and the median age in the group of 

patients that presented with initially resectable PDAC (CTx naïve patients) was 69 years (Table 14). 

Three resected tumors were smaller than 2 cm (T1; 4.5%) while the majority of PDAC was 2 cm (T2; 

57.6%) in diameter or larger (T3, 37.9%). Poorly and moderately differentiated tumors were nearly 

equally distributed. The lymph node and resection margin status (N-Status and R- Status, respectively) 

have been shown to be independent predictor of OS in PDAC. Resection with tumor free margins (R0) 

or microscopic tumor infiltrates (R1) was achieved in 72.7% and 19.7% respectively. Regarding the 

N-status, the majority of LA PDAC cases of the CTx naive cohort were all lymph node positive and 

between one and four (46.9%; N1) or more (36.4%; N2) tumor infiltrated ascendant lymph nodes were 

found.  

Within the neoCTx pretreated patients (neoCTx patients) the median age was 65 years and 45.8% of 

the cohort were male. The analysis of tumor size was not included due to the lack of sufficient pre-

neoCTx data. As the patients have received systemic treatment, the tumor differentiation grade (G-

status) was not assessed. Two-thirds (69.5%) of the patients received FOLFIRINOX and one-third 

(30.5%) Gem/nab-Pac. Of note, the median age of patients receiving FOLFIRINOX and Gem/nab-Pac 
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was 62 and 73 years, respectively. More than half (52.5%) of all pretreated patients showed minor 

response (TRG1) to the therapy, while in 32.2% and 15.3% an intermediate (TRG2) and major response 

(TRG3) was determined.  

 

 

Table 13 – PDAC patient cohort 

PDAC cohort  LA PDAC cohort 
Variable Value [%]  Variable Value [%] 
Patients 66 100.0  Patients 59 100.0 
Median age 69 -  Median age 64 - 
Male sex 34 51.5 

 
 Male sex 27 45.8 

T-status:    neoCTx regimen:   
 T1 3 4.5  FOLFIRINOX 41 69.5 
 T2 38 57.6  Gem/nab-Pac 18 30.5 
 T3 25 37.9     
    Median age: 

FOLFIRINOX 
 

62 
 
- 

Grading:    Gem/nab-Pac 73 - 
 G2 31 47.0     
 G3 34 53.0  Tumor reg. grade:    
     TRG 1 31 52.5 
     TRG 2 19 32.2 
     TRG 3 9 15.3 
       
R-status:    R-status:   
 R0 48 72.7   R0 43 72.9 
 R1 13 19.7   R1 10 16.9 
 n.d. 5 5.6   n.d. 6 10.2 
       
N-status:    N-status:   
 N0 11 16.7   N0 23 39.0 
 N1 31 46.9   N1 25 42.4 
 N2 24 36.4   N2 11 18.6 

 

Similar to CTx naïve patients, R0 resection was achieved in most of the cases (72.9%). In two out of five 

resected tumors no infiltrated lymph nodes were seen (39.0%) and N2 was seen in less than one-fifth 

of patients (18.6%) compared to the primary resectable patients.  

Nearly one-third of patients neoadjuvantly treated with either FOLFIRINOX or Gem/nab-Pac did not 

complete their treatment (29.3% and 27.8%, respectively) (Figure 5A). In most cases, the therapy was 

continued with reduced dose (n= 15; 88%), while in two cases neoCTx with FOLFIRINOX was 



42 
 

discontinued after cycle three due the onset of severe side effects. Strikingly, in one of these patients 

the pathological assessment revealed a R0 status, lymph node status N0 and major tumor regression 

grade. Nevertheless, TRG3 and TRG2 occurred more often in the cohort of FOLFIRINOX treated patients 

receiving the complete course of treatment compared to patients with dose reductions (p= 0.144, Chi2-

test) (Figure 5B). The same negative trend of dose adaption was seen for Gem/nab-Pac treated 

patients as only minor (4/5 TRG1) and intermediate (1/5 TRG2) pathological response was observed 

when regimen dose was adapted (p= 0.41, Chi2-test). 

 

 
Figure 5 - NeoCTx dose adaptation impacts tumor regression grade in LA-PDAC patients. A) Distribution of LA 
PDAC patients receiving full course or dose adapted neoadjuvant chemotherapy (neoCTx) with either 
FOLFIRINOX or gemcitabine + nab-paclitaxel (Gem/nab-Pac). B) Frequency of minor- (TRG1), intermediate- 
(TRG2) and major pathological response rate (TRG3) in LA PDAC patients administered completed course regimen 
or dose adapted neoCTx with FOLFIRINOX or Gem/nab-Pac. Modified from Hennig et al.110 

 

The R- and N-status are independent parameters impacting OS of PDAC patients and we sought to 

analyze the influence of neoCTx dose adaption on R and N status in more detail. In our cohort, an 

adaption in chemotherapy dose significantly increased the chance for microscopic tumor infiltrates 

present in the resection margins (10.8% vs. 37.5%, p= 0.023, Chi2 test) (Figure 6A). No significant 
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difference was seen for the R0 resection frequency between CTx naïve and neoCTx patients (R0 

resection: CTx naïve 78.7%, TRG1 75%, TRG2, 81.25%, TRG3 100%; p= 0.432, Chi2 test). Yet, in all 

patients that showed major response to neoCTx (n= 9) R0 resection was achieved in 100% of cases. 

The adaption of dosing did not alter the N-status assessed from surgical resected tumors (p= 0.602, 

Chi2 test) (Figure 6B), in contrast to TRG (p= 0.003, Chi2 test). A minor response to the treatment 

already reduced the chance for N2 compared to CTx naïve patients (N2: TRG1 23.8% vs 36.4%). The 

effect was more prominent with increased TRG (N2: TRG2 14.8%, TRG3 0%). Concomitantly, N0 was 

more frequent the better the response to the neoCTx was (N0: CTx naïve 16.7%, TRG1 33.3%, TRG2 

74%, TRG3 54.5%).  

 

 
Figure 6 – The Neoadjuvant chemotherapy dose adaptation impacts the R- and N-status in LA-PDAC patients. 
A) Influence of neoCTx dose adaption on the frequency of microscopic tumor infiltrated (R1) resection margins 
and tumor free resection margins (R0) and distribution of R-status in CTx naïve patients and in dependence of 
TRG. B) Influence of neoCTx dose adaption on the number of lymph nodes infiltrated with tumor cells (N0 = 0, 
N1 < 4, N2 >= 4) and N-status in dependence of TRG and CTx naïve patients. Modified from Hennig et al.110. 
 



44 
 

Taken together, an adaption of the neoCTx protocol due to the onset of severe side effects of grade 3 

& 4 was necessary in one third of all LA PDAC patients, independent of which treatment has been 

administered. In addition, any reduction of drug dose significantly impacted the TRG, R and N status. 

 

 

 

9.2 Chapter 2 – Generation and characterization of a PDAC PDO biobank 

 

Patient-derived organoids resemble a novel three-dimensional in vitro tool with many potential 

applications. For instance, they could be used to identify resistances and sensitives to any anti-cancer 

drug, which might result in PDAC patient individualized systemic treatment protocols. Nonetheless, 

the generation of PDOs from primary tumor specimen remains challenging due to the difficulty of 

accessing tissue and the complexity of maintaining organoid cultures, specifically the handling and the 

media composition required for long term cultivation. Based on the published data from Broutier93, 

Boj91 and their colleagues an initial protocol for the generation of PDAC PDOs from chemotherapy 

naïve (CTx naïve) patients was assembled, were tissue samples were minced into small pieces of 1 mm³ 

size and digested overnight in digestion medium, followed by repeated washing to circumvent a 

potential source of contamination, and seeding as Matrigel drops in tissue culture plates (Figure 7A + 

B). Images were taken instantly after seeding and subsequently before passaging the PDO lines on a 

weekly basis. We observed that PDOs emerged mainly from large tissue clusters, while no outgrowth 

within 7 days at passage zero was seen in tissue samples that have been digested to single cells (not 

shown). The sample processing resulted in a take rate of 20-30% when the initial protocol was followed 

(Figure 7C). As a result, we modified the method for PDO generation from surgical resection specimens 

by continuously reducing the concentrations of both digestion enzymes Collagenase II and Dispase II 

as well as the incubation time with these enzymes, which resulted in the finalized protocol as described 

in section 3.2.3.1. This led to an increased number of PDOs initiated within passage zero (Figure 7B) 

and concurrently, led to an increased take rate which peaked at 80% (Figure 7C). Whilst establishing 

our living biobank depository of CTx naïve PDAC PDOs, various organoid morphologies have been 

observed, i.e. thin- or thick-walled spheres and grape-like structured clusters (Figure 7D). We noticed 

that morphologies shown for DD385, DD753 and DD1078 were exclusively for PDAC, while the 

thin-walled morphology was common for both, wild type pancreatic PDO as well as PDAC PDOs. 
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Figure 7 - Establishing PDAC PDOs from primary tissue. A) Schematic workflow of tissue processing for PDO 
generation. B) Bright field images from two PDAC PDO lines from passage zero to the time point stable growth 
was observed. C) Success rates for organoid line generation from CTX naïve patient derived tumor tissue samples 
divided into groups of 10. D) Bright field images of PDAC PDOs illustrating the different morphologies observed. 
Scale bars indicate 1000 µM. 
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In total, 66 tissue samples from 66 CTx naïve patients with diagnosed PDAC disease undergoing surgery 

at the University Hospital Carl Gustav Carus Dresden between December 2016 and March 2021 were 

processed for the generation of our PDO biobank at the time this thesis was written. 30 PDO lines were 

generated resulting in a growth rate of 45.5%. In order to investigate which disease associated 

parameters might influence the likelihood for the generation of a stably growing PDO line, samples 

were grouped according to the size of the original tumor (T1: < 20 mm, T2: 20 – 40 mm, T3 > 40 mm 

diameter) and its differentiation grade (G2: moderate differentiated, G3: poorly differentiated). Most 

patients presented with T2 or T3 (57.6% and 37.9%, respectively), while only 3 patients (4.5%) had a 

PDAC smaller than 2 cm in diameter. Hence, tumor size did not impact the take rate (p= 0.677, Chi2 

test) and only a marginally trend was observed of improved PDO outgrowth for T1 tumors (Figure 8). 

The differentiation grades G2 and G3 were equally distributed (47% and 53%) and did not influence 

PDO growth (p= 0.964, Chi2 test).  

In summary, the parameters T- and G-status did not influence the outcome of PDO generation. Yet, 

PDO generation from pancreas precursor lesions, i.e. intraductal papillary-mucinous neoplasms (IPMN) 

or intraepithelial neoplasias (PanIN), was not successful. This was also observed for acinar cell 

carcinoma, neuroendocrine tumors (NETs), cystadenoma and pancreatic cystic tumors, which 

represent rare variants of pancreatic cancers except NETs. PDO generation from adenosquamous 

pancreatic cancers was successful in one out of four samples.  

 

 
Figure 8 – Successful PDAC PDO initiation is not affected by tumor size or differentiation grade. The diagrams 
illustrate the take rate of PDAC PDO lines grouped according to the patients’ tumor size (T1-T3) or differentiation 
grade (G2 or G3) within the cohort of 66 CTX naïve patients. 
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The outgrowth of putatively normal pancreatic PDOs has been observed in almost all processed 

samples. However, non-malignant pancreas PDOs cannot grow in PDAC medium after passage 6-10. 

Despite this the nonmalignant PDO contamination can outgrow PDAC PDOs and therefore challenges 

the expansion of the remaining tumor PDOs as depicted in Figure 9. DD372 showed solid growth of 

large thin-walled spheroid PDOs from passage 1 to passage 6. Within passage 7 all putatively normal 

pancreatic PDOs disappeared simultaneously, which was associated with an outgrowth of PDOs 

harboring a dense and lumen filled morphology which is typically for tumor PDOs. 

 

 
Figure 9 – Low passage PDAC PDO lines can be contaminated with pancreatic PDOs. Bright field images from 
the PDO line DD372 harboring mostly wild type pancreatic PDOs until passage 7. At higher passages tumor PDOs 
with typical morphology resemble the dominant population within the PDO line. Scale bar indicates 400 µM. 

 

 

As mentioned above, the long-term cultivation of non-malignant pancreatic PDOs in PDAC medium is 

not possible. Georgakopoulos and colleagues published an improved protocol that allowed cultivation 

of pancreatic PDOs for up to 180 days by the addition of the TGFβ inhibitor forskolin and prostaglandin 

E2 (PGE2) to the PDAC cultivation medium111. The adaption of the respective protocol resulted in highly 

efficient outgrowth of large thin-walled spherical PDOs established from total pancreatectomy tissue 

samples (Figure 10). These resected specimens harbored non-infiltrated areas assessed by a board-

certified pathologist. The take rate was 57% (4 out of 7) and cultivation was maintained for 10 

passages. The growth kinetic was much faster than observed for PDAC PDOs allowing the expansion of 

high PDO numbers within 1-2 weeks after sample processing.  
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Figure 10 - Generating normal pancreatic PDOs from human tissue samples. A) Bright field images from the 
human pancreatic PDO line DD849N from passage zero to passage three. B) Bright field images from three 
additional pancreatic PDO lines showing similar morphologies. Scale bar indicates 1000 µM. 

 

 

NeoCTx PDOs could be used to uncover resistances to chemotherapeutic drugs that have been 

administered to the respective patient prior surgery and might guide clinicians in decision making for 

choosing the optimal adjuvant therapy protocol. As generating PDAC and pancreatic PDOs from CTX 

naïve patients have been successfully established, we sought to investigate whether surgical resection 

specimens from neoCTx patients display differences in their take rate, morphology or growth 

dynamics.  

Tumor tissue samples from 43 neoCTx patients have been collected between September 2017 and 

June 2021 of which 22 neoCTx PDOs were established. The average take rate was 51.1% and no 

increase over time was observed despite the improvement of tissue processing protocols (Figure 11A). 

Surprisingly, classifying neoCTx samples according to the patients’ tumor regression grade based on Le 

Scodan and colleagues52 revealed a worse/lower success rate for PDO generation with increasing TRG 

(TRG1: 62.5%, TRG2: 46.2%, TRG3: 0%; p= 0.062, Chi2 test) (Figure 11B).  

Concomitantly, PDO lines were expanded faster when the corresponding patient showed minor 

response to the neoCTx compared to patients with intermediate response (Figure 11C). No PDO line 

was established from patient derived tissue that had a TRG3 assessed by the pathologist. Here, all four 

samples classified as TRG3 resulted in only thin-walled spherical PDOs and cultivation after passage 6 

to 10 was not possible.  
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Figure 11 - Impact of PDO generation success rate dependents on TRG after neoCTx. A) Success rates for PDO 
line generation from neoCTx patient derived tumor tissue samples divided into groups of 6. B) Frequency of 
successful neoCTx PDO generation according to the patients´ TRG regardless of which therapy protocol or dose 
has been administered. C) Bright field images taken from the neoCTx PDO lines DD1088neo, DD502neo and 
DD943neo derived from patients with a TRG1, TRG2 or TRG3 respectively. Scale bar indicates 1000 µM. 

 

 

As the majority of PDAC patients present with unresectable disease at time point of diagnosis, it is also 

important to establish PDOs from endoscopic ultrasound guided fine-needle aspiration (EUS-FNA) 

samples. This is an ethically approach, as EUS-FNA is routinely performed in patients with LA PDAC for 

histological verification, which is required to initiate systemic neoCTx using multi-drug protocols. From 

April 2018 to July 2021 38 biopsies from 32 patients have been processed for PDO generation. The 
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PDO generation from biopsy samples is challenging as the start material is of very small sample size 

and mostly contaminated with blood cells, such as erythrocytes. Nevertheless, the PDO outgrowth was 

achieved in samples regardless of the amounts of blood cells within each biopsy (Figure 12A).  

 

 

 
Figure 12 – PDAC PDO can be generated from material of small sample size derived by EUS-FNA. A) Bright field 
images from different passages from the biopsy sample derived PDAC PDAC lines NR005 and NR035. NR005 
showed a high degree of contamination with blood cells at early passages, whilst tissue from NR035 was treated 
with ACK-buffer prior to cultivation. B) Success rates for PDO line generation from EUS-FNA samples divided into 
groups of 6. C) Bright field images from six successful established PDAC PDO lines illustrating the diversity of 
morphologies. Scale bars indicate 1000 µM. 
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Initially the success rate was 50% for the first 12 histologically confirmed PDAC samples received using 

the same protocol as for processing tissue from surgical resection specimens (Figure 12B). 

Optimization of the protocol including a reduced digestion time of only 30 minutes and the omission 

of mechanically mincing the FNA sample, led to an increased take rate of 80%. The take rate remained 

stable for the additional 18 samples collected. Overall, the success rate for PDO generation from FNA 

samples was 66.7% (20 out of 30). The main reasons for outgrowth failure are overdigesting of the 

samples, contaminations (in 2 out of 30 samples) with fungi or poor quality of obtained tissue due to 

the lack of sufficient epithelial cells to establish PDOs from. Different morphologies have also been 

observed for FNA derived organoid lines similar to the those of PDOs generated from surgical resection 

specimens (Figure 12C). The majority of FNA-derived PDOs displayed thick-walled spheres with a 

lumen, a mass- or a grape-like morphology. In six cases, a second EUS-FNA was needed due to 

insufficient material for assessment by the pathologists. Interestingly, it was observed in some cases 

that the generation of a PDO outperformed the pathological assessment for malignancy. In one case, 

the first biopsy taken allowed the generation of a stable growing PDO line (NR050). This line exhibited 

a PDAC associated morphology since the beginning of culturing. For another case, tumor organoids 

formed before the analysis or the FNA sample by board certified pathologists was done (NR035).  

Suspicious lesions, which is found during surgical exploration, e.g. in liver or the peritoneum, is 

routinely send for pathological evaluation, as surgical PDAC resection is not recommended in case of 

distant metastasis according to the ASCO- and ESMO guidelines. Yet, this procedure presented with an 

opportunity to obtain material of a suspected metastasis to generate PDO lines. Six PDO lines from 

PDAC liver metastasis have been established successfully and their origin was confirmed by 

pathologists (Figure 13). Other surgical specimen derived from the peritoneum or blood plasma 

accumulated in the abdomen (ascites) allowed the generation of stably growing PDOs (i.e. two PDOs 

from ascites samples and three PDOs from peritoneal metastasis). In addition, one adjacent lymph 

node metastasis PDO line was established, however, it did not resemble distant metastasis. In most 

cases, low amounts of starting material were obtained resulting in a relatively low take rate. The PDO 

generation for non-primary tumor material led to the generation of liver metastasis PDOs (6/16) , 

ascites (2/4) and for peritoneal carcinoma (3/12). No PDO line derived from lung metastasis was 

established out of the two samples that were received.  
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Figure 13 – PDO generation from metastatic PDAC lesions. Representative bright field images were taken to 
illustrate the morphologies of various PDAC metastasis PDO lines. LeMe = liver metastasis, Asc = ascites, 
PC = peritoneal carcinoma, LyMe = lymph node metastasis. Scale bars indicate 1000 µM. 

 

PDACs exhibit desmoplasia characterized by high stroma content, which can resemble 90% of the 

whole tumor mass. Therefore, early passages of new PDO lines showed growth of adherent 

mesenchymal cells on the bottom of 48-well plates. Careful detachment of the Matrigel drop during 

passaging of the new PDO line at passage zero allowed the mechanical separation of epithelial and 

mesenchymal cell populations. Subsequently, the remaining adherent stroma cells can be expanded 

by adding PDAC medium to the 48-well plate, while PDOs were cultivated further on separated plates 

(Figure 14). This resulted in the generation of cancer associated fibroblasts (CAFs) cultures harboring 

a matching stable growing PDO line for 6 samples.  

 

 
Figure 14 – Cancer associated fibroblast can be establish simultaneously to PDO lines. Representative bright 
field images from four CAF lines generated in parallel to patient tissue derived PDOs. Scale bars indicate 400 µM 
(100x) and 200 µM (200x). 
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In total, around 200 tissue samples have been processed resulting in 90 PDO lines growing beyond 

passage ten between December 2016 and June 2021. Of these PDO lines, 72 PDOs have been 

generated from primary tumor tissue samples, specifically 52 lines were established from surgical 

resection specimens from CTx naïve (n= 30) and neoCTx patients (n= 22), and 20 from CTx naïve FNA 

biopsies. PDOs from PDAC metastasis were generated in 12 cases and normal pancreatic PDOs from 4 

specimens (Table 15).  

 

Table 14 – Overview of the PDAC PDO biobank generated between December 2016 and June 2021 

Tissue of origin Number of PDO lines 
established 

Overall take rate 
[%] 

Take rate last 10 
samples processed [%] 

Primary PDAC     
 CTx naïve (surgery) 30 45.5 70 
 neoCTx (surgery) 22 51.1 70 
 FNA biopsy 20 66.7 70 

 
PDAC metastasis    
 Liver 6 37.5 30 
 Peritoneum 3 25 20 
 Ascites 2 50 n.a. 
 Lymph node 1 100 n.a. 
     
Others    
 Pancreatic tissue 4 57 n.a. 

 
 

 

Next, it was sought to evaluate whether PDO generation can be achieved in a clinically relevant 

timeframe. Retrospectively, the duration from sample processing till the generation of the first 

cryopreserved PDO sample was assessed. As protocols for the PDO generation improved over time, 

the last 15 PDO samples that have been successfully established were included into the retrospective 

analysis. Regardless of the type of starting material, no difference was observed regarding the time 

required for banking the first vial of cryopreserved PDOs (Figure 15A). The median for CTx naïve 

surgical resection specimens was 25 days, for neoCTx samples 23 days and for FNA biopsy samples 20 

days (p= 0.658, one-way ANOVA).  

The KRAS gene is mutated in ~95% of PDAC and was characterized by pyro sequencing to confirm the 

malignant origin of new generated organoid lines. KRAS G12D, G12V or G12R mutations were found in 

43 out of 45 cases, which describes a gain-of-function mutation due to an exchange of the 12th amino 

acid (Figure 15B). Rare KRAS activating mutations were found in two PDAC PDO lines (Q61H and V14A). 
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Figure 15 – Confirmation of PDAC PDOs generation within three weeks. A) Box plots depicting the time required 
from tumor sample processing until first vial of cryopreserved organoids from the last 15 successful generated 
PDO lines from surgical resection specimens (CTx naïve or neoCTx) or EUS FNA biopsies. Box plots depict the min-
max value and mean. Modified from Hennig et al.110. B) KRAS mutations distribution found in 45 PDAC PDO lines 
sequenced are illustrated in a pie-chart. C) Representative results from the pyro sequencing as chromatograms 
verifying wild type (WT) KRAS, KRAS G12D, G12V or G12R mutations.  
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Pyro sequencing allows the identification of single nucleotide mutations when present in the sample 

in more than 10 % of alleles. Since KRAS often is mutated on one allele, a double peak is visible in the 

chromatogram on the respectively position (Figure 15C). In five cases (DD355neo, NR002, DD593neo, 

DD753, DD909) no wild type KRAS was detected, indicating the loss of the non-mutated allele. Of note, 

these five lines show rapid growth and require 1:6 to 1:10 splitting once a week. In some cases, no 

mutated KRAS was detected, especially when DNA was extracted from early passages. However, the 

respective PDO lines were considered to be originated from tumor cells if robust growth beyond 

passage 10 and/or displaying PDAC-like morphology was observed.  

 

Further characterization of PDAC PDOs was done by immunohistochemically analysis of cytokeratin 19 

(CK19) and tumor protein 53 (TP53) on serial sections of paraffin embedded primary tumors and their 

respectively matching paraffin embedded organoid lines DD314 and DD385 (Figure 16). CK19 is a 

marker expressed in epithelial cells of PDAC and not in the stroma, which often resembles up to 90% 

of the PDAC mass. Both PDO lines exhibit a strong CK19 expression proving their epithelial origin and 

phenotype in vitro. The PDAC line DD314 harbors a TP53 p.Pro223Alafs*3 frame shift mutation due to 

a GGCT insertion in exon 6 detected in 95.99% of all sequencing reads. This frame shift mutations leads 

to a premature stop codon and thereby a truncated non-functional protein. In line with that, no signal 

was detected in the IHC staining of the PDO and the corresponding primary tumor tissue. The opposite 

was observed for the primary tissue sections from which the PDO line DD385 was established, were a 

strong nuclear staining for TP53 was detected. The matching PDO line DD385 also showed a prominent 

nuclear TP53 staining. 
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Figure 16 – PDAC PDOs share molecular properties with their matched tumor tissue. H&E and IHC 
staining for CK19 and TP53 on two primary tumor tissues and their corresponding PDAC PDO lines were 
performed showing high similarity between in vivo and in vitro systems. Scale bars indicate 400 µM. 
Modified from Hennig et al.110. 
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It has been shown that PDAC can be classified into different molecular subtypes. Collisson and 

colleagues identified the classical-, exocrine-like- and quasi-mesenchymal subtypes, which have 

prognostic value72. According to Noll and colleagues81, these three PDAC subtypes can be assigned by 

determining the protein level of HNF1A and KRT81 via IHC staining. However, a specific antibody for 

HNF1A was not available for several years. It was therefore assessed whether CFTR might be a 

potential alternative biomarker for HNF1A as it is part of the PDA assigner gene set, which classifies 

the exocrine-like subtype72. To address this question, RT-qPCR was performed to analyze the 

expression of both genes, HNF1A and CFTR in a set of 10 PDAC PDO lines (Figure 17A).  

 

 
Figure 17 - The expression of HNF1A and CFTR correlate in human PDAC PDOs. A) Expression levels of HNF1A 
and CFTR assessed by RT-qPCR analysis in 10 PDAC PDO lines, which have been established from surgical 
resection specimens except NR002, NR005 and NR006. The relative expression refers to the respective mean 
expression within the pool of analyzed samples after normalizing to the house-keeping genes GABDH and ACTB1. 
B) Pearson correlation analysis revealed a linear correlation between the expression levels of HNF1A and CFTR 
in human PDAC PDOs (R2= 0.859, Pearson correlation analysis, two-tailed, α = 0.05). Modified from Hennig et 
al.112. 
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The PDAC organoid lines DD385, DD314, DD394, DD376, DD442 and NR005 were considered to co-

express HNF1A and CFTR. DD439, DD337 and NR002 showed HNF1A but no CFTR expression, while 

NR006 was negative for both markers. Furthermore, a significant linear correlation was detected 

between the relative expression levels of both genes (R2= 0.859, p= 0.001, Pearson correlation, two-

tailed) (Figure 17B). In addition, RT-qPCR was performed for 13 newly established PDAC lines 

(DD355neo, DD372, DD412neo, DD429, DD564neo, DD577neo, DD578neo, DD593neo, DD682 

(NR023), DD754 (NR027), DD776neo, DD921 (NR034) and NR018). High mRNA levels of HNF1A and 

CFTR were detected in DD372, DD921 (NR034), DD577neo, DD754 (NR027), NR018, DD429, DD564neo 

and DD593neo. A relatively high HNF1A but low CFTR expression was observed for DD412neo, 

DD776neo and NR002. DD682 (NR023), DD578neo and DD355neo showed an expression of both genes 

below the empirically determined threshold and were considered negative. Using Pearson correlation 

analysis of the 13 PDO lines showed a significant linear correlation (R2= 0.587, p= 0.002, Pearson 

correlation, two-tailed).  

Taken together, 14 out of the 23 PDAC PDO lines analyzed showed a high expression for HNF1A and 

CFTR whilst 6 out of 23 PDO lines examined showed no expression of both genes. Three PDO lines were 

only positive for HNF1A while CFTR expression was below the defined threshold (Figure 18).  

 

 
Figure 18 – PDAC PDOs exhibit differential mRNA levels for HNF1A and CFTR. The heatmap illustrates the 
expression levels of HNF1A and CFTR as positive (shown in green) or negative (shown in yellow) in 23 PDAC PDO 
lines. 

 

To assess if mRNA expression correlates with protein expression, immunofluorescence (IF) staining for 

CFTR and KRT81 were performed on 10 PDAC PDO lines. The PDO line DD314 showed a high CFTR level, 

which was also detected using IF staining (Figure 19, Supplementary Figure 1). However, no signal for 

KRT81 was detected, which implies that DD314 is classified as the exocrine-like PDAC subtype. In 

contrast, DD337 was negative for CFTR protein expression, whilst strong staining for KRT81 was 

observed. This correlates with the CFTR mRNA data and assigns DD337 to the quasi-mesenchymal 

subtype. Besides DD314, the PDO lines DD376, DD385, DD394 and DD442 were exclusively positive for 

CFTR using IF staining. On the other hand, a strong KRT81 but no CFTR signal was detected in DD439 
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and NR006. NR005 exhibited neither KRT81 nor CFTR signal and NR002 was positive for both markers 

on protein level. In both cases, protein and mRNA levels for CFTR did not correlate. 

In conclusion, 8 out of 10 stained PDO lines have been classified to the most frequent PDAC subtypes: 

exocrine-like (CFTR+/KRT81-) or quasi-mesenchymal (CFTR-/KRT81+). Only one of the tested PDAC lines 

classified as classical subtype (CFTR- /KRT81-). The subtyping of one PDO line was not possible due to 

the strong expression of both markers (CFTR+/KRT81+). Furthermore, IF stainings for CFTR and mRNA 

expression data were consistent in 8 out of 10 PDO lines analyzed. 

 

 
Figure 19 – CFTR and KRT81 are mutual exclusive for most PDAC PDOs. Representative confocal immuno-
fluorescence microscopy images of the PDAC PDO lines DD314 and DD337 stained for CFTR and KRT81. DAPI 
stained cell nuclei and Phalloidin stained F-Actin. Scale bar indicates 200 µM. Modified from Hennig et al.110. 

 



60 
 

To examine if PDOs recapitulate the same PDAC subtype as the primary tumor from which they were 

derived from, IHC stainings for CFTR and KRT81 were performed on 7 paraffin embedded PDAC tumor 

sections that matched the following PDOs: DD314, DD337, DD376, DD385, DD394, DD439 and DD442 

(Figure 20, Supplementary Figure 2). The primary tumor corresponding to DD314 showed a strong 

CFTR staining and minimal KRT81 expression, which is in line with the subtyping of DD314. The PDO 

line DD337 revealed the quasi-mesenchymal subtype, which was also seen by strong KRT81 and no 

CFTR expression of the primary tumor tissue.  
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Figure 20 – CFTR and KRT81 are mutually exclusively in primary PDAC tissue. IHC staining of CFTR and KRT81 
on paraffin embedded primary tumor tissue sections allows molecular subtyping of PDACs. Scale bars indicate 
200 µM. Modified from Hennig et al.110. 

 

The staining of primary tumor sections matching to DD376, DD385, DD394 and DD442 exhibited the 

same staining pattern (CFTR+/ KRT81-) as seen for DD314. The tumor tissue matching to DD439, 

however, stained positive for CFTR and KRT81 which contrasts with the PDO line that only showed 

strong KRT81 expression. 
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In summary, CFTR and KRT81 expression patterns is preserved in the matched established organoid 

lines in six out of seven primary tumors examined (Figure 21).  

 

 
Figure 21 – PDOs preserve the PDAC subtype of their respective tissue of origin. The heatmap illustrates the 
assessed PDAC subtypes of exocrine like (green, CFTR+/KRT81-) and quasi-mesenchymal (yellow, CFTR-/KRT81+) 
in 7 PDO lines and their corresponding primary tumor. Subtyping was carried out by IF staining on PDOs and IHC 
on paraffin-embedded primary tumor tissue sections. 
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9.3 Chapter 3 – Detection of drug resistances and sensitivities in PDAC PDOs can 
guide optimized CTx treatments 

 

PDAC PDOs share molecular properties with their tissue of origin in most cases and can be established 

rapidly with high take rates even from minimal starting material such as EUS-FNA samples. At first it 

was sought to assess response of PDO lines to common clinically relevant chemotherapeutic 

substances. This so called pharmacotyping is of relevance to address the question whether PDAC PDOs 

represent a new tool for predicting patients’ response to (neo-) adjuvant CTx treatment. Requirements 

for such drug screening platform are (i) low number of PDOs for the assay, (ii) a minimal amount of 

Matrigel and cultivation medium, (iii) high reproducibility and an experimental setting that could be 

automated in the future. 

Initially, a 96-well plate-based system has been used to determine the optimal dilution range for five 

chemotherapeutic drugs used: irinotecan, oxaliplatin, 5-FU, gemcitabine, and paclitaxel, all of which 

are compounds of the standard of care multi-drug regimens FOLFIRINOX (irinotecan, oxaliplatin and 

5-FU) and gemcitabine/nab-paclitaxel (gemcitabine and paclitaxel). However, 50 µl Matrigel and 100 µl 

medium per sample and dilution as well as a high number of PDOs are required to conduct drug assays 

with this setting. As a result, the assay was switched to a 384-well plate format, which significantly 

reduced both, the amount of Matrigel and medium needed by 70% and 60% respectively. 

Furthermore, between up to three dense growing wells (48-well plate) are sufficient for testing all five 

chemotherapeutic drugs in one experiment. Next, diluting Matrigel with cultivation medium was 

tested and revealed that 75% Matrigel does not affect the reproducibility of the experiments. Lower 

Matrigel content resulted in an outgrowth as 2D cell culture which impacted the response to the drugs 

tested. Overall, the amount of Matrigel needed, which is very cost-intensive, was reduced from 50 µl 

to 11.25 µl per sample.  

To evaluate the robustness of the drug response across different PDO passages, pharmacotyping of 

PDO line DD442 by exposing to irinotecan, oxaliplatin and 5-FU (Figure 22A) as well as gemcitabine and 

paclitaxel (Figure 23A) was performed in three individual experiments over a period of 6 passages. For 

all the used drugs, the empirically adjusted dilution ranges were suitable to display the minimum and 

maximum cytotoxic drug mediated effects. In addition, the measured viabilities corresponded to the 

bright field microscopy images taken for all samples (Figure 22B & 23B).  
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Figure 22 – PDAC PDO irinotecan, oxaliplatin and 5-FU pharmacotyping in 384-well plate format resembles a 
suitable robust setting. A) Dose response curve for DD442 PDAC PDOs treated with different concentrations of 
irinotecan, oxaliplatin and 5-FU. Illustrated is the mean of three biological replicates with standard deviation 
error bars. B) Bright field images were taken from each dilution step after 144h of drug treatment with irinotecan, 
oxaliplatin and 5-FU. Scale bar indicates 1000 µM.  
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Figure 23 – Establishing a 384-well plate system for gemcitabine and paclitaxel pharmacotyping of PDAC PDOs. 
A) Dose response curve for DD442 PDAC PDOs treated with different concentrations of gemcitabine and 
paclitaxel. Illustrated is the mean of three biological replicates with standard deviation error bars. B) Bright field 
images were taken from each dilution step after 144h of drug treatment with the respective chemotherapeutic 
compound. Scale bar indicates 1000 µM.  

 

After the platform for PDO pharmacotyping has been established, 10 PDAC organoid lines from CTx 

naïve patients have been characterized in terms of their individual response to irinotecan, oxaliplatin, 

5-FU, gemcitabine, and paclitaxel (Figure 24A). A diverse response has been observed between all PDO 

lines tested. Subsequently each sample’s AUC was calculated followed by normalizing via z-score 

determination (Figure 24B). No co-occurrence of resistances was seen. DD314 and DD376 showed poor 

response to three substances (z-score > 0.75), while DD337, DD385 and DD439 were resistant to two 

drugs. Three PDO lines (DD372, DD429 and DD728) were resistant to one out of five drugs tested. 

DD442 and DD909 were not resistant to any drug tested, but sensitive to two and four substances 

respectively (z-score < -0.75).  
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Figure 24 – Pharmacotyping of 10 CTX naïve PDAC PDO lines reveals individual drug response profiles. A) Drug 
dose-response curves for 10 PDAC PDO lines treated with single agent irinotecan, oxaliplatin, 5-FU, gemcitabine, 
or paclitaxel. Three individual experiments were performed for each PDO line and drug and mean viabilities for 
each dilution step illustrated. B) Heat map of z-score normalized drug responses. Sensitivity and resistance to 
drug treatment is indicated by blue and red colored boxes, respectively. 

  



67 
 

FOLFIRINOX and Gem/nab-Pac are the standard of care for neoCTx of LA PDAC. Multi-drug protocols 

are also commonly used in the adjuvant setting (of note, after surgical resection of the primary tumor). 

For this reason, PDAC PDO lines from CTx naïve patients that previously have been analyzed for their 

response to single agents were treated with the drug combination FOLFIRINOX and Gem/Pac. All 10 

PDO lines showed an individual pattern with respect to the response to both protocols (Figure 25A). 

The viability measured for each sample corresponded to the number and size of organoids observed 

on microscopically images taken (Figure 25B). The normalization via z-scoring of AUCs was performed 

for both treatments for classification of PDO lines into sensitive (z-score ≤ -0.75), intermediate 

(0.75 > z-score > -0.75) and resistant lines (z-score ≥ 0.75) (Figure 25C). A poor response for 

FOLFIRINOX was observed for the PDO lines DD337 and DD385. PDO lines that have been classified as 

good responders for the same treatment were DD372 and DD909. Besides DD385, the organoid line 

DD728 showed resistance to the Gem/Pac regimen, while DD337 and DD376 were sensitive to the 

respective therapy. To the contrary, DD385 was resistant to both multi-drug treatments. The PDO line 

DD337 showed resistance and sensitivity to one of each treatment (Figure 25C + D). 

Pearson correlation analysis was performed revealing no connection between sensitivities and 

resistances to FOLFIRINOX and Gem/Pac in PDAC PDOs (R²= 0.19, p= 0.21) (Figure 25D).  
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Figure 25 - PDAC PDOs show cell line individual drug responses to FOLFIRINOX and Gem/Pac multi-drug 
therapy. A) Drug dose-response curves (mean of three individual experiments) for 10 PDAC PDO lines derived 
from CTx naïve patients treated with FOLFIRINOX or Gem/Pac combination therapy. B) Bright field images taken 
from each dilution step after 144h of drug treatment with the respective regimen. Scale bar indicates 1000 µM. 
C) Heat map of z-score normalized AUCs from FOLFIRINOX or Gem/Pac treated PDAC PDOs. Sensitivity and 
resistance to drug treatment is indicated by blue and red colored boxes, respectively. D) FOLFIRINOX and 
Gem/Pac treatment z-scores from 10 CTx naïve PDO lines were analyzed using Pearson correlation analysis. 
Modified from Hennig et al.110. 
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It has not been investigated how neoCTx impacts the drug sensitivity of residual disease in the patient 

after PDAC surgery. However, this could be of importance when choosing the adjuvant therapy 

protocol for neoCTx patients. Therefore, six PDAC PDOs established from surgical resection specimens 

from patients that were treated with FOLFIRINOX in the neoadjuvant setting, were characterized with 

respect to their response to irinotecan, oxaliplatin and 5-FU (Figure 26A). For all six neoCTx PDAC PDO 

lines an individual response pattern was observed. Comparison of AUCrel between CTx naïve and 

neoCTx PDAC PDOs revealed no significant differences in drug response to irinotecan, oxaliplatin or 

5-FU (irinotecan p= 0.27; oxaliplatin p= 0.09; 5-FU p= 0.9, Mann-Whitney test) (Figure 26B). Yet, a trend 

towards poor response to oxaliplatin was identified for PDAC PDOs, which have been established from 

FOLFIRINOX pretreated patients. 

 

 

 
Figure 26 – Comparison of CTx naïve and neoCTx response to single agent irinotecan, oxaliplatin or 5-FU. A) 
Dose response curves from 10 CTx naïve (black lines) and six neoCTx (green lines) PDO lines treated with 
irinotecan, oxaliplatin or 5-FU. The viability in % at different drug concentrations is illustrated. B) Box plot diagram 
showing the relative AUC (AUCrel) calculated from the dose-response curves from A) separated according to the 
cohort of CTx naïve and neoCTx PDO lines. 
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In addition to the substances included in the FOLFIRINOX protocol, the response to gemcitabine and 

paclitaxel, which are components of the Gem/nab-Pac regimen, were compared between PDOs 

derived from CTx naïve and neoCTx patients. Four PDO lines were successfully established from 

patients that were only treated with Gem/Pac and subsequently were pharmacotyped (Figure 27A). 

The most sensitive PDO lines to Gem/Pac were found in the group of CTx naïve lines. AUCrel analysis 

showed a nearly significant difference between both groups in their response to paclitaxel (p= 0.08, 

Mann-Whitney test) and no impact on gemcitabine sensitivities (p= 0.43, Mann-Whitney test) (Figure 

27B). 

 

 
Figure 27 - Comparison of CTx naïve and neoCTx response to single agent gemcitabine or paclitaxel. A) Dose 
response curves from 10 CTx naïve (black lines) and four neoCTx (orange lines) PDO lines treated with 
gemcitabine or paclitaxel. The viability in % at different drug concentrations is illustrated. B) Box plot diagram 
showing the relative AUC (AUCrel) calculated from the dose-response curves from A) separated according to the 
cohorts of CTx naïve and neoCTx PDO lines. 
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Subsequently, the impact of neoCTx treatment on drug response was investigated in the multi-drug 

setting by treating neoCTx PDAC PDOs with either FOLFIRNOX or Gem/Pac. In total, eight FOLFIRINOX 

and five Gem/Pac pretreated PDO lines have been included into the analysis. PDO line individual 

responses to both regimens were observed and more distinct compared to single drug assay data 

(Figure 28A). Merging of FOLFIRINOX drug assay data from 10 CTx naïve and eight neoCTx PDO lines 

showed that the two worst responding organoid lines were established from pretreated patients that 

received the respective CTx regimen (Figure 28B). Furthermore, the two most sensitive PDO lines to 

FOLFIRINOX were generated from CTX naïve patients. In line with that, the PDO line with the highest 

resistance to Gem/Pac treatment was established from a Gem/nab-Pac pretreated patient. Yet, no 

significant differences for both regimens were seen (FOLFIRINOX p= 0.282; Gem/Pac p= 0.051; Mann-

Whitney test), but a clear tendency to reduced sensitivity to Gem/Pac in neoCTx patients was observed 

(Figure 28B). 

 
Figure 28 - NeoCTx with FOLFIRINOX or Gem/Pac shapes PDAC PDOs sensitivity to multi-drug regimens. A) 
Dose-response curves from CTx naïve and neoCTx PDO lines treated with different concentrations of either 
FOLFIRINOX or Gem/Pac. For each multi-drug concentrations, the mean relative viability in % from three 
independent experiments is illustrated. Data from CTx naïve PDO lines are depicted in dark grey. Drug assay data 
from FOLFIRNOX or Gem/nab-Pac pretreated patients are green and orange, respectively. B) Box plots illustrating 
AUCrel values of CTx naïve or neoCTx PDO lines treated with either FOLFIRINOX or Gem/Pac multi-drug regimen 
according to patients’ pretreatment. Modified from Hennig et al.110. 
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To examine if any common pattern between single- and multi-drug responses data are present, z-score 

normalization was performed included drug assay results from both groups, CTx naïve and neoCTx PDO 

lines (Figure 29A). Sensitivity for a chemotherapeutical drug or drug combination was considered when 

z-scores were -0.75 or below, while resistance was determined when z-scores were 0.75 or higher. 

Because of that, the five PDO lines DD909, DD593, DD372 and DD376 showed FOLFIRINOX sensitivity. 

Except for DD376, none of these PDO lines showed resistance to any single drugs included in the 

respective multi-drug regimen. In contrast, the PDO lines DD577, DD412, DD355 and DD394, all 

resistant to FOLFIRINOX, showed poor response to at least two compounds part of the respective 

combination treatment. Using the same thresholds, six Gem/Pac sensitive PDO lines were identified 

(DD337, DD376, DD909, DD372, DD577 and DD439). Except for DD577 and DD439, all PDO lines were 

sensitive for one substance, gemcitabine, or paclitaxel. Interestingly, DD577 showed intermediate 

sensitivity for both single drugs and still responded well to the combination of both. DD394, DD728, 

DD1076, DD1152, DD355 and DD385 showed Gem/Pac resistance and were also resistant to at least 

one of the two single drugs if determined. Pearson correlation analysis revealed a strong connection 

between the z-score to either FOLFIRINOX or Gem/Pac treatment and the z-score of the most efficient 

single drug which is part of the respective combination regimen (FOLFIRINOX R2= 0.58, p= 0.0001; 

Gem/Pac R2= 0.47, p= 0.0009; Pearson correlation) (Figure 29B). This observation implies that not all 

chemotherapeutical substances within a given combination therapy drive cytotoxicity equally.  
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Figure 29 – PDAC PDOs response to FOLFIRINOX or Gem/Pac depends on the most efficient single drug of the 
corresponding regimen. A) Heat map showing z-scores calculated from AUC values of all 23 PDAC PDO lines 
treated with FOLFIRINOX, Gem/Pac or the respective single agent irinotecan, oxaliplatin, 5-FU, gemcitabine, and 
paclitaxel. Blue = good response, White = intermediate response, Red = poor response, empty boxes = not 
determined. B) Pearson correlation analysis of z-scores from 20 FOLFIRINOX (left) and 20 Gem/Pac (right) treated 
PDO lines and their corresponding lowest single-drug z-score. Modified from Hennig et al.110. 
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The PDO lines DD385, DD439 and DD564 revealed sensitivity and resistance for a least one FOLFIRINOX 

compound (Figure 29A), which represents them as ideal candidates for the analyses of individual 

substance efficacy in drug combination treatments. Subsequently, these PDO lines were treated with 

different concentrations of FOLFIRINOX and a modified drug combination containing only two of three 

drugs (irinotecan + oxaliplatin, irinotecan + 5-FU, oxaliplatin + 5-FU). Additionally, DD412 was included 

into the analysis, since this PDO line showed poor response to all three substances(Figure 30). For 

DD385 a significant reduced killing efficacy compared to the triple drug treatment was seen. The 

removal of 5-FU from the regimen was in line with the high sensitivity determined in single agent 

experiments (Iri + Oxa vs. FOLFIRINOX; p< 0.001; three-way ANOVA). However, removing oxaliplatin 

from the drug mixture, for which a good response was detected, did not affect the mediated 

cytotoxicity compared to the triple-therapy (Iri + 5-FU vs. FOLFIRINOX; p= 0.345; three-way ANOVA). 

For irinotecan, no drug response reduction was observed after removal from the complete 

combination treatment (Oxa + 5FU vs. FOLFIRINOX, p= 0.653, three-way ANOVA). Similar results were 

seen for the PDAC PDO line DD439, previously classified as irinotecan resistant and 5-FU sensitive. A 

significant reduction of cytotoxicity was only measured, when 5-FU was removed from the FOLFIRINOX 

regimen (Iri + Oxa or Iri + 5-FU or Oxa + 5-FU vs. FOLFIRINOX: p= 0.007, p= 0.949 and p= 0.929, 

respectively; three-way ANOVA) indicating that this compound might be the main driver of 

cytotoxicity. DD564 on the other hand, responded to irinotecan treatment, whilst being resistant to 

5-FU. Consequently, cytotoxicity was only negatively impacted when irinotecan was excluded from the 

treatment (Iri + Oxa or Iri + 5-FU or Oxa + 5-FU vs. FOLFIRINOX: p= 0.995, p= 0.929 and p= 0.043, 

respectively; three-way ANOVA). For all three PDO lines, DD385, DD439 and DD564, a less severe 

two-drug treatment was potentially identified which showed similar efficacy to FOLFIRINOX. The 

analysis of DD412, resistant to irinotecan as well as 5-FU and intermediate responder to oxaliplatin, 

showed no significant change to any modified FOLFIRINOX (Iri + Oxa or Iri + 5-FU or Oxa + 5-FU vs. 

FOLFIRINOX: p= 0.392, p= 0.992 and p= 0.986, respectively; three-way ANOVA). 

In summary, for PDO lines with a good response to at least one single compound part of FOLFIRINOX, 

a treatment reduction from three to two substances was possible without impacting the overall drug 

response. For PDO lines with known intermediate or poor response to all three compounds of the 

FOLFIRINOX protocol, comparable results have been achieved for leave-one-out combinations. 

 



75 
 

 
Figure 30 – Adaption of the FOLFIRINOX multi-drug therapies without affecting efficacy can be achieved 
through PDAC PDO pharmacotyping. Dose response curves of the four PDAC PDO lines DD385, DD439, DD564 
and DD412 treated with FOLFIRINOX or the leave-one-out combinations irinotecan + oxaliplatin, irinotecan + 5-
FU or oxaliplatin + 5-FU. Colored boxes illustrate the z-scores depicted in Figure 29A and indicate the PDO lines 
individual response to the single compounds (red = poor response, blue = good response). Statistical analysis was 
performed using the one-way ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001). Modified from Hennig et al.110. 
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Retrospective data analysis has been conducted to assess the impact of modified Gem/Pac on the drug 

response in the four PDAC PDO lines DD372, DD376, DD429 and DD442, all of which showed resistance 

to one of the two regimen compounds (Figure 29A). For the PDO line DD372 a reduced response was 

seen, when paclitaxel was removed, while mono-treatment with the same drug showed nearly 

identical results as seen for the Gem/Pac dual-drug assay (Gem or Pac vs. Gem/Pac: p= 0.020 and p= 

0.824, respectively; one-way ANOVA) (Figure 31). The opposite was shown for DD376, DD429 and 

DD442 which are paclitaxel resistant and gemcitabine sensitive. Treatment with single agent 

gemcitabine was nearly as efficient as the Gem/Pac combination therapy, whilst paclitaxel 

monotherapy showed a significant reduced mediated cytotoxicity (DD376: Gem or Pac vs. Gem/Pac: 

p= 0.171 and p< 0.001; DD429: Gem or Pac vs. Gem/Pac, p= 0.929 and p< 0.001; DD442: Gem or Pac 

vs. Gem/Pac, p= 0.542 and p= 0.024, respectively).  

Taken together, for all four PDAC PDO lines treatment with the most efficient single substances 

resulted in similar response patterns as seen for the combination therapy of Gem/Pac.  
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Figure 31 - Adaption of the Gem/Pac multi-drug therapy without affecting efficacy can be achieved through 
PDAC PDO pharmacotyping. Dose response curves of the four PDAC PDO lines DD372, DD376, DD429 and DD442 
treated with Gem/Pac or gemcitabine or paclitaxel as monotherapy. Colored boxes illustrate the z-scores 
depicted in Figure 29A and indicate the PDO lines individual response to the single compounds (red = poor 
response, blue = good response). Statistical analysis was performed using the one-way ANOVA (* p < 0.05, *** 
p < 0.001). Modified from Hennig et al.110. 
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9.4 Chapter 4 –NeoResponse: A co-clinical trial to evaluate the PDO model as a tool 
to predict LA PDAC patients’ response to neoadjuvant chemotherapy 

 

PDAC patients’ neoCTx outcome is by default assessed using imaging techniques such as computed 

tomography (CT), comparing the tumor size before and after systemic treatment. Ferrone and 

colleagues observed response rates of 30% after treatment with the FOLFIROINOX regimen in LA and 

BR PDAC patients using CT imaging, but achieved R0 resections in more than 90% of patients in the 

same cohort50. This demonstrated that CT imaging alone is not suitable to assess the patients´ response 

to FOLFIRINOX and that new biomarkers are urgently needed to evaluate the neoCTx treatment 

outcome in LA PDAC patients.  

The NeoResponse trial aims to address this issue by determining the response predictive potential of 

PDAC PDOs. Since April 2018, patients with unresectable LA PDAC have been recruited for this clinical 

study at the University Hospital Carl Gustav Carus Dresden. Subsequently, PDAC PDOs were 

established from EUS-FNA samples and cryopreserved for characterization. If the patient managed to 

finish the neoCTx with either FOLFIRINOX or Gem/nab-Pac without any RDI reduction and if surgical 

resection was successful, the respective PDAC PDO line was pharmacotyped in detail and results 

compared to the patients´ TRG assessed by board certified pathologists.  

From April 2018 until September 2021, 55 patients have been recruited for the NeoResponse trial. 

Within this cohort, 27 individuals are male (49%), 26 (47%) are female and the gender of two patients 

(4%) is unknown as they have been recruited at the second trial center at the “Städtisches Klinikum 

Dresden Friedrichstadt”. The mean age of the trial patients is 66.8, with the cohort of males being 65.2 

years old and the female 68.5 on average. The number of patients being enrolled within 6 months 

intervals varied from 1 (April 2019 until September 2019) to 15 (October 2018 until March 2019) 

(Figure 32A). On average, 7.9 patients were recruited every six months and within the last 18 months 

the recruiting was at a constant level compared to the first one and a half years. Of the 55 patients 

enrolled for the NeoResponse trial, 32 patients have been excluded from the trial (58.2%). Within the 

design of the study, a dropout rate of 50% was anticipated. Yet, 15 patients (27.3%) completed the 

trial with a successful surgical resection after systemic therapy and eight patients (14.6%) are in the 

process of receiving neoCTx treatment (Figure 32B). The main reasons for patient’s dropout were 

death (18.8%), switch to a palliative care due to distant metastasis or poor ECOG status which did not 

allow neoCTx (31.3%), and diagnosis of a second disease other than PDAC (21.9%) such as a 

neuroendocrine tumor, sarcoma, or pancreatitis (Figure 32B).  
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Within the cohort of patients that completed the trial, 60% were treated with FOLFIRINOX, 26.7% with 

Gem/nab-Pac and 6.7% each with FOLFIRINOX and later Gem/nab-Pac or Gem/nab-Pac followed by a 

switch to Gemcitabine monotherapy (Figure 32B). 

 

 
Figure 32 – Overview of the patient cohort enrolled for the NeoResponse trial. A) The number of individuals 
recruited for the NeoResponse trial recruited from April 2018 until September 2021 in 6 months intervals and 
the cumulated patient number participating in the clinical trial. B) Pie charts illustrating the proportion of study 
patients that completed the trial, that are still receive neoCTx (ongoing) or that have been excluded from the 
trial. The reasons for patient drop out is illustrated in a separate pie chart, as well as the neoCTx regimen 
administered to patients that have completed the trial.  
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From April 2018 till September 2021, EUS FNA samples from 38 out of 55 patients (69.1%) have been 

received, whilst no tissue was obtained in 17 cases (30.9%). Previous conducted EUS FNA taken place 

at another hospital before enrollment into the NeoResponse trial were the main reason for not 

receiving tumor tissue. Within the complete trial cohort, 31 patients were biopsied once (56.4%) and 

7 patients twice (12.7%) (Figure 33A). However, within the cohort of biopsied patients (n = 38) nearly 

20% underwent a second EUS FNA. Of the 38 patients a biopsy was taken at the University Hospital 

Carl Gustav Carus Dresden, 32 samples were histopathological assessed as PDAC. The initiation rate of 

PDOs from verified PDAC tissue was 65.6% (n= 21), and for two samples (6.3%) PDO outgrowth is still 

ongoing with missing confirmation of mutated KRAS and/or cultivation beyond passage 10. The 

organoid generation was not successful in 9 cases (28.1%) (Figure 33A). The respective 21 LA PDAC 

patients of which PDAC PDOs have been established completed the NeoResponse trial in 8 cases 

(38.1%), and an additional 4 patients (19.0%) are still undergoing neoCTx at this time. Nine patients 

(42.9%) with successful generated matching PDAC PDOs were excluded from the trial (Figure 33B). 

Further investigations concerning the unsuccessful generation of PDAC PDOs in 9 cases have shown 

that a poor biopsy quality was the main reason for PDO initiation failure. This can be explained with 

the lack of any PDOs growing out in passage zero, which was seen in 6 out of 9 cases (66.7%) 

(Figure 33B). In two cases, PDOs were growing at passage zero, but due to contamination with bacteria 

or fungi needed to be discarded. In 1 out of the 9 cases the reasons for failure of PDAC PDO generation 

is unknown, as good growth dynamics was seen until passage 6 followed by a rapid increase of cell 

death and the loss of the organoid culture.  

Taken together, the main limiting factor of study progress to date is the high dropout rate of enrolled 

patients, as take rates of PDAC PDOs increased with time and peaked at 80% for the last 18 EUS FNA 

samples received (Figure 12).  
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Figure 33 - NeoResponse patient dropout and not PDAC PDO generation take rate limits trial progression. A) 
Pie charts illustrating the proportion of enrolled NeoResponse patients from which tissue samples have been 
derived from, as well as the take rate within the cohort of punctured individuals. B) Patient trial outcome in 
case of successful PDAC PDO generation and reasons for organoid generation failure are depicted in pie charts. 
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NeoResponse patient number 50 was re-punctured due to the lack of sufficient material for 

histopathologic analysis. From both EUS FNA sessions PDO cultures successfully have been established 

showing robust growth and a typical PDAC-like dense morphology lacking any cystic shaped organoids 

(Figure 34). 

 

 
Figure 34 – Multiple PDAC PDOs can be established from the same tumor in case of repeated EUS FNA sessions. 
Patient NR050 underwent two separated EUS FNAs until histopathological confirmation of PDAC was successful. 
While in one out of two biopsies taken material for diagnostic was sufficient, starting material was abundant for 
PDO generation in both cases. Scale bar indicates 400 µM.  
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Crucial for assessing the neoCTx treatment predictive potential of PDAC PDOs is a sufficient number of 

patients that complete the trial with the following parameters: 

 

• Sufficient EUS FNA material for initiating a PDO culture 

• Histopathological confirmation of an adenocarcinoma of the pancreas 

• Successful PDOs establishment 

• Patient undergoes neoCTx preferably with standard of care 

• Completion of neoCTx without RDI reduction or switch of treatment past cycle 2 

• Successful resection of the primary tumor 

 

As previously mentioned, FNA derived tissue samples have been received from 38 out of 55 patients 

(69%), from which 32 were confirmed as PDAC (58.2% from initial 55 patients) by board certified 

pathologists. From these 32 histological confirmed PDAC patients, 21 PDO lines have been established 

(38.2% from 55 patients). For two patients the generation of stable growing organoid is ongoing 

(Figure 33A). Of all the enrolled NeoResponse patients from which PDO lines have been established, 

16 out of 21 cases proceeded to neoCTx treatment initiation (29.1% from 55 patients). Three patients 

of these did not complete treatment yet. Four patients did not sustain neoCTx resulting in a 

discontinuation of treatment, which means that 9 out of 55 patients (16.4%) with confirmed PDAC 

disease and established PDOs finished the systemic treatment. However, only 5 patients received a 

FOLFIRINOX combination therapy (9.1% out of 55 patients), from which four sustained a full dose 

protocol (7.3% out of 55 patients) (Figure 35). FOLFIRINOX response prediction via PDAC PDO testing 

seems to be the more promising regimen, as treatment with Gem/nab-Pac is relatively rare. Only one 

out of 55 patients with corresponding established organoids finished neoCTx with the Gem/nab-Pac 

protocol without RDI reduction, followed by successful surgical resection (not shown).  
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Figure 35 - NeoResponse trial outcome of 55 enrolled patients. Between April 2018 and September 2021, 55 
patients have been enrolled for the NeoResponse trial from which four patients completed the trial fulfilling all 
criteria for investigating the predictive properties of PDAC PDOs for neoCTx treatment outcome. These criteria 
were (i) an EUS FNA biopsy which has been taken at the University Hospital Carl Gustav Carus Dresden for (ii) 
PDO culture generation and (iii) pathological confirmation of the PDAC disease, (iv) the initiation of the neoCTx 
treatment and (v) completion with (vi) FOLFIRINOX without (vii) any RDI reduction as well as the (viii) successful 
surgical resection of the tumor. Green colored boxes indicate that the respective measure has been successful, 
blue boxes represent ongoing processes. Red boxes indicate negative results for single measures. In this 
illustration, patients were not further followed in case of a negative event, although PDAC treatment was 
continued in case of e.g., unsuccessful PDO generation, or EUS FNA performed in an external hospital (grey 
boxes).  
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Although, 15 patients completed the NeoResponse trial by receiving a neoCTx followed by successful 

surgical resection, only four cases fulfil the aforementioned criteria for experimental assessing the 

predictive value of PDO from PDAC patients. Subsequently, the PDO lines NR019, NR027 and NR033 

were pharmacotyped for drug sensitivity evaluation for FOLFIRINOX. For NR038, pharmacotyping was 

so far not possible, due to a very slow growth rate and handling difficulties. NR019, NR027 and NR033 

showed PDO line individual dose-response patterns after treatment with FOLFIRINOX (Figure 36A). 

Compared to 11 CTx naïve PDO lines NR019 and NR027 showed poor response to FOLFIRINOX and 

NR033 intermediate sensitivity (Figure 36B).  

 

 
Figure 36 – FOLFIRINOX pharmacotyping PDAC PDOs of three NeoResponse patients. A) Dose-response curves 
of three PDAC PDO lines treated with different concentrations of FOLFIRINOX shows PDO line individual response 
patterns. Dose dependent viabilities were calculated by normalizing to the untreated negative control. B) 
Obtained drug sensitivity data from NR027, NR019 and ND033 (orange lines) were compared to the data from 
11 CTx naïve PDAC PDO lines (black lines) pharmacotyped earlier to assess the FOLFIRINOX sensitivities from 
NR027, NR019 and ND033.  
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The tumor regression grade was assessed after surgical resection by board certified pathologists for 

the corresponding patients from NR019, NR027 and NR033. A major response to FOLFIRNOX therapy 

was seen for NR027, while the matching PDO line showed poor response to the same CTx treatment. 

For the FOLFIRINOX resistant PDO line NR019, a TRG2 (intermediate) was seen in vivo and NR033 only 

showed a minor (TRG1) response, while the respective PDO line harbored an intermediate response 

to the drug treatment.  
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Discussion 

10.1 Full dose neoadjuvant chemotherapy in LA PDAC patients improves R- and N-
status in case of successful surgical resection 

In this study, clinical data from 59 patients with unresectable LA PDAC have been retrospectively 

analyzed to investigate the impact of severe side effect mediated dose adaption on neoCTx treatment 

outcome. Within the FOLFIRINOX cohort, 29.3% of individuals received an adapted dose, while 27.8% 

of patients in the Gem/nab-Pac group did not sustain full course therapy. Dose adaption rates might 

be even higher considering that in case of unsuccessful surgical resection or a switch to palliative care 

due to the occurrence of distant metastasis and/or tumor progression while receiving neoCTx, patients 

were not included in our analysis. Yet, our data is in line with a recently published retrospective multi-

center study from Vary and colleagues assessing the RDI for the three single drug compounds of the 

FOLFIRINOX protocol in 243 PDAC patients which received the respective neoCTx113. Vary and 

colleagues reported single drug RDIs for irinotecan, oxaliplatin, 5-FU bolus and the 5-FU infusion of 

81%, 79%, 75% and 85% respectively. In their study, a dose adaptation was already required in 34.6% 

of individuals after administration of the first treatment cycle. Dose adaptation was also necessary in 

a significant fraction of patients that received full course at cycle 1 during subsequent treatment cycles, 

resulting in a cumulative FOLFIRINOX multi drug RDI of 80.3% in the analyzed cohort. Within the scope 

of our retrospective analysis, we observed a significant impact of the neoCTx dose administered to 

PDAC patients prior surgery on the R-status. This finding revealed a negative effect of dose adaptation 

on patient therapy outcome, as surgical resection with tumor free margins (R0) improves median 

survival time and 5-year survival rate significantly47,48. The N-status, which also has strong prognostic 

value, is not impacted by dose adaptions but by the TRG114. As we identified a clear, yet not significant 

trend for improved response after full course neoCTx, the N status might get indirectly affected by 

dose adaptions. Besides these effects of dose adaptations, we observed improved R- and 

N-parameters in patients with TRG2 and/or TRG3 in comparison to the cohort with resectable PDAC 

disease. Potential benefits of neoCTx in patients with resectable PDAC are currently debated 

intensively. For patients with resectable PDAC, upfront surgery is the standard of care followed by 

adjuvant CTx to improve disease free survival and OS115–118. Yet, it is estimated that for 50% of patients 

undergoing surgical resection of the tumor an adjuvant CTx is not possible due to poor ECOG 

status33,119. 

A meta-analysis of 14 studies concluded that neoCTx followed by surgery showed superior survival 

compared to upfront surgery followed by adjuvant CTx in patients with resectable PDAC120. In addition, 

R- and N-status were improved in the neoCTx + surgery group compared to the upfront surgery cohort. 

However, adding patients that received neoCTx but did not undergo surgical resection revealed no 
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significant survival benefit. In esophageal cancer, a different type of gastrointestinal cancer, promising 

results have been reported when administering neoadjuvant radio-chemotherapy in patients with 

resectable disease121,122. As a result, some patients with resectable tumor receive neoadjuvant 

treatment prior to surgery. 

Taken together, neoCTx dose adaption, which was observed in a significant proportion of LA PDAC 

patients, impacted both the R- and N-status. Yet, data from a larger patient cohort is required to 

investigate the influence of dose adaption on treatment outcome (TRG), as a clear trend towards worse 

response was seen. Considering that neoCTx might also be beneficial for patients with resectable PDAC 

in the future, biomarkers are needed that guide neoCTx protocols to prevent dose adaptation of 

treatment. 

 

 

10.2 Organoids initiated from patient derived tumor specimens share molecular 
features with the respective tissue of origin 

The focus of this study was the generation and characterization of a PDAC PDO living biobank as well 

as the identification of potential applications and limitations of organoids as a preclinical model. 

Between December 2016 and June 2021 tumor tissue sample from primary PDAC and distant 

metastasis have been collected, resulting in a biobank of nearly 90 PDO lines. PDAC PDO repositories 

have been reported in the meantime by other groups, i.e. the laboratory of Tuveson reported the 

largest one with 114 successfully established cell lines in 2018123. The laboratories of Sato and Clevers 

reported that 49 PDAC lines were generated from primary tumor samples and the Clevers lab managed 

to establish a 52 PDO line containing biobank, respectively 104,105. Despite the Tuveson group, no 

reports on extensive PDO generation from PDAC metastasis have been published, which can be 

explained with difficulties of obtaining tissue samples from these respective lesions123. Surgical 

resection of PDAC metastases is not recommended as patients do not profit in terms of improved OS 

or PFS. Yet, we managed to establish PDAC PDOs from liver metastasis in 6 cases from which primary 

tumor PDOs were initiated in only one of these cases. To our knowledge, no group reported the 

comprehensive generation of PDAC organoids from neoCTx pretreated patients, which was feasible in 

13 cases as part of this study. Interestingly, take rates for PDO initiation from pretreated patients 

correlated with the TRG, which might be explained by low numbers of viable tumor cells in tissue 

specimens from patients with major response to neoCTx. Success rates for PDO generation from CTx 

naïve patient tumor tissue increased with time and reached 70% for the last 10 samples processed. 

Our results were comparable to the studies of Tiriac and colleagues (78%), and Driehuis and colleagues 

(62%)105,123. However, definitions for successful PDO generation are not standardized, as we defined 
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growth beyond passage 10 and Tiriac and colleagues stable growth past passage 5 as criteria for PDO 

initiation. This also accounts for initiation rates for PDOs from EUS-FNA samples, which were, according 

to Tiriac similar with 87% and 62% for passages zero and five, respectively124.  

Within the scope of this study, the main reasons for PDO initiation failure are the quality of tissue 

specimen, the media composition, and the batch effects of the Matrigel. As seen for FNA samples were 

no organoids have been observed in some cases in passage zero, the cellularity of tissue samples is 

crucial too, especially for PDAC disease with high degree of desmoplasia and low content of epithelial 

tumor cells125. PDAC PDOs can be established from minimal starting material derived from EUS-FNA 

biopsies with even slightly higher take rates compared to surgical resection specimens. This leads to 

the assumption that the length of time needed until the samples gets processed might impact on PDO 

outgrowth. For EUS-FNA biopsies, the digestion of the tissue was initiated within 10 minutes after the 

sample has been taken. On the other hand, surgical specimens were usually de-vascularized for several 

hours before removed completely, followed by an examination by pathologists. This resulted in a long 

warm and cold ischemia time before processing of tumor specimens were initiated in our laboratory.  

 

The current composition of the complex PDAC medium allows organoid growth in most cases, yet it 

might not contain all signal pathway inhibitors/activators and other substances required for PDO 

initiation of a subgroup of tumors. Individual tumors harbor unique genomic alterations, which may 

influence the composition of an optimal growth medium. As PDAC PDO libraries expanded, it has been 

noticed that a significant number of PDO lines did not rely on Wnt3a and Rspondin, contradicting the 

previous described dependency on both substances91,104. More research on optimized PDAC medium 

composition is necessary in the future, as it could increase the take rate of PDO generation.  

Empirically significant differences between Matrigel batches have been observed, which also might 

impact on the growth behavior of PDOs. For liver organoids, it has been shown that the ECM 

composition and stiffness alters growth rates underlining the need for defined and/or synthetic organ 

specific ECMs126. In our study, contamination of cell cultures was rare and negligible. Furthermore, 

tumor size (T) and grade of differentiation (G) did not influence the chance for successful PDO 

outgrowth. Frequently cancer-associated-fibroblasts (CAFs) can be found PDO cultures at passage 

zero/passage one before disappearing while subsequently passaging the cell line. The separation of 

both cell population resulted in a small library of CAFs and matching PDAC PDO lines, allowing the 

generation of more complex in vitro co-culture models in the near future. Organoid-CAF co-cultures 

already have been established by other groups and were used for investigating the interplay between 

both cell populations in vitro127,128.  

Taken together, PDAC PDO initiation was feasible within 3 weeks in most cases, regardless of 

generated from surgical resections from CTx naïve or neoCTx patients, or from EUS-FNA samples. 
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However, within this timeframe, a purity of 100% PDAC tumor organoid was unlikely, which can be 

explained with the medium composition. In our study, EGF was added to the PDAC medium to allow 

outgrowth of rare KRAS non-mutated PDAC organoid lines. However, EGF is essential for expanding 

normal pancreatic organoids, which resulted in varying intensities of contamination with pancreatic 

organoids within the first 5-8 passages. It might be worthwhile to test different PDAC medium mixtures 

for early PDO cultures in the future that exclusively select for tumor organoids in early PDO lines, 

despite the more time-consuming cultivation process. As KRAS is mutated in 90% and TP53 in 50% of 

PDAC, an early selection for tumor organoids could be feasible in most cases18,129. This could be 

considered for cultivating new PDAC PDO lines by withdrawal of EGF, and supplementing the media 

with nutlin-3, a synthetic agent that has cytotoxic properties in cell expressing wild type TP53104.  

The collection of the PDAC PDOs revealed various morphologies among the PDOs, most were exclusive 

tumor organoids. Cystic shaped PDOs with a hollow lumen were not necessarily contaminated with 

normal pancreatic organoids, as a cultivation was achieved for some of those cell lines for at least 30 

passages and KRAS mutations were detected. Here, the validation of the KRAS status was primarily 

carried out via commercial Sanger sequencing as it is cost efficient, resulting in the identification of 

mutated KRAS in 45 PDO lines. Nonetheless, this sequencing method relies on high allele frequencies 

in the template for detection which is not often the case in early passage PDAC PDO lines due to 

contamination with pancreatic cells. More expensive methods with a high sequencing depth such as 

panel sequencing would be more suitable. Isolating DNA for sequencing from PDO lines past passage 

10 could also result in a higher allele frequency of altered KRAS. Yet, both methods are cost intensive 

and/or time consuming. Despite KRAS sequencing, a further characterization of PDAC PDOs was 

conducted for a subset of organoid lines. IHC stainings of primary tumor tissue sections and the 

respective matching organoid line showed high molecular similarities. PDAC tumors with nucleus 

accumulating mutated TP53 gave rise to PDOs with the same phenotype.  

This raised the question if molecular subtypes of PDAC were identical in the respective PDO line as this 

could result in an improved treatment of patients by encompassing these patients according to the 

molecular tumor properties in the near future. Although subtyping of PDAC is not routinely performed 

in the clinic, first data indicate a subtype specific response to systemic chemotherapy14,72,82. 

Furthermore, the predictive value of PDAC subtypes has been shown by multiple groups72,81,82. 

However, nearly all patients were treated with similar standard of care CTx even though PDAC is known 

to be a heterogeneous disease and response to systemic treatment is often limited130. According to 

Collisson and colleagues the three subtypes of PDAC, which are the quasi-mesenchymal, the 

exocrine-like and the classical subtype, were defined on mRNA expression analysis using microarray 

technology72. Based on these findings, Noll and colleagues established a protocol for the assessment 

of the PDAC subtypes using IHC staining of only two markers, KRT81 and HNF1A. As subtyping of PDAC 
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PDOs has not been conducted before and the originally described antibody for HNF1A was not 

anymore commercially available, we aimed to address both issues by identifying an alternative marker 

for HNF1a for PDAC subtyping in PDOs. Based on the PDAssinger gene set, we identified CFTR as a 

potential replacement for HNF1A. RT-qPCR revealed a high correlation between the gene expression 

of HNF1A and CFTR in a set of 23 analyzed PDAC PDO lines. IF staining of 7 PDAC organoid lines also 

showed either very strong or absent staining of CFTR, which allowed robust classification of the 

respective biomarker. Moreover, CFTR expression was mutually exclusive to the expression of KRT81 

in most cases, which leads to the assumption that CFTR expression evaluation allows molecular PDAC 

subtyping according to Collisson and colleagues.72. Subsequently, subtyping was feasible in 9 out of 10 

PDAC organoid lines and a high concordance (six out of seven samples) between the primary PDAC 

tumors and the corresponding organoid lines was observed. For one primary PDAC tumor a strong 

staining for KRT81 and CFTR was detected, while the corresponding PDO line was exclusively positive 

for KRT81. High expression of both markers has also been observed by others groups, yet a molecular 

subtyping is not possible for these rare cases81,82. A CFTR expression was not seen for the 

corresponding organoid line on mRNA and protein level, which might be explained with a restriction 

of clonality for this respective PDO line. It is possible, that the PDO line has been established from 

KRT81 positive PDAC tissue regions exclusively. Taken together, subtyping of PDAC via expression 

analysis of only two markers is feasible in most cases and rapidly assessed at low costs. Yet, microarray 

or mRNA sequencing data for the expression analysis of all PDAssinger genes within the PDO lines 

analyzed in this study are still needed. Furthermore, these findings need to be validated by subtyping 

more PDAC samples via KRT81 and CFTR expression levels determination, which could also proof the 

existence of an exocrine-like PDAC subtype. According to Moffitt, this subtype can be attributed to the 

contamination with healthy pancreatic tissue in samples that have been analyzed via microarray 

technology130. Based on sequencing of KRAS using next generation sequencing methods, we identified 

allele frequencies of nearly 50% in most cases indicative that the PDO lines are tumorigenic. Yet, the 

staining of CFTR resulted in a homogenous positivity of the whole organoid culture, strongly arguing 

for the existence of an exocrine-like PDAC subtype. 

Prospective clinical trials are needed to evaluate whether molecular subtype specific treatment 

protocols may improve therapy outcomes in PDAC patients. The methodological requirements have 

been established by our study, as PDAC PDOs now can be initiated from FNA samples in most cases, 

followed by subtyping via IF staining of the PDO lines. This is of importance in the neoadjuvant setting, 

as EUS-FNA samples are of very limited material size, which normally does not allow routine IHC based 

subtyping.  
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In summary, we identified CFTR as a suitable replacement of HNF1A for molecular PDAC subtyping. 

We showed that subtyping of EUS-FNA derived PDAC PDOs is feasible and allows the classification of 

the corresponding primary tumor from minimal starting material.  

 

 

10.3 Pharmacotyping of patient derived organoids as a strategy for individualized 
treatment in pancreatic ductal adenocarcinoma 

Parameters considered for choice of systemic chemotherapy are often the patients´ age, 

co-morbidities and the ECOG status14,33. Yet, a standardized guideline for CTx treatment decision 

making is not in place and in most cases, patients receive either FOLFIRINOX or Gem/nab-Pac in the 

neoadjuvant setting with varying treatment outcome. In this study, potential applications of PDAC 

PDOs have been evaluated with the aim to improve treatment outcome by developing patient tailored 

treatment protocols. For this purpose, a 384-well plate based pharmacotyping platform has been 

established which allowed rapid pharmacotyping of PDO lines within 7 days. Only small amounts of 

starting material are required, and results were robust over several passages. Most importantly, the 

process could be automated which enables routine pharmacotyping of PDOs of any cancer entities in 

the near future. 

Subsequent pharmacotyping of PDAC PDOs from CTx naïve patients resulted in an organoid line 

individual response pattern to commonly used chemotherapeutic single drugs. This data underlines 

the diversity of interpatient response, explained by unique genetic, epigenetic, metabolic and other 

features within individual tumors, that mediate resistance but also sensitivities to certain substances. 

Similar observations were made in multi-drug FOLFIRINOX and Gem/Pac drug assays in vitro. In our 

study, we identified two out of eleven CTx naïve PDO lines to harbor resistance to one poly-drug 

treatment, while being sensitive for the other protocol respectively. Additional three PDO lines showed 

either resistance or sensitivity to one drug combination and an intermediate response to the respected 

other regimen. As a result, in five out of eleven cases PDAC PDOs could have supported clinician 

decision making to choose the potentially more efficient therapy option. Considering that the 

randomized SWOG-S1505 revealed equal efficacies for the FOLFIRINOX and the Gem/nab-Pac regimen 

in the neoadjuvant setting in LA PDAC patients, PDOs could act as the urgently needed biomarker for 

guiding tailored neoCTx treatment decision in the future42. It is also estimated, that the neoCTx in PDAC 

treatment will become of more importance in the future, as several clinical trials showed that patients 

with localized resectable disease benefit from neoCTx that followed surgical resection compared to 

upfront surgery followed by adjuvant chemotherapy120. Treatment of patients with BR PDAC also might 

be improved by neoCTx prior surgery as R0 resection become more likely to achieve131. 
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Pharmacotyping of neoCTx PDAC PDOs revealed a tendency for drug resistance to the 

chemotherapeutical regimen that have been administered to the respective patient from which the 

organoid line has been established from. This might be explained by the development of new 

resistance mediating alterations under selection pressure or the enrichment of already existing 

resistant clones within the tumor. Yet not all neoCTx PDAC PDO lines pharmacotyped exhibited 

reduced sensitivities to the respective treatment protocol. Consequently, PDOs could become of 

importance by assisting clinical decision making by choosing the most efficient adjuvant CTx in patients 

that already received a neoCTx. However, more neoCTx PDOs need to be analyzed to finally identify 

the impact of neoCTx on drug resistances in tumor cells. 

Further improvements in PDAC therapy could be achieved by reconsidering the interplay of 

chemotherapeutical substances in multi-drug regimens. In the past, promising results have been 

achieved by introducing drug combination protocols in the treatment of patients with advanced cancer 

diseases37,38,132–134. Improved response rates often have been justified by additive or even synergistic 

drug interaction, which is absent in any mono-substance therapy. Palmer and colleagues, however, 

showed that superior drug combination efficacy can be explained with independent drug actions135. 

With increasing numbers of substances administered simultaneously, bypassing drug resistances 

within a genetically heterogeneous tumor becomes more likely. However, the superior efficacy of drug 

combination also increases the rate at which severe side effects are induced. As a result of that RDI 

reduction or treatment termination is required in many cases. As shown before, we observed a trend 

towards reduced response to neoCTx in patients that did not receive full course treatment. 

Furthermore, the R- and N-status were affected in case of administering adapted doses to LA PDAC 

patients. As inferior responses to neoCTx in patients that received adapted neoCTx have been reported 

for other tumor entities, we asked if PDAC PDOs could be used to increase the number of patients that 

sustain full course neoCTx136–138. Subsequently, we investigated the impact on drug combination 

efficacy after removing the most inefficient compound. For both regimens, FOLFIRINOX and Gem/Pac 

we showed no significant effect on the dose-response curve, when poor acting drugs have been 

removed from the treatment protocol. In one case (DD412), no change in efficacy was seen regardless 

of which substance has been excluded. This is in line with the observation that the PDAC organoid line 

did not respond well to all FOLFIRINOX compounds in single drug experiments.  

Using PDOs to identify inefficient chemotherapeutical drugs, might result in the withdrawal of a given 

drug from the treatment schedule without impacting treatment efficacy. This in turn could result in 

less severe side effects under neoCTx and could improve quality of life for many patients with advanced 

cancers. Furthermore, this strategy could impact the number of patients that require neoCTx dose 

adaption and consequently might lead to higher rates of intermediate/major tumor regression grades 

and potentially better OS in LA PDAC patients. PDAC patients with good ECOG status that are scheduled 
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to receive adjuvant CTx could also benefit from PDO pharmacotyping, as successful post-surgery 

chemotherapy improve survival43,44.  

Taken together, the initiation of PDOs allows to stratify patients’ individual drug responses within 

combination therapy, which in turn could lead to patient tailored chemotherapy protocols in the 

neoadjuvant and adjuvant setting. This potentially could result in improved long-term survival rates 

but also improved quality of life for patients undergoing systemic chemotherapy. Nevertheless, 

feasibility needs to be tested in a prospective clinical trial setting to show if and to what extent PDAC 

PDOs are able to predict patients´ response to systemic treatment, similarly what has been shown for 

colorectal cancer PDOs106,139,140.  

 

 

10.4 Tissue derived organoids as patient cancer avatars for response prediction in LA 
PDAC 

In order to investigate, if PDOs can predict LA PDAC patients´ response to neoCTx the prospective 

NeoResponse trial was set up at the University Hospital Carl Gustav Carus Dresden. Subsequently, LA 

PDAC patients have been recruited from April 2018 on and three years later also from the “Städtisches 

Krankenhaus Dresden Friedrichstadt” to increase the number of patients enrolled for the trial.  

In total 55 patients have been recruited from April 2018 until June 2021, from which two were enrolled 

at the “Städtisches Krankenhaus Dresden Friedrichstadt”. Prior to trial initiation, it has been estimated 

that recruitment of 100 individuals is necessary to get sufficient data including patient TRG and PDO 

drug sensitivities from patients completing the study. The biggest hurdle was thought to be the PDAC 

PDO generation rate, which was set to 50%. However, the PDO take rate reached 80% over time and 

the main limitations have been the lack of tumor tissue samples which have not been derived in 31% 

of all cases. In total, PDOs from histologically confirmed LA PDAC patients were generated from only 

38.2% of the patient cohort. As we have shown that dose adaptation impacts therapy outcome, 

patients with any neoCTx protocol modifications have been excluded from the analysis, which was not 

considered before initiating the clinical trial. Additionally, patients that switched from one multi-drug 

regimen to another after more than 1 cycle of neoCTx did not allow correlation analysis of in vitro and 

in vivo data, as assigning potential cytotoxic effects to a particular regimen was not possible.  

As discussed before, PDO initiation from EUS FNA samples was feasible in most of cases within clinically 

relevant time frames with higher outgrowth rates and less time required as reported by others95,124,141. 

Strikingly, in some cases PDOs have been generated from a single biopsy, containing sufficient material 

for histopathological confirmation of PDAC disease by pathologists and organoid initiation, which 

meant no additional risk due to PDO generation. Repeated EUS FNA sampling was required in 7 cases 
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(12.7%) of patients, from which in one case tumor organoids successfully have been established from 

both samples. Repeated sampling for histopathological analysis is a common procedure in PDAC 

diagnosis and could be addressed using PDOs142. As neoCTx cannot be started without histological 

verification of the tumor disease, treatment initiation is delayed in these patients with unknown 

impact on therapy outcome and survival. Recently it was shown, that PDAC diagnosis is feasible by 

performing digital droplet PCR (ddPCR) for assessing the KRAS status on cell free DNA (cfDNA) derived 

from early PDO culture supernatant143. Both, PDO generation from EUS-FNA samples as well as 

mutation calling via ddPCR from cfDNA could shorten diagnosis times in PDAC. 

Due to the low sample size of three FOLFIRINOX tested PDAC PDOs, correlation analysis of PDO and 

patient response was not possible. Yet, an overlap of patient TRG and organoid sensitivity was not 

seen, as a patient with a major response to neoCTx with FOLFIRINOX gave rise to a resistant PDO line. 

For the other two patients TRG1 and TRG2 was identified, while the PDO lines showed intermediate 

and poor response respectively. In a recent publication by Grossmann and colleagues, a strong 

correlation between PDAC organoid drug sensitivities and corresponding patient response to 

treatment was seen141. However, the sample size was relatively low (n= 12) and additional work is 

needed to finally assess the treatment outcome predictive capacity of PDAC organoids. Yet, the work 

of Grossmann and colleagues strongly indicates that response prediction in PDAC is feasible using PDOs 

which is in line with other prospective clinical trials such as the ones in colorectal cancer106,139,140.  

Related to the NeoResponse trial, pharmacotyping with drug combinations should be reconsidered as 

the empirically determined mixture ratio of all three drugs might result in an outcome bias. Single drug 

testing might be a more suitable approach as also indicated by other groups addressing similar 

scientific questions141,144.  

Despite these issues, a guideline for consistent PDO generation, characterization and pharmacotyping 

is urgently required, as each research group investigating the predictive value of PDOs as personalized 

patient avatars has its own quality standards. This accounts for the PDAC medium composition which 

differs within the PDAC PDO community for which clear clonal selective effects have been shown but 

also for the minimum required extent of PDO line characterization prior 

pharmacotyping95,104,105,112,141,145. Basic PDO characterization can be done on DNA level for identifying 

common known PDAC driver mutations108 and protein level for example via IHC staining for molecular 

subtype assessment via Collisson, Moffit or Bailey or verification of epithelial and pancreatic 

markers72,79,80. Pharmacotyping is performed with varying protocols, which prevents merging of data 

from different groups as it would be too difficult or even impossible to interpret these results. 

Considering the high expenses for drug testing in a Matrigel based model system, standard protocols 

are highly recommended and needed.  
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In summary, the hurdles of the NeoResponse trial have been solved successfully, as (i) PDAC PDOs can 

be generated with high confidence, (ii) characterization of new PDAC PDO lines on DNA and protein 

levels is feasible and (iii) a robust drug testing platform has been established requiring only limited 

materials numbers of organoids as well as relative low amounts of Matrigel and cultivation medium. 

However, for evaluating the predictive value of PDAC PDOs concerning patients’ neoCTx response, 

multiple sites recruitment of patients is needed.  
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 Summary 
Pancreatic cancer is the seventh leading cause of cancer related mortalities worldwide and incidences 

are increasing. The prognosis remains poor as the 5-year survival rate is below 10%. This can be partly 

explained by the silent progression of disease as most patients present with advanced disease at time 

of diagnosis. In turn, surgical resection, the only potential curative measure, is not possible in nearly 

80% of cases due to the occurrence of distant metastasis and/or infiltration of major vessels in close 

proximity to the pancreas. In patients with localized but advanced disease, resectability can be 

achieved in some cases by initiation of a neoCTx. However, as neoCTx is commonly conducted by 

administering multi-drug treatments, severe side effects occur frequently, which require an adaption 

of drug doses administered. 

In this study, we revealed the negative impact of these drug dose changes during neoCTx on the 

patients´ treatment outcome. R0 resections were significantly less frequently observed, and the N-

status significantly impacted by the tumor regression grade, which in turn trended towards minor 

response in the cohort of patients that did not sustain full dose course prior surgery. In turn, treatment 

of LA PDAC could be improved by increasing the proportion of patients that undergo neoCTx without 

any changes of the treatment schedule. Patient-derived PDAC organoid could serve as an avatar of 

patients´ tumor disease on which optimal treatment protocols could be tested. 

In this study, a large living PDAC PDO biobank successfully has been established from surgical resection 

specimens as well as EUS guided FNA samples. Subsequently, a new protocol for molecular subtyping 

of PDAC on organoids was established by assessing the expression level of KRT81 and CFTR, as a 

replacement for HNF1a, using IF staining. Strikingly, we observed identical PDAC subtypes in PDOs and 

their respective tissue of origin in nearly all cases. This observation allowed the assumption that PDOs 

could indeed be used as patient-individual avatars to identify treatment sensitivities and resistances, 

as they share fundamental molecular properties with the tissue they have been initiated from. 

Extensive pharmacotyping was performed for many PDO lines by testing the response behavior to the 

multi-drug regimens FOLFIRINOX and Gem/Pac, as well as their respective single drug compounds. As 

a result, we observed diverse response patterns for each PDAC PDO line. A poor response to 

FOLFIRINOX did not necessarily imply a resistance to Gem/Pac. PDO pharmacotyping could guide 

treatment decision making in the foreseeable future. Moreover, when the non-efficient drug was 

removed, no changes of overall efficacy of treatment in PDOs was observed, implying that additional 

therapy improvements could be possible using this ex vivo model. This observation was true for both 

commonly used chemotherapy protocols, FOLFIRINOX and Gem/Pac and could result in less drug 

mediated side effects under (neo)adjuvant CTx without impacting treatment efficacy.  
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Yet, the main goal of this study was to assess if PDAC PDOs can be used to predict the neoCTx outcome 

of PDAC patients. All methods required to address this issue in a prospective clinical trial have been 

established as a protocol for PDAC PDOs initiation from minimal starting material has been established 

and subsequently improved resulting in take rates of up to 80%. To support this study, we successfully 

secured patient enrollment from a second clinical center, which will increase the number of recruited 

patients in the future. Unfortunately, at the time of writing this thesis, patient numbers were not 

sufficient to answer the question of the predictive value of PDAC PDOs in regard to the current 

standard of care.  
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 Appendix 
Supplementary Table 1 – PDAC patient cohort 

Patient # Age (at day of 
surgery) 

Sex T N R G 

1 60 m 3 1 0 3 
2 64 f 2 2 0 3 
3 78 m 2 2 0 3 
4 66 f 2 1 0 3 
5 68 f 2 2 0 3 
6 80 m 3 2 1 3 
7 72 f 2 0 0 2 
8 61 m 3 1 0 2 
9 70 m 3 1 0 3 

10 54 f 2 1 0 2 
11 63 f 2 0 0 2 
12 67 f 2 1 1 2 
13 71 f 3 2 0 2 
14 71 m 3 1 0 2 
15 58 m 3 2 0 3 
16 61 f 3 1 0 2 
17 80 f 3 2 1 3 
18 71 m 3 1 0 3 
19 62 m 3 2 1 2 
20 56 f 2 0 0 3 
21 63 f 3 1 0 3 
22 64 m 2 2 0 3 
23 70 m 2 1 0 2 
24 72 m 2 1 1 3 
25 67 f 2 2 1 3 
26 66 f 2 1 0 3 
27 57 m 1 0 0 3 
28 78 m 2 1 0 2 
29 76 m 3 0 0 3 
30 77 m 2 2 1 2 
31 77 f 2 1 0 2 
32 69 f 2 2 1 3 
33 78 m 2 1 0 3 
34 79 f 2 2 1 2 
35 78 f 2 1 0 2 
36 67 f 3 2 1 3 
37 82 m 2 0 0 2 
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38 74 m 2 1 Rx 3 
39 62 m 3 0 Rx 3 
40 64 m 2 1 0 3 
41 57 f 2 1 0 3 
42 66 f 3 2 Rx 3 
43 78 m 1 1 1 2 
44 65 m 2 2 1 3 
45 83 m 2 1 0 2 
46 55 m 2 2 0 3 
47 79 f 2 1 0 2 
48 58 f 3 0 0 2 
49 62 m 3 2 Rx 3 
50 49 f 3 2 0 2 
51 57 f 2 1 0 2 
52 76 f 2 2 0 3 
53 80 f 3 1 0 2 
54 80 m 2 0 0 2 
55 69 m 3 1 0 2 
56 57 m 2 2 0 2 
57 81 f 2 2 0 3 
58 84 f 2 1 0 3 
59 76 m 3 2 0 2 
60 72 f 1 0 0 3 
61 60 m 2 1 0 2 
62 76 m 2 1 0 2 
63 70 f 3 1 0 2 
64 35 f 2 1 1 2 
65 67 m 3 2 Rx 3 
66 72 m 3 0 0 3 

 

Rx: Not clearly determinable   



111 
 

 

Supplementary Table 2 – LA PDAC patient cohort 

# 

Age (at 
date of 
surgery) Sex N R neoCTx regimen Dose TRG 

1 52 m 1 0 FOLFIRINOX full course 3 
2 43 f 2 0 FOLFIRINOX full course 1 
3 65 m 0 Rx FOLFIRINOX full course 1 
4 78 f 0 1 Gem/nab-Pac full course 1 
5 62 m 1 0 FOLFIRINOX adapted 1 
6 62 m 1 0 FOLFIRINOX full course 3 
7 77 m 0 0 Gem/nab-Pac adapted 1 
8 62 m 2 0 FOLFIRINOX full course 2 
9 59 f 2 0 FOLFIRINOX full course 1 

10 63 m 2 Rx FOLFIRINOX full course 2 
11 68 f 0 0 FOLFIRINOX full course 2 
12 55 m 0 0 FOLFIRINOX full course 2 
13 62 f 1 0 FOLFIRINOX adapted 1 
14 77 f 1 0 Gem/nab-Pac full course 1 
15 61 m 0 0 FOLFIRINOX full course 3 
16 69 m 1 0 FOLFIRINOX adapted 1 
17 67 f 0 1 FOLFIRINOX adapted 1 
18 72 f 0 0 Gem/nab-Pac adapted 1 
19 65 f 1 1 FOLFIRINOX adapted 1 
20 70 m 0 1 FOLFIRINOX adapted 2 
21 59 f 2 0 Gem/nab-Pac adapted 1 
22 62 m 2 0 FOLFIRINOX full course 2 
23 50 m 0 0 FOLFIRINOX adapted 2 
24 51 m 1 0 FOLFIRINOX full course 1 
25 65 m 2 0 FOLFIRINOX full course 2 
26 78 f 1 0 Gem/nab-Pac full course 1 
27 75 f 1 0 Gem/nab-Pac full course 1 
28 58 f 0 0 FOLFIRINOX full course 2 
29 67 m 1 0 FOLFIRINOX full course 1 
30 62 m 0 1 FOLFIRINOX full course 2 
31 63 f 2 1 FOLFIRINOX full course 1 
32 62 m 1 0 FOLFIRINOX full course 1 

33 51 f 0 0 
(FOLFIRINOX) & 
Gem/nab-Pac full course 2 

34 48 f 2 0 FOLFIRINOX full course 2 
35 72 f 1 0 Gem/nab-Pac full course 1 
36 66 f 0 0 FOLFIRINOX adapted 3 
37 57 f 0 1 FOLFIRINOX adapted 1 
38 66 f 1 0 FOLFIRINOX full course 1 
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39 71 m 1 0 FOLFIRINOX adapted 1 
40 57 f 0 0 FOLFIRINOX full course 3 
41 47 m 1  Rx Gem/nab-Pac full course 2 
42 49 m 2 1 FOLFIRINOX adapted 1 
43 79 m 1 0 Gem/nab-Pac adapted 1 
44 73 m 1  Rx Gem/nab-Pac full course 2 
45 76 f 0 0 FOLFIRINOX full course 3 
46 62 m 1 0 Gem/nab-Pac full course 3 
47 66 f 1  Rx FOLFIRINOX adapted 1 
48 64 m 0  Rx FOLFIRINOX full course 1 
49 63 f 0 0 FOLFIRINOX full course 3 
50 61 f 1 0 FOLFIRINOX full course 3 
51 68 f 0 0 FOLFIRINOX full course 2 
52 65 f 2 0 FOLFIRINOX full course 1 
53 60 f 1 1 FOLFIRINOX full course 1 
54 81 f 0 0 Gem/nab-Pac full course 2 
55 64 f 1 0 FOLFIRINOX full course 1 
56 71 f 1 0 Gem/nab-Pac full course 2 
57 73 f 1 0 Gem/nab-Pac full course 1 
58 68 m 0 0 Gem/nab-Pac full course 2 
59 80 m 0 1 Gem/nab-Pac adapted 2 

 

Rx: Not clearly determinable 

FOLFIRINOX: 5-FU + folinic acid + oxaliplatin + irinotecan 

Gem/nab-Pac: gemcitabine + nanoparticle albumin-bound paclitaxel 
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Supplementary Figure 1 – IF staining of CFTR and KRT81 on human PDAC organoids. The CFTR and KRT81 
expression analysis was performed on eight additional PDAC organoids (DD314, DD376, DD394, DD439, DD442, 
NR002, NR005 and NR006) for assessing the molecular PDAC subtype according to Collisson72. DAPI and 
Phalloidin stained cell nuclei and F-actin respectively. Scale bars represents 200 µm. Stainings have been 
performed and imaged by Laura Wolf. IF staining figures have been taken from Hennig et al. 2019112 with 
permission from Stem Cells International.  
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(Supplementary Figure 1 continued) 
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(Supplementary Figure 1 continued) 
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(Supplementary Figure 1 continued) 
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Supplementary Figure 2 - CFTR and KRT81 expression analysis in primary PDAC tissue sections. IHC stainings of 
CFTR and KRT81 on corresponding primary tumor tissue sections of 5 additional PDAC organoids lines have been 
performed for determining the molecular subtype according to Collisson et al. and Noll et al.72,81. Scale bars 
represents 200 µm. Images have been taken from Hennig et al. 2019112 with permission from Stem Cells 
International.  
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