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ABSTRACT 
Pancreatic cancer (PDAC) has poor prognosis with limited effects of treatment. The progression 
model of PDAC from mutations to premalignant lesions takes years to evolve, with a window 
of intervention if we only knew how and what to target to stall malignant progression. 
Accumulation of p62 is implicated in PDAC carcinogenesis. Chemoresistance in PDAC 
contributes to short survival and is poorly understood. Neoadjuvant FOLFIRINOX is under 
evaluation and has shown conflicting results.The overall aim was to explore aspects of malignant 
progression to PDAC and to investigate effects of neoadjuvant FOLFIRINOX in patients with 
resected PDAC. 

In Paper I, high expression of p62 was associated with shorter disease-free survival, 7 versus 29 
months (p=0.017). The hazard ratio for death was 2.88 in patients with high p62. Paper II 
revealed that the adjunct of MUCPs in a clinical setting, identified and improved correct decision 
of surgery in 2/88 patients with pancreatic lesions. In Paper III, expression of p62 was 
significantly higher in patients with PDAC than in PanINs and IPMN lesions and CD45 was 
significantly higher in PDAC than in PanINs. In mouse KRASG12D tumor samples, there was 
significant different expression of p62 between lesion types that followed a U-shaped pattern 
which was also noticed for the expression of NFκB. Paper IV showed modest differences in 
gene expression in tumors from patients treated with neoadjuvant FOLFIRINOX versus upfront 
surgery. However, these differences are consistent with increased chemoresistance, stress 
adaptation and cancer cell survival. 

In conclusion high expression of p62 was associated with poor survival. The adjunct of MUCPs 
can ameliorate correct surgical decision-making of high-risk pancreatic lesions in single cases. 
High p62 and associated NFκB pathway activation are early events in malignant progression. 
Neoadjuvant FOLFIRINOX shows no major effects on gene expression compared with upfront 
surgery in scRNA-seq analysis. The minor differences seen, support selective pressure towards 
chemoresistance and cancer survival. 

Keywords: PDAC, autophagy, p62, malignant progression, mucin biomarkers, IPMN, 
neoadjuvant FOLFIRINOX, chemoresistance, scRNA-transcriptomics  
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SAMMANFATTNING PÅ SVENSKA 
Cancer i bukspottkörteln pankreas har dålig prognos, med begränsad effekt av 
behandling. Utvecklingen från mutationer till förstadier och cancer tar många 
år. Detta erbjuder en möjlighet till behandling om vi bara visste hur och på 
vilket sätt, för att förhindra utvecklingen till cancer. Accumulering av p62 är 
inblandat i cancerutvecklingen. Resistens mot kemoterapi bidrar till kort 
överlevnad, men hur kemoresistens fungerar är fortfarande delvis okänt. 
Cellgiftsbehandling med FOLFIRINOX före operation (neoadjuvant) 
utvärderas och resultaten i kliniska studier är motsägelsefulla. 

Det övergripande syftet med avhandlingen var att utforska aspekter av 
utveckling från förstadier till cancer och att utforska effekter av neoadjuvant 
FOLFIRINOX cellgiftsbehandling hos patienter som opererats för 
pankreascancer. 

I studie I undersöktes proteiner i bortopererad cancer med immunohistokemi  
(IHC) från patienter som opererats. I studie II gjordes en retrospektiv cross-
over studie. Tillägget av mucinmarkörer från pancreascystvätska utvärderades 
vid klinsikt beslutsfattande och handläggning av oklara förändringar i 
bukspottkörteln. I studie III gjordes IHC på bortopererad vävnad från patienter 
som opererats med PanIN, IPMN och cancer. Studien inkluderade även vävnad 
från en musmodell av progression i Kras G12D möss. Proteiner kopplade till 
autofagi, ROS-hantering och NFκB signalvägar analyserades. I studie IV 
undersöktes effekten av neoadjuvant FOLFIRINOX jämfört med direktkirurgi 
på genuttrycket i bortopererad vävnad. Genuttrycket undersöktes med 
singlecell RNA sekvensering. 

I studie I var högt uttryck av p62 associerat till kortare sjukdomsfri överlevnad, 
7 jämfört med 29 månader. (p=0.017) Hazard ratio för död var 2.88 hos 
patienter med högt p62. Studie II visade att tillägget av mucin biomarkörer 
bidrog till ett mer korrekt kliniskt beslutsfattande hos 2/88 patienter med oklara 
pankreasförändringar. I studie III var uttrycket av p62 signifikant högre hos 
patienter med pankreascancer än med PanIN eller IPMN och CD45 var 
signifikant högre i cancer än i PanIN. I vävnadssnitt från KRASG12D möss följde 
p62 uttrycket en U-formad kurva vilket även sågs vid NFκB uttryck. I studie 
IV sågs inga stora skillnader i genuttryck mellan neoadjuvant Folfirinox 
behandlade och direktopererade bukspottkörtelscancrar. De skillnader som 
noterades är dock kopplade till kemoresistens, anpassning till stress och 
överlevnad hos själva pankreascancern. 



Slutsatser 

1. Högt uttryck av p62 är associerat till kortare överlevnad hos patienter 
som opererats för cancer i bukspottkörteln. Detta stödjer en roll för 
p62 som en prognostisk markör hos patienter som opererats för 
pankreascancer. 

2. Tillägget av mucinbiomarkörer i kliniskt beslutsfattande och 
handläggning av högrisk-förändringar i bukspottkörteln förbättrar 
korrekt selektion av patienter till kirurgi i enstaka fall. Ett högt antal 
felaktiga rekommendationer till kirurgi manar till försiktighet. 

3. Ackumulering av p62 är stadieberoende och följs åt med NFB och 
aktivering av inflammation. Detta stödjer att avvikande p62 
signalering spelar en roll vid utveckling från förstadier till 
pankreascancer. 

4. Inga stora skillnader i genuttryck sågs vid jämförelse av neoadjuvant 
behandlade pankreascancrar jämfört med patienter som blivit 
opererade direkt utan förbehandling med FOLFIRINOX. Men 
fördjupad undersökning visar anpassning i flera nicher som talar för 
att FOLFIRINOX påverkar med selektivt tryck mot utveckling av 
kemoresistens och tumörprogress.  
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INTRODUCTION 

1.1 ANATOMY 
The pancreas is in every way a central organ in the body. It is located 
retroperitoneally, which makes it difficult to access at surgery. It rests behind 
the transverse colon and the stomach, surrounded by the superior mesenteric 
artery and vein, the portal vein and is connected to the duodenum and bile duct. 
(Fig 1.) This means that surgical procedures are procedures with significant 
morbidity and mortality. 1,2 

 

Figure 1. Anatomic relationships of the pancreas with surrounding organs. 
(Image by Jennifer Parsons Brumbaugh; Longnecker et al, The Pancreas, 
Biology and physiology, p 4 Fig 3. Reproduced with permission from Springer 
Nature. https://doi.org/10.3998/panc.2014.3  

 
1.2 FUNCTION 
The pancreas has both endocrine and exocrine functions. In the Langerhans 
islets insulin and glucagon are produced and secreted keeping blood sugar 
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levels under tight control. The exocrine function consists of acinar cells 
producing and releasing pancreatic juices and bicarbonate via the ducts and 
into the duodenum enabling digestive enzymes to break down ingested foods.  

1.3 PANCREATIC DISEASE 
Diabetes type 1 is an autoimmune disease where the beta cells in the 
Langerhans islets are destroyed by the immune system and can no longer 
produce insulin. Pancreatitis is a common disease most frequently caused by 
alcohol or gallstones. High blood level of triglycerides is another well-known 
cause. Autoimmune pancreatitis can also occur, but it is rare. Hereditary 
pancreatitis and pancreas divisum are other causes of pancreatitis.3 

1.4 BENIGN PANCREATIC LESIONS 
Pseudocysts are a frequent finding, it is a remnant after acute pancreatitis 
which often is self-absorbed.4 It is usually easy to distinguish at imaging from 
other pancreatic lesions. Serous cystadenoma is a rare non mucinous lesion, is 
more frequent in females above 60 and is a slow growing tumor. Nonsurgical 
approach is recommended.5 Hamartoma, epithelial cysts, retention cysts, 
congenital cysts periampullary duodenal wall cysts are other rare benign 
lesions of the pancreas.6,7  

1.5 PANCREATIC CANCER 
There are different kinds of cancers arising in the pancreas. Neuro endocrine 
tumors called Pan-NET constitute 1-2 %of all neoplasms in the pancreas8 They 
are divided into functional and non-functional lesions with the majority being 
non-functional.9 Surgery is recommended for lesions larger than 2 cm. 
Prognosis is better than that of pancreatic ductal adenocarcinoma (PDAC). 10 
Other rare lesions are acinar cell carcinoma, pancreatoblastoma and solid 
pseudopapillary neoplasm. The latter affects primarily young women and is 
recommended surgical resection. 11,12 The most common cancer in the pancreas 
is PDAC which constitutes 90 % of all cancers in the pancreas. This is the 
cancer that usually is referred to as pancreatic cancer and the one we have 
studied in our manuscripts. 
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1.5.1 EPIDEMIOLOGY 
In Sweden around 1600 patients are diagnosed with PDAC annually.13 
Prognosis remains poor despite massive efforts in research and clinical 
practice. The 5-year survival rate is still only 13 % 14 In Sweden it is reported 
to be 8% 15 It is projected to be the second cause of cancer related death in the 
US by 2030.16 Incidence rates are slowly increasing. 14 Incidence rates are 
highest in Europe and the US and lowest in South Central Asia and Middle 
Africa17 attributable to lifestyle factors. In Sweden age adjusted incidence was 
11,7/100 00 for men and 11,4/100 000 for women in 2024.13 The incidence is 
rising in young patients.18,19. In Sweden median age at diagnosis is 71 years. 
Median survival for all patients in Sweden is about 7 months. For operated 
patients median survival is 22 months and in this group and 23 % are alive after 
5 years. 15  

As symptoms are vague, around 80% patients present late with metastatic 
(57%) or locally advanced disease. 20,21 Only about 20 % patients are eligible 
for curative treatment with surgery.20 

Location of the tumor matters in terms of prognosis. Cancers in the head have 
better prognosis than cancers in the body or tail. This is probably because 
tumors in caput may give earlier symptoms. 22,23 and are diagnosed at an earlier 
stage. 

 

1.5.2 SYMPTOMS  
Symptoms of PDAC are vague, contributing to late diagnosis. They include 
abdominal pain, weight loss, decreased appetite, fatigue, nausea, and changing 
bowel patterns. Jaundice is the one symptom inspiring correct examinations 
and diagnosis.24,20 New onset of diabetes  within a year increases relative risk 
of PDAC times 5.25In one study up to 88 % of patients with PDAC were up to 
two years previously  diagnosed with diabetes.26 A meta-analysis found that 
new use of insulin was associated to an increased risk of pancreatic cancer. 27  

 

1.5.3 HEREDITY 
At least 10% of all PDAC are hereditary.28,29 They include syndromes where a 
well-defined mutation increases risk for PDAC.  (Table 1.) They also include 
patients with an increased risk of pancreatitis and secondary to that higher risk 
of evolving PDAC. The other group consists of familial pancreatic cancer 
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(FPC). The definition of familial FPC is patients with 2 or more first degree 
relatives that are diagnosed with PDAC without any known syndrome 
observed. FPC has younger onset and risks of cancer development increase 
with exposure to risk factors.30,31 In clinical practice in Sweden genetic 
investigations are recommended, if three first degree relatives in the same 
family are diagnosed with PDAC, or if 1 patient with PDAC has 2 close 
relatives with melanoma. For these patients and patients with established 
syndrome surveillance is recommended with an annual MRI of the pancreas 
and monitoring of fast glucose /HbA1c. 32 

 

Hereditary syndromes with increased risk of PDAC 
Peutz-jeghr syndrome 
Hereditary pancreatitis 
FAMM (familial atypical mole melanoma) 
Hereditary breast ovarian cancer syndrome 
Lynch syndrome 
FAP (familial adenomatous polyposis) 
Lie-fraumeni syndrome 
Ataxia-telangiectasia 

 

Table 1. Hereditary syndromes with increased risk of PDAC  20,29,30 

 

1.5.4 RISK FACTORS OF PDAC 
Age is the biggest risk factor for PDAC.33 Smoking 34,35 and obesity are well 
documented risk factors.36  Alcohol abuse and chronic pancreatitis are others. 
Chronic pancreatitis is a progressive inflammatory state, leading to fibrosis and 
destruction of acinar cells. It is reported to have a an elevated RR of 13 to 
develop PDAC36,37 Another meta-analysis reported an SIR of PDAC over 20 
in patients with chronic  pancreatitis.38 Diabetes is also a risk factor of PDAC.39 
It is usually divided into long-term diabetes relative risk which is reported to 
be 1-2 times normal and new onset diabetes (NOD) which is even higher. 
Metanalyses with NOD and pancreatic cancer report an 5-7 x elevated risk for 
pancreatic cancer 25,40. Within one year onset of diabetes the risk for PDAC is 
elevated up to 15 times for women and 13 times for men 41. 
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1.6 PREMALIGNANT LESIONS 

1.6.1 MUCINOUS CYST NEOPLASM 
Mucinous cyst neoplasm (MCN) is a known precursor of PDAC. It was first 
described in 1978.42 It is a rare lesion. It has an ovarian-like stroma surrounding 
it and produces mucin. It is often a large single lesion. It occurs mainly in 
perimenopausal women and has estrogen and progesterone receptors which 
promotes tumor growth. It does not communicate with the ducts. If the duct is 
dilated, this is a sign of malignant progression.43-45 Size, male sex, duct 
dilation, mural nodule or solid mass and finally location in the head of the 
pancreas are all associated with malignant progression.46 Frequent mutations 
of MCNs are KRAS, TP53 and CDKN2A. 47 International consensus is 
missing regarding optimal management of MCN. The AGA and IAP 
guidelines recommend surgery for all MCNs 48,49 whereas the European 
guidelines recommend surgery for lesions > 4cm6 Recent studies support a 
more conservative approach43,46,50.  

 

1.6.2 PANIN 
Pancreatic intraepithelial neoplasia (PanIN) is another premalignant lesion of 
the pancreas. 51 They are microscopic lesions undetectable at imaging. (Fig 2A) 
Depending on atypia they are divided into PanIN1-3 with PanIN-3 having 
high-grade dysplasia.  
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Figure 2. Histological images of A. PanIN-2 B. IPMN, C. PDAC (HE-staining, 
own images). Scale bar 100 m 

The time frame for malignant progression is years, providing a window of 
interception which so far has been impossible to exploit.52,53 99% of PanIN-1 
carry KRAS mutation and further mutations in CDKN2A, SMAD4 and TP53  
accompany malignant progression into PanIN2 and PanIN3.  (Fig 3.) In PDAC 
there are more structural differences in mutations present including 
chromotripsis and polyploidi.  
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Figure 3. progression model of PDAC and associated mutations. Adapted from 
Biorender. https://www.biorender.com/ 

It has been shown that PanINs can originate both from ductal cells and from 
acinar cells, depending on surrounding cellular context.54 Originally, 
malignant progression was proposed to be linear and stepwise.51 More recent 
work suggests progression occurs with sudden accelerations of mutations and 
genomic instability55 which could explain the clinical experience of patients 
often being diagnosed with advanced disease.53 

 

1.6.3 IPMN 
Intraductal papillary mucinous neoplasm (IPMN) were first described in 1994. 
56 It is a premalignant lesion of the pancreas. It is usually an incidental finding 
at radiology for another reason. As imaging has become more frequent and 
quality has evolved IPMN has become a common finding and a major clinical 
entity. It is reported to have a prevalence of 11% in the population > 50 years. 
57 IPMN can be described as three different histological types, gastric, 
intestinal and pancreatobiliary type.58 (Fig 2B.)  
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Today a more important classification is branch duct IPMN, main duct IPMN 
or mixed type IPMN. Each type harbour a different risk of developing 
malignancy. Patients with main duct IPMN and mixed type are recommended 
cancer prophylactic surgery as up 60-72 % undergo malignant progression.59,60. 
Branch-duct IPMN is another story. Malignant progression is rare, but risk 
increases with time. In a study of 1404 patients malignant conversion to PDAC 
was found in 3,3% at 5 years of follow-up and an incidence of 15% at 15 years 
of follow-up.61 Indications for surgery in branch duct IPMN include lesions 
with high-risk stigmata (HRS) whereas lesions with worrisome features (WF) 
have relative indication of surgery. (Table 2). Pancreatic surgery in patients 
with IPMN is considered high risk procedures, due to soft pancreatic tissue and 
a small duct diameter with higher risk of post-operative pancreatic fistulae.  
(POPF) 62,63 In main duct IPMN total pancreatectomy (TP) is at risk with 
multifocality or if cancerization of the ducts is present. Quality of life in these 
patients with TP is often affected negatively,64 especially in younger patients, 
with recurring severe hypoglycemia. 65 Although recent data indicates 
comparable long-term quality of life between patients with TP and 
pancreatoduodenectomy (PD)66  

 

Worrisome features (WF) High risk stigmata (HRS) 
Cyst size ≥ 4cm Positive cytology 
Cyst growth rate ≥5mm/year Solid mass 
Enhanced mural nodule ≤5mm Jaundice 
Elevated Ca19.9 Enhanced mural nodule ≥ 5mm 
Dilation of MPD 5-9.9mm MPD dilation ≥ 10mm 
Symptoms (pancreatitis or NOD) 

 

Table 2. Table of Worrisome features and High-risk stigmata. (ESGCTP)6 

 

In clinical practice IPMN are typically detected at computed tomography (CT) 
for any reason. Diagnostic work-up includes magnetic resonance imaging 
(MRI) of the pancreas and magnetic resonance cholangiopancreatography 
(MRCP) and an evaluation of whether the patient is fit for surgery. In most 
cases where no WF or HRS are present, the patient is surveilled with a 6-month 
MRCP and then annually with MRCP. Roughly when the patient reaches 80 
years or when the patient is no longer fit for surgery, surveillance is abandoned.  
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1.6.4 GUIDELINES IPMN 
There is controversy about how branch duct IPMN should be surveilled and 
managed with an international discrepancy between different guidelines. 
Differences include MCN cyst size indication, continuation of follow-up after 
5 years and growth rate of cyst size.6,48,67 

Moreover, recent studies show that our selection of patients for surgery is too 
blunt. 68 Ideally a correct selection of branch duct IPMN to surgery would be 
with pathology of high-grade dysplasia but before cancer has evolved. About 
one third undergo surgery at the right time. 69 

 

1.7 DIAGNOSTICS PDAC 
CT pancreas is golden standard in the diagnostic work up to correctly stage the 
tumor. It also gives information about metastatic spread. Sometimes MRI 
pancreas can add extra information. If there is uncertainty, endoscopic 
ultrasound (EUS) with fine needle aspiration (FNA) is performed in single 
cases.  CA19-9 and chromogranin A are mandatory laboratory tests. CT thorax 
is also a part of the general examination to exclude metastases. All patients 
with diagnosed PDAC in Sweden are presented at a multi-disciplinary board 
with radiologists, surgeons and oncologists present where patient comorbidity, 
WHO classification, arterial and venous engagement and growth pattern of the 
tumor are taken into consideration when forming decisions of treatment.  

 

1.8 BIOMARKERS 
Biomarkers for PDAC have been in focus as they could facilitate early 
detection but so far, no good candidate has been found. CA 19-9 is used in the 
clinic but has limitations, as it is elevated in several other diseases and cancers. 
Moreover, up to 10% of the population lack the CA 19-9 antigen. 70 Studies of 
CA19-9 as a screening test have proven not efficient.71   There is still no 
identified single biomarker in use other than CA19-9 but there are a number of 
prospects including DNA methylation, miRNAs, nucleosomes, multi-panel 
markers among others.72  
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Biomarkers in pancreatic cyst fluid are emerging as an alternative to serum 
biomarkers with the potential of identifying premalignant and cancerous 
lesions. There are several potential biomarkers in cyst fluid and new methods 
of detection emerging. 73,74,75,76 Liquid biopsies are also advancing with 
techniques detecting ct DNA, CTC, and cfDNA but so far none have reached 
clinical relevance. Omics in combination with AI are also emerging but 
difficulties with large amounts of data and machine learning are obstacles to 
be overcome.77 An example of this is a recently published study with a panel 
of three different miRNAS in serum assays identified via transcriptomics and 
machine learning with high sensitivity and specificity.78 For personalized 
management and tailored treatment biomarkers will have an important role in 
the future. For instance, ctDNA liquid biopsies have been able to identify 
KRAS and TP53 mutations in serum, both frequently mutated in PDAC. It can 
also be used as surrogate to treatment response in early studies79,80 

 

1.9 SURGERY 
In patients with resectable disease surgical procedure depends on tumor 
location.  In patients with tumors in the pancreatic head or in uncinatus a 
Whipple procedure or PD is performed. It is a large procedure where a distal 
gastrectomy, the duodenum, the pancreatic head, extrahepatic bile duct and 
cholecystectomy is performed.81 (Fig 4.) An alternative approach is to spare 
the stomach and divide distally of the pylorous in a pylorous preserving 
pancreatoduodenectomy. Outcomes are comparable for both procedures82-84. 
Reconstruction includes a hepaticojejunostomy, gastro- or 
duodenojejunostomy and an anastomosis of the pancreatic remnant either to 
jejunum or the stomach. Pancreatojejunostomy and pancreatogastrostomy are 
equivalent alternatives. 85,86  
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Figure 4. The Whipple procedure. Illustrations by Corinne Sandone, © Johns 
Hopkins University.  Used with Permission. 

When cancer is in the body or tail a distal pancreatic resection is performed, 
often including a splenectomy for reasons of obtaining clear margins and 
sufficient lymph node harvest. However recent data suggests a spleen sparing 
approach can be safe.87,88 No anastomosis is required but the dreaded POPF is 
a frequent complication occurring in 12-32%89,90. Tumors in the body or tail 
are more often unresectable probably because of fewer symptoms.23 

 

1.10 CHEMOTHERAPY 

1.10.1 ADJUVANT THERAPY 
Systemic treatment with chemotherapy is standard of care. Surgery in 
combination with adjuvant chemotherapy is standard of care in patients with 
resectable PDAC. Earlier Gemcitabine in combination with capecitabine was 
preferred but FOLFIRINOX/mFOLFIRINOX has shown prolonged overall 
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survival (OS) but is complicated by adverse side effects and it is common that 
patients do not tolerate treatment. 91 In fragile or older patients, single treatment 
with gemcitabine is an alternative. Duration of adjuvant chemotherapy should 
be approximately 6 months.92  

1.10.2 NEOADJUVANT CHEMOTHERAPY 
The use of neoadjuvant chemotherapy has prolonged OS in a number of other 
cancers, such as esophageal, gastric, breast cancer and rectal cancer 93-96and 
has been investigated in several clinical studies for PDAC. The benefit of 
neoadjuvant chemotherapy in PDAC is not clear.97 

The PACT-study showed safety and superiority in event-free survival in 
patients with resectable PDAC and neoadjuvant and adjuvant 
cisplatin/epirubicin/gemcitabine.98 

The PREOPANC study showed no advantage in OS with neoadjuvant 
gemcitabine and radiotherapy, compared to upfront surgery and adjuvant 
treatment. However, in a subgroup of borderline resectable PDAC neoadjuvant 
treatment showed prolonged OS survival.99 In a long-term follow up study of 
PREOPANC the neoadjuvant group overall showed prolonged survival 
compared to the upfront surgery group. 100 In ESPAC5 study patients with 
borderline resectable PDAC showed superiority in OS with neoadjuvant 
FOLFIRINOX or Gemcitabine /capsitabine compared to patients with upfront 
surgery. (All patients with ITT of total 6 months of chemotherapy, neoadjuvant 
2 months +4 months of adjuvant chemotherapy or 6 months of adjuvant 
therapy.) 101 The NORPACT study randomized between neoadjuvant 
FOLFIRINOX and upfront surgery in patients with resectable disease.  No 
prolonged survival was seen in the neoadjuvant group with resectable 
PDAC.(all patients with ITT 6 months of chemotherapy) 102 The NEONAX 
study compared neoadjuvant gemcitabine+nab paclitaxel and upfront surgery 
in resectable PDAC and found superiority in OS in the neoadjuvant group. (all 
patients ITT 6 months of total chemotherapy)103 Recently the PREOPANC2 
study showed no difference in OS in patients with resectable and borderline 
resectable PDAC and neoadjuvant FOLFIRINOX (8 cycles neoadjuvant only) 
or neoadjuvant gemcitabine and radiotherapy (3 cycles+ radiotherapy )and 4 
cycles of  adjuvant gemcitabine.104 The SWOG-1505 trial showed no 
prolonged OS of perioperative chemotherapy either of mFOLFIRINOX or 
gemcitabine/nab-paclitaxel(12 weeks before and 12 weeks after surgery)  
compared to historic adjuvant trials105 

In sum there is conflicting evidence from randomized clinical trials (RCTs) 97 
in resectable PDAC patients for the benefit of neoadjuvant FOLFIRINOX 



Eva Philipson 

13 

whereas in borderline resectable PDAC neoadjuvant strategies seem to have a 
role to play. Advantages of neoadjuvant strategies include downstaging and 
conversion to resective strategy and increased R0 resections.106,107 Furthermore 
advantages of earlier onset of systemic treatment and a larger portion of 
patients receiving treatment as it is common that adjuvant therapy is abandoned 
due to patient fragility. Finally, an advantage could be finding a selection of 
patients with micrometastasis who would not benefit from surgery and 
avoiding major resections in these cases. 

 

1.10.3 PALLIATIVE CHEMOTHERAPY 
For the vast majority of patients, around 80% palliative chemotherapy is the 
only alternative and FOLFIRINOX is treatment of choice if tolerated,108  
otherwise Gemcitabine and capecitabine in combination are common 
regimens. Likewise for fragile patients Gemcitabine as single treatment can be 
an alternative.  

 

1.11 PDAC SUBTYPE 
It is recognized that tumor subtype matters. Genetic profiling has shown that 
PDAC can be divided into two main subtypes, the classical subtype and the 
basal-like subtype. The basal-like (squamous-like) is poorly differentiated, has 
worse prognosis and responds less to chemotherapy. Most tumors are 
predominant in either subtype but there can also be a mix of subtypes. 109-111. 
This will become increasingly important when tailoring precision 
chemotherapy. 

 

1.12 MUTATIONS PANCREATIC CANCER 
Global genome analysis has shown that PDAC on average contains around 60 
mutations112,113 Almost all PanIns have KRAS mutation.114 Over 90 % of PDAC 
have KRAS mutations. Further mutations of which CDKN2A, SMAD4 and 
TP53 are the most common53 accelerate carcinogenesis. As described earlier 
the original model of malignant progression was a stepwise one 51but recent 
studies suggest a timeline with more sudden instigation of genomical 
instability including polyploidy and chromotripsis. 53,55Chromotripsis is a 
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phenomenon where large genomic instability with many mutations occuring at 
once. This is a common phenomenon in cancer. 115 Polypoidy is when more 
than two chromosomes are present in a cell. It has been proposed being 
important in cellular resistance to therapy.116 Homolog recombinant repair 
(HRR) mends frequent double and single strand breaks. The BRCA gene which 
predisposes to, among others, breast and pancreatic cancers is partially 
responsible for this repair process. Deficiencies in HRR cause deletions, 
insertions and genomic instability.117 

DNA mismatch repair (MMR) fixes incorrect nucleotide deletions, insertions 
and single nucleotide faults. Loss of MMR causes microsatellite instability 
which has become important in the choice of tailoring optimal oncological 
treatment for cancers in general.117  

1.12.1 TELOMERE SHORTENING 
DNA has repetitive sequences of TTAGGG which protects the DNA from 
damage at the end of the chromosomes. It forms loops to conserve and protect 
the telomer. In replication and ageing the telomer shortens in all cells. In 
PanIns and IPMN telomere shortening is associated with disease progression 
leading to genomic instability with deletions, insertions, and chromosomal 
fusions.118,119 Telomerase protects and synthesizes new telomers. They are 
activated in PDAC and helps the cancer cell to evade cell death through 
alkylation and lactate dehydrogenase B binding to the telomerase.119 

Whereas the same mutations are present in early premalignant lesions of PanIN 
and IPMN as in PDAC there is also great heterogeneity within the tumor and 
within metastatic clones 120. In IPMN, GNAS mutation is a common finding 
apart from an activated KRAS.121 

 

1.13 INFLAMMATION AND PDAC 
Inflammation is a hallmark of cancer 122. Chronic inflammation is associated 
with development of cancer in various diseases such as primary sclerosing 
cholangitis, IBD, hepatitis, HPV infections, H. pylori or asbestosis to mention 
a few. Patients with chronic pancreatitis more than 20 times elevated risk of 
PDAC.38 KRAS mutation promotes inflammation and NFκB pathway 
activation in malignant progression of PDAC.  TP53 is a suppressor of NFκB 
pathway. 123Mutation of TP53 means loss of function. Acinar or epithelial cells 
evolve to acinar ductal metaplasia (ADM) during pancreatitis as a reversible 
response to inflammation,124 with persistent inflammation malignant 
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progression occurs with accompanied mutations. Inflammation is a part of the 
innate immune response and intimately modulates the TME by cytokines, 
growth factors and recruitment of immune cells such as macrophages and T-
cells. Inflammatory cytokines can also promote tumor cell growth and 
proliferation.123,125  

1.14 AUTOPHAGY 
Autophagy is a basic function in the cell, highly conserved throughout 
evolution. It is a degradative pathway and clears cellular waste, misfolded 
proteins, and defect organelles from the cytoplasm. It is vital during cellular 
stress, hypoxia and starvation as degraded material is recycled back into the 
cytoplasm providing nutrients and building blocks, restoring and maintaining 
cellular homeostasis.126 Nonselective autophagy is when bulk cytoplasm is 
recycled under starvation conditions and nutrients are recycled back to the 
cytoplasm. Selective autophagy is when organoids or proteins are labelled and 
specifically undergoes autophagy.127 It is a process where autophagosomes are 
created, with a double membrane surrounding and isolating the waste. It then 
fuses with the lysosome where hydrolases degrade the proteins into amino 
acids which are transported back into the cytoplasm.128 (Fig 5.) 
 
 

 
Figure 5. Process of Autophagy. Picture created in Biorender.com 
https://www.biorender.com/ 
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Autophagy plays a dual role in carcinogenesis. In normal cells it is tumor 
suppressive, protecting and maintaining cellular hemostasis. Once the cancer 
is established it promotes cancer cell survival through the same mechanisms 
and maintains cancer cell homeostasis.129 Autophagy is upregulated in PDAC. 
Upstream regulation of autophagy is performed through P13K-AKT-mTOR 
pathway and KRAS and MAPK-ERK pathway. 
 

 

1.15 P62/SQSTM1 
P62 or SQSTM1 is a well conserved protein. It is a central protein in 
autophagy. It has multiple binding sites, indicating its regulatory function in 
multiple pathways.130  
The accumulation of p62 has been shown in numerous cancers such as 
gastrointestinal cancers, hepatocellular carcinoma, breast cancer and PDAC. 
131-134 P62 binds to and flags waste products to be cleared from the cell through 
binding to ubiquitinated protein aggregates. P62 then interacts with LC3 so 
that autophagosomes are formed engulfing the cellular debris. It then fuses 
with the lysosomes degrading the cellular waste products.135 p62 itself is 
degraded in the process.  (Fig 5.) 
 
P62 is also a hub, working at crossroads of cellular functions and is known to 
activate several pathways. It stimulates the NFκB pathway, activating 
inflammatory response, the NRF2 pathway, which is the cellular response to 
oxidative stress. Finally, p62 is a known activator of the mTOR pathway 
stimulating proliferation and cellular growth. (Fig 6.) 130,136 All of the above 
are closely related to malignant progression. (See below for more details). In 
PDAC p62 has been shown to drive PanINs into manifest cancer in KRASG12D 

IKKpan mice.134 
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Figure 6. P62 and associated pathways. Picture created in Biorender. 
https://www.biorender.com/ 
 

1.16 KRAS 
Almost all PanINs 114and more than 90% of all PDAC harbour KRAS mutation 
53 The most common mutation in PDAC is KRAS G12D. Mutated KRAS keeps 
RAS signaling consecutively active with downstream activation of the 
RAF/MAP/ERK pathway. Further the p13K/AKT/mTOR pathway is 
activated. Both pathways stimulate cell growth and proliferation, angiogenesis, 
cellular survival and promotes metastasis, all deeply involved in malignant 
progression.137 138 Further, an active KRAS activates inflammatory response via 
the NFκB pathway. 139,140Inflammation is one of the hallmarks of cancer.122 
Activated KRAS signaling contributes to shaping the TME, promotes lactate 
production through aerobic glycolysis and creates a nutrient deprived and 
hypoxic environment. A recently engineered KRAS G12D inhibitor has shown 
interesting results in mice modulating the TME with an influx of cd8+ cells 
and reduction of neutrophils which corresponded with controlled tumor growth 
and tumor regression.141This shows that KRAS exerts influence over the TME 
of PDAC.142,143 
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1.17 PATHWAYS WITH RELEVANCE FOR P62 

1.17.1 NRF2 PATHWAY 
P62 is known to activate the NRF2 pathway, the cellular response to nutrient 
starvation. Activation occurs through p62 binding to KEAP1 in the cytoplasm 
releasing NRF2 to its active form, 130 relocating to the nucleus activating 
cellular response to oxidative stress. The SQSTM1 gene is also a target for 
NRF2, activating a positive feedback loop with p62. Indeed, p62 has been 
shown to promote malignant progression via NRF2 and MDM2 in mouse 
pancreas.134 

 

1.17.2 NFΚB PATHWAY 
The NFκB/p65pathway initiates inflammatory response.144 Cytokines or other 
inflammatory stimuli gives ligand/receptor activation. This in turn leads to 
phosphorylation and ubiquitination of the IKK complex making it active. P62 
regulates this process. When IKK is activated, it releases the IK which is an 
inhibitor of NFκB. Once released NFκB can relocate to the nucleus and initiate 
transcription of genes related to inflammation, immunity, cellular growth and 
survival. 130  (Fig 7.) NFκB has also been shown to be deeply involved in 
metastasis, immune evasion  and invasion.145,146 KRAS activation activates 
NFκB which activates p62 which then maintain NFκB activated in a feed 
forward loop.140 
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Figure 7. Overview of NFκB pathway signaling. Picture from Biorender. 
https://www.biorender.com/ 

 

1.17.3 PI3K/AKT/MTOR PATHWAY 
The mTOR pathway is very often affected in carcinogenesis in many different 
cancer forms and at different levels. Slightly simplified, ligand-receptor 
activation recruits PI3K to PIP2 which becomes PIP3. This in turn activates 
AKT. AKT then activates mTOR1 which initiates downstream targets with 
stimulation of cellular growth, proliferation and cell survival. 122,147 137 This 
pathway is activated by KRAS. (Fig 8.) 

 

1.17.4 RAS/MAP/ERK PATHWAY 
Ligand-receptor activation activates Ras which slightly simplified activates 
RAF which in turn activates MAP which phosphorylates and activates ERK. 
ERK can then translocate to the nucleus 148 targeting downstream genes 
associated with proliferation, cell cycle differentiation, metastasis and survival. 
(Fig 8.) 
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Figure 8. Picture created in Biorender, showing cellular pathways of RAS-
MEK-ERK and P13K. https://www.biorender.com/ 

 

1.18 THE TUMOR MICROENVIRONMENT  

1.18.1 GENERAL  
In recent years the tumor microenvironment (TME) in PDAC has earned 
increasing interest. It is recognized that it is highly involved in tumor 
evolution, immunosuppression and chemoresistance 149 It comprises of a dense 
stroma, with high interstitial pressure and limited blood supply.  High 
interstitial pressure creates a hypoxic environment. 150 A constitutively active 
KRAS stimulates lactate production, that together with MUC1151 create an 
acidic environment. This in turn drives cancer-associated fibroblasts (CAFs) 
differentiation.143 The acidic environment affects T-cells152 and especially 
CD8+ are downregulated.  The altered metabolite environment promotes 
myeloid derived suppressor cells (MDSC), tumor-associated macrophages 
(TAMs) (M2) and regulatory T-cells (Tregs) which all contribute to an 
immunosuppressive environment in the TME. 143,153 Furthermore the skewed 
metabolite environment, for instance with acetate products can directly interact 
with the DNA at promotor regions affecting protein synthesis. 154  
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1.18.2 THE STROMA 
The desmoplastic stroma creates heterogenic separate tumor compartments 
and a physical barrier influencing drug delivery and response to treatment.155  
CAFs  are responsible for Extra cellular matrix (ECM) production, consisting 
mainly of collagen, hyaluronan and elastin. The ECM can be seen as a 
scaffolding and growth reservoir for cancer cells with the potential to remodel 
when needed, for instance as a response to chemotherapy. 156, The ECM, 
regulated and produced by CAFs can hinder extravasation of T-cells, thereby 
affecting immune response and immune evasion.157 

 

1.18.3CAFS 
CAFs in PDAC commonly originate from pancreatic stellate cells, (PSC) but 
can also originate from endothelial, pericytes, mesothelial and adipocytes 
depending on cellular context. As stated above, CAFs are responsible for 
producing the ECM. Under normal conditions fibroblasts return to a dormant 
stage after wound healing but CAFs remain constitutively active in a 
“perpetual wound healing response” producing collagens into the ECM.158, 
They comprise of a number of different CAFS, including antigen presenting 
CAFs (apCAFs), inflammatoryCAFs (iCAFS) myofibroblast CAFs (my 
CAFs), cancer-restraining CAFs (rCAFS) and complement-secreting CAFs 
(csCAFs), each with different features and functions.159 

MyCAFs produce fibrous ECM, often located near the ducts in the TME. They 
communicate directly in crosstalk with cancer cells and promote stiffness in 
the ECM, reducing T-cell access and increasing barriers of drug delivery156,160. 
iCAFS express high levels of inflammatory factors, can promote EMT and are 
reported to be involved in metastasis.159,161,162 

ApcCAFs are antigen presenting cells are believed to contribute to decreased 
levels of cd8+ cells, thereby promoting the immunosuppression in the TME.159 
RCAFS are observed in early stage and are reported to have cancer restricting 
features. CsCAFs express complement factors. (Fig 9.) In sum CAFs are vital 
in the composition of the TME and ECM with the capacity to modulate, adapt 
and orchestrate the characteristics of the TME promoting immune evasion and 
chemoresistance.156,159 
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Figure 9. Overview of different CAFs and their functions. Picture from 
Masuda, H., Cancer-associated fibroblasts in cancer drug resistance and 
cancer progression: a review. Cell Death Discov, 2025. 11(1): p. 341.156 
https://doi.org/10.1038/s41420-025-02566-x 
https://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

1.18.4 TAMS 
TAMs are present in the TME. They originate from monocytes, MDSCs or 
from cells in local tissue. The locally derived TAMs are more important in 
driving tissue fibrosis with ECM remodelling.163 The monocyte derived 
macrophages from the bone marrow have inflammatory characteristics, 
thereby affecting immune modulation through regulation of T-cells activation 
and antigen presentation. 158,164 M1 TAMs are pro inflammatory, recruiting 
CD8+ cells whereas M2 TAMs are anti-inflammatory or protumorigenic, 
suppressing CD8+ cells and recruiting Tregs. Today it is believed TAMs can 
shift between these states. It has recently been shown that TAMs are pushed 
towards M2 state by CAFs, as a response to FOLFIRINOX165 pushing 
immunosuppression.  

M2 TAMs also increase immune checkpoint signaling, CTL4-PD1, essentially 
counteracting success of immune check point inhibitors. Further they influence 
the TME in crosstalk with CAFs modulating the ECM, contributing to drug 
resistance and influencing cancer stemness.  
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They are also involved in malignant progression affected by KRAS, promoting 
PanIN formation.166 TAMs are also involved in metastasis promoting 
EMT167,168 

 

1.18.5 DENDRITIC CELLS 
Dendritic cells (DC) are super antigen presenting cells. There are different 
kinds of Dendritic cells. CDC1 cells, cDC2 cells, monocyte-derived (moDC) 
and mReg DCs are some examples and their different roles keep evolving. 
169Antigen presenting by moDC have been shown to be efficient activators of 
CD8+ T cells response including costimulatory activation/recruitment of 
tumor infiltrating lymfocytes (TIL)/CD4+ cells. 170 This response correlates to 
immune checkpoint inhibitor response.  DCs are rare in pancreatic cancer and 
when present,  they are often located in the periphery away from cancer cells. 
171,172,173 Lactate prevents DC cell activation and antigen presentation  which 
contributes to immune evasion in the TME.174 It has been shown that 
restoration of DCs in PDAC TME also promotes T cells-mediated disease 
restraint. 175 DC vaccines have been tried for several cancers, and their 
potential lies in making cancer sensitive to immunotherapy.169 

 

1.18.6 T CELLS 

1.18.6.1 CD4+ T CELLS 
There are different kinds of T-cells where CD4+ and CD8+ T cells are the most 
important.  

CD4+ cells can be subdivided into more groups, of which Tregs and helper T 
cells, (Th) are the most important. Th cells bind to MHC 2 presenting cells, i.e. 
APC such as Dendritic cells, B-cells or macrophages. They help activating 
adaptive immune response of cytotoxic CD8+ T cells, macrophages and 
stimulating B cells to become plasma cells activating antibody secretion. In 
other words, they are orchestrators of adaptive immune response. Tregs are 
likewise important in orchestrating immune response but dampens and 
suppresses immune response through binding to Dendritic cells through the 
CTLA4-receptor (or other APCs) and to IL-2 and secretes immunoregulatory 
cytokines.176,177 T regs are also important in anergy, “self-tolerance” which is 
deficient in autoimmune diseases. (Nobel prize 2025and 2018). 
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1.18.6.2 CD8+ T CELLS 
CD8+ T cells are also called cytotoxic “killer” T cells and can eliminate any 
tumor- infected or deficient cell when activated. This requires binding to MHC 
1 which presents antigens to the T-cell receptor on the CD8+ T cell for 
activation and subsequent elimination. (Fig 10.) As such they are effectors of 
adaptive immune response. MHC 1 is present on all cells surfaces in cells with 
nuclei in the body making all cells a potential target of CD8+ cells.178   

Control and negative feedback of cytotoxic elimination occur through immune 
checkpoints. These are through the CTLA4-receptor on T reg and CD8+ cells, 
and the PD1-receptor (PD1) on CD8+ cells. (Fig 11.) With binding of PDL1 
to PD1 on cytotoxic T cells elimination of the target cell is inhibited. This is 
often exploited by cancer cells expressing PDL1 enabling immune evasion.179 

 

1.18.6.3 ICI 
Immune check point inhibitors (ICI) work through inhibition of these 2 
receptors. CTLA4 R blocking hinders Tregs from suppressing cytotoxic 
activity allowing continued elimination by CD8+ T cells. Blocking of PD1 R 
is achieved either by anti- PD1 or antiPDL1 allowing CD8+ T-cells mediated 
elimination.179 180 (Fig 10. and 11.)  

All the above is important as, CD8+ T cells, as part of the adaptive immune 
response can neutralize or restrain PDAC. This is what immunotherapy is all 
about. Exploiting and intervening with the body’s own immune response to 
induce cancer remission, restraint, disease control and prolonged survival. 

The use of immune check point inhibitors has revolutionized treatment for 
many cancers. First established with prolonged survival in melanoma,181 
indications and prolonged survival for many other cancers are now in practice 
for example Hodgkin lymphoma, 182  non-small cell lungcancer183 and 
urothelial cancer183 to mention a few. For PDAC results with immune 
checkpoint inhibitors have been disappointing related to the fact that it is a 
immunologically cold tumor with limited presence of dendritic cells and 
cytotoxic T cells. Further the dense stroma limits access to tumor cells. Great 
effort and strategies are and have been aimed at making PDAC sensitive to ICI 
often in combination strategies 184 as described later. 
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Figure 10. Shows mechanism of action of PD1 andPDL1 ICI. Picture from 
Biorender. https://www.biorender.com/ 

Figure 11. Regulation of T cell (CD8+) response including costimulatory 
signal by CD4, PD1 and CTLA4 regulation. Picture from Biorender. 
https://www.biorender.com/ 
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1.18.7 SCHWANN CELLS 
Schwann cells are glial cells that are abundant in the TME of PDAC. They 
have come in focus in recent years. Perineural invasion (PNI)  of tumor cells 
in to the nerve sheath is a well-established risk factor and negative predictor 
for other cancers.185 Also in PDAC, PNI is associated with recurrence and 
worse prognosis.186 PNI is a frequent event of PDAC whereas as many as 70 
% present with PNI at resectable disease.187 Schwann cells play an active role 
in cancer promotion, invasion of nerves and modulation of the TME.188  

 

1.18.8 TUFT CELLS 
Tuft cells are chemosensory cells. Tuft cells are not present in the normal 
pancreas. With ductal metaplasia they differentiate from epithelial in the crypts 
of the ducts. They are proposed to be tumor progenitor cells in PanIns, 189but 
with malignant progression to PDAC they vanish or evolve to neuro 
progenital- like cells, and have been associated to poor outcome  and reduced 
OS survival in PDAC.190 

 

1.19 FOLFIRINOX 
FOLFIRINOX is a combination of 5-FU, irinothecan, oxaloplatin and 
leucovirin. 5-FU works through being incorporated in the DNA and later RNA. 
DNA synthesis stops as it prevents production of thymidine and eventually 
leading to cell death. Leucovirin is folinic acid and is not cytotoxic but 
potentiates the cytotoxic 5FU effect. Oxaloplatin is a DNA repair inhibitor, 
stopping repair and transcription. Irinotecan is a topoisomerase inhibitor, 
blocking release of supercoil tension at DNA replication.191 

 

1.20 CHEMORESISTANCE 
As previously mentioned, chemoresistance is a major obstacle in PDAC. 
Several mechanisms contribute to chemoresistance and interplay with the TME 
is fundamental, but it remains incompletely understood. The physical barriers  
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Figure 12. Overview CAFs chemoresistance mechanisms (not exclusive of 
PDAC).  from   Chen et al J Transl Med. 2026 Jan 24;24:263. 
doi: 10.1186/s12967-025-07643-4 149 
https://creativecommons.org/licenses/by-nc-nd/4.0/ 

A Paracrine signaling, activation of survival and immune-evasion 
pathways. B Exosome signaling with miRNAs or proteins. Reprogramming, 
modulating gene expression or mRNA and blocking of 
ferroptosis.  C Metabolism modulation. D Immunosuppression affecting 
natural killer and macrophage activity, stabilization of PD-L1 and T-cell 
exclusion. E ECM reprogramming. F Initiation and maintenance of cancer 
stemness. G Regulating autophagy, apoptosis, and ferroptosis. H Influencing 
DNA damage and repair mechanisms pushing chemo resistance. I Actions on 
hormone receptors relevant to breast and prostate cancer. J  Cell cell 
interactions such as Junctional communication.149 
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of ECM with high intrinsic pressure hinders drug delivery to cancer cells. Also, 
movement of T cells is obstructed by the dense stroma. The heterogenous 
compartments with separate cancer nests can further contribute to selective 
survival under chemotherapy pressure. The skewed nutrient supply with lactate 
production and high acidity suppresses T cells. Aerobic glycosylation through 
the Warburg effect where glucose is turned into lactate is considered a hallmark 
of cancer. This is associated with resistance to oxaloplatin, mediated by CAFs 
through secretion of IL8 and through extracellular vesicles. 159,192,193  

FOLFIRINOX pressure  affects CAFs, which in turn shift TAMs to a M2 state, 
exerting immunosuppression.165 An overview of CAFs and chemoresistance 
mechanisms is presented in Fig 12. 

 

 

 

1.21 SOME THERAPEUTIC STRATEGIES 
There are numerous therapeutic targets and strategies and a few of them will 
be addressed below. 

Immune checkpoint inhibitors are described elsewhere together with T-cells. 

1.21.1 CAR THERAPY 
Chimeric Antigen Receptor (CAR) therapy is one form of immunotherapy. 
CAR -t cells therapy has been successful for many blood malignancies but is 
not effective in solid tumors.194 It works through taking the patient’s own blood 
and isolating T-cells, transfecting them with a synthetic chimeric antigen 
receptor often through a virus vector. The newly synthetized receptor 
recognizes tumor antigens on tumor cells and can cause cytotoxic T cell 
activation upon binding. The T cells are then transferred back to the patient 
whose own immune response can neutralize the cancer cells.  (Fig 13.) It has 
not been a success for pancreatic cancer partially because of the 
immunosuppressive TME. However there are new strategies emerging both 
with CAR Nk cell therapy, CAR T cells targeting the CAFs and TME making 
it more pro-inflammatory, 195 and CAR macrophage therapy with exciting 
preclinical 196work that could be used as combination strategies with 
ICI.197,198In PDAC macrophages are also more abundant in the TME than other 
immune cells. 
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Figure 13. How CAR therapy works. Picture from Biorender. 
https://www.biorender.com/ 

1.21.2 VACCINES 
There are numerous strategies with vaccines and a selection of these are 
addressed below. 

1.21.2.1MRNA VACCINE 
With covid-19 the emergence of mRNA vaccines were shown to be safe.199 It 
works through mRNA  being delivered to, and expressed by APC or Dendritic  
cells as short peptides as tumor antigens. This is recognized by and activates 
cytotoxic T cells.  The innate immune response can also be activated through 
toll like receptors (TLR) by the mRNA. This activates the inflammation 
cascade and ameliorates antigen presentation200.201 Recently results from a 
small clinical study with personalized mRNA vaccine, PD1 inhibitor and 
FOLFIRINOX in combination with surgery showed prolonged median 
recurrence free survival in (CD8+) responders.202,203   
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1.21.2.3 KRAS VACCINES 
An advantage of KRAS vaccines is that peptide antigens could be obtained 
”off the shelf ”with rapid administration compared to personalized neoantigen 
mRNA vaccines which is costly and takes weeks of preparation. In a study of 
residual colon and pancreatic cancer patients KRAS vaccine induced T-cell 
response.204 As KRAS mutation is present in 90% of PDAC a universal mutant 
KRAS antigen vaccine has a strong rationale. This is currently evaluated in a 
clinical trial called the AMPLIFY-7P.  KRAS elicits low immune response so 
it is predicted it should be used in combination to immunotherapy or 
conventenional chemotherapy.205 In another phase 1 clinical trial double ICI in 
combination with a pooled KRAS peptide vaccine, targeting 6 different KRAS 
mutations reported T cells response and safety but showed no dramatic effect 
on DFS or OS.206 

 

1.21.2.4 DENDRITIC CELL VACCINES 
Dendritic cell vaccines are promising. With the capacity to induce both cd4+ 
and cd8+ T-cell response, as previously described Dendritic cell vaccine in a 
small clinical trial have shown interesting results. N=38 patients with surgery 
and adjuvant chemotherapy were included in the study. Patients received 
Dendritic cell vaccine. After median follow-up of 25,5 months the estimated 
2-year RFS rate was 64% and OS rate 83%. Another clinical study including 9 
palliative patients and 7 patients receiving adjuvant DC vaccine reported 
prolonged OS in the palliative group and 1 recurrence but no deaths in the 
adjuvant group during median follow up of 61 months after surgery. 207,204  

 

1.21.3 STRATEGIES TARGETING THE TME 
There are numerous approaches in targeting the TME. Targeting CAFs is one 
strategy, which includes preventing CAF activation through targeting different 
pathways, depletion of CAFs, and normalising CAFs function. Results have 
been conflicting and heterogenic composition of CAFs and lack of CAF 
markers are problems to overcome.156 Targeting the ECM is another 
possibility. The problematic stroma hinders drug delivery and promotes 
immune evasion as previously described. The use of losartan, an angiotensin 
receptor inhibitor has shown capacity of remodeling the TME through TGF 
inhibition and downstream targets such as a smooth muscle actin and others 
reducing collagen and hyaluronan acid synthesis208,209 In other words losartan 
has the ability to reduce ECM stiffness and high interstitial pressure in the 
TME which increased passage of immune cells through the stroma making it 
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more susceptible to immunotherapy. Furthermore, nano delivery systems 
could be enhanced. Losartan as a angiotensin blocker can also inhibit with the 
p13K pathway, RAS MAPK-ERK pathway and NFκB pathway which 
previously have been described above.209 However in a RCT of metastatic or 
locally advanced patients with FOLFIRINOX vs FOLFIRINOX and losartan 
showed no difference in response rate or prolonged survival with losartan.210 

Another approach targeting the TME is nanotechnology delivery systems. 
Efforts aim at carriers or particles that can penetrate the stroma. Lipoparticles, 
used in successful a mRNA vaccine 202 extracellular vesicles, non-organic 
carriers such as gold, 211 injection of hydrogels or virus like particles 212 are 
examples of these.213,214 With combination strategies such as these 
improvements in results may occur. Carriers are also designed to modulate the 
TME through multiple targets such as CAFs, TAMs or DCs to mention some. 
Hopefully some of these may translate into efficient carriers or even therapy in 
the future. 

 

1.21.4 KRAS INHIBITORS 
With 90% of PDAC carrying KRAS mut of which G12D is the most common and 
the initial event in malignant progression it is of great interest. KRAS was long 
thought to be undruggable but now inhibitors are emerging. With inactivation 
of the RAS-MAP ERK and P13K-AKT-mTOR pathway   and its downstream 
pathways of proliferation, cell cycle differentiation, cell growth, metastasis and 
survival KRAS inhibition would have enormous potential. KRAS inhibitors 
are reported to have therapeutic potential, but chemoresistance seems to be a 
major obstacle. However, with the capacity to influence the TME combination 
strategies with ICI for example seems promising.141,142 This field emerges 
quickly with several new candidates. Pan RAS inhibitors are also being 
evaluated, and they seem to exhibit less from mechanisms of resistance.139,215-

217  

1.21.5 AUTOPHAGY INHIBITORS 
Autophagy is as previously mentioned upregulated in PDAC and is explored 
as a possible target for treatment. Chloroquine and hydroxychloroquine are 
existing approved treatments for malaria that intervenes with autophagy 
through affecting lysosomal pH and thereby inhibiting degradation.218 (Fig 4.) 
Great hopes were placed in clinical trials with these autophagy inhibitors for 
pancreatic cancer, but results have been disappointing.219,220 Treatment with 
autophagy inhibitors as monotherapy such as hydroxychloroquine in clinical 
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trials have not been as promising as hoped but recent preclinical work with 
combined targets are intriguing.221,222  
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2. AIMS 
The overall aim was to explore aspects of malignant progression to PDAC and 
to investigate effects of neoadjuvant FOLFIRINOX in patients with resected 
PDAC. The specific aims were: 

 

1 To elucidate on relevance and prognostic value of p62 expression in patients 
with resected pancreatic cancer. 

 

2 To determine whether access to MUCPs in a clinical setting contributes to a 
more accurate identification of high- risk pancreatic lesions and improve 
selection for surgery. 

 

3 To characterize the spatial and contextual relationships between p62 
expression, autophagy- and inflammation-related markers, and immune cell 
infiltration during PDAC progression. 

 

4 To investigate the differential genetic expression and altered cellular 
pathways in resectable PDAC patients with neoadjuvant FOLFIRINOX prior 
to surgery compared to patients with resectable PDAC and upfront surgery 
through scRNA-seq analysis.  
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3. MATERIALS AND METHODS 
In this thesis we have conducted studies with methods covering clinical 
patients and evaluating a mucin panel of biomarkers in a clinical setting. We 
have studied protein expression in tumor tissue from surgical pathology with 
protein expression and posttranslational modifications with 
immunohistochemistry regarding various pathways activation. We have 
covered immunohistochemistry in a constructed human progression model of 
PDAC and similar immunohistochemical analyses in a mouse model. Finally, 
we have studied differential genetic expression in single cell RNA-seq analysis 
from patients with or without neoadjuvant FOLFIRINOX to study mechanisms 
of chemoresistance with qualitative, quantitative and cell-cell interactions in a 
computational and statistical model.  

 

All patients included in the studies have been referred to Sahlgrenska 
University Hospital, Sweden a tertiary level center for PDAC, IPMN or 
pancreatic disease. 

 

3.1 METHODS PAPER 1 
In this retrospective study 33 patients with PDAC and surgical resection 
between 1998-2005 were included in the study. All patients had upfront 
surgery. Inclusion was based on available whole tumor tissue sections archived 
in the hospital pathology department. All patients had diagnosis of PDAC and 
R0 resections. Clinical data was collected from medical journals. Disease-
specific survival (DSS) was defined as the time between surgery and death 
attributable to PDAC. Cause of death was confirmed in all patients with the 
National Board of Health and Welfare in Sweden (reference number 
35835/2020). Immunohistochemistry was performed and staining with 
primary antibodies against P62, LC3 and NRF2 were used. H score 223 was 
calculated by dominant staining intensity  score (0-3) multiplied by % of 
positive tumor cells. Mean H score was used as cutoff into low and high grades 
for p62, LC3 and NRF2. For p62 low (<40) intermediate (40-140) and high 
(>140) grades were used. 
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Statistical analyses included medians and ranges (continuous data) or as 
numbers and percentages (categorical data). Mann–Whitney U and Pearson’s 
chi-square tests were used to determine the association between p62 protein 
expression in tumor cells and clinicopathological and molecular parameters. 
The correlations of p62, LC3, and NRF2 expression were evaluated using 
Spearman’s rank correlation coefficient. DSS was evaluated using Kaplan–
Meier survival plots, and differences in survival were tested using log-rank 
(Mantel–Cox) tests. Univariable Cox proportional hazards regression analysis 
was used to estimate hazard ratios (HRs) and 95% confidence intervals (95% 
CIs). Multivariable Cox proportional hazards regression analysis was 
performed to assess independent prognostic factors for survival using the 
following covariables: p62, age, sex, tumor stage, differentiation, lymph node 
metastasis, and adjuvant therapy. All p values corresponded to two-sided tests, 
and p values less than 0.05 were considered statistically significant.   

 

3.2 METHODS PAPER 2 
In paper 2 we performed a retrospective cross over study. 128 patients were 
referred to Sahlgrenska University Hospital as a tertiary level center for unclear 
pancreatic cystic lesions during 2007-2016. Inclusion and exclusion is shown 
in Fig 14. 
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Figure 14. Inclusion and exclusion. from Philipson et al 2025.HPB.224    

https://creativecommons.org/licenses/by/4.0/  

 All patients were reviewed by 2 different expert teams in a MDT conference. 
Each team consisted of 2 senior pancreatic surgeons with long experience in 
handling questions of IPMN daily.  Clinical decision of surgical treatment was 
based on medical history and radiology reports (prior to multi-disciplinary 
team conference (MDT)); such as index MRI of the pancreas, were analyzed 
in combination with index results of EUS, FNA cytology, and other laboratory 
data. Results of MUCPs were blinded to the teams in the top and bottom half 
of the cohorts respectively. (see Fig 15.) Results of surgical decision-making 
were recorded in an eCRF together with clinical and lab data. Thus, all patients 
were reviewed twice, once with MUCPs and once without. 

All statistical analyses were done using SAS version 9.4 (Cary, NC). For 
continuous variables, the mean, standard deviation, median, minimum, and 
maximum are presented. For categorical variables, the frequencies and 
percentages are displayed. To compare the agreement between surgery 
decisions with and without MUCP, the Kappa statistic was computed with 
95 % confidence intervals. The sensitivity and specificity were obtained using 
the cross-tabulation procedure PROC FREQ (kappa statistics not shown). 
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Figure 15. Cross-over study design. From Philipson et al, HPB 2025.224  
https://creativecommons.org/licenses/by/4.0/ 

 

3.3 METHODS PAPER 3 
Whole pancreatic tumor tissue sections were obtained from 29 patients who 
underwent surgical tumor resection in 2008 to 2015 at Sahlgrenska University 
Hospital, Gothenburg, Sweden. Inclusion was based on available post-surgical 
pathology and included patients with PanIN2/3 lesions (n=10), IPMN (n=9) 
and PDAC (n=10). Medical journals were reviewed and medical history was 
collected. Survival status of patients after surgery was updated February 5, 
2026. Data were analyzed anonymously. Animal experiments B6.FVB-
Tg(Pdx1-cre)6Tuv/J (termed Pdx1-Cre) and B6.129S4-Krastm4Tyj/J (LSL-
KrasG12D) breeding pairs were obtained from The Jackson Laboratory. Pdx1-
Cre and LSL-KrasG12D mice were interbred to obtain the compound mutants: 
Pdx1-Cre;LSL- KrasG12D (termed KrasG12D) mice. We used 4-, 6-, 8-, and 12-
month-old mice (n=5, n=6, n=5, and n=4) in the study. Mice were maintained 
in filter-topped cages with free access to autoclaved food and water and 
experiments were performed in accordance with EU Directives. Because 
mutated Kras causes the same phenotype in the pancreas of male and female 
mice, both genders were included in the study, and all experiments were 
conducted on age- and gender-matched littermates.  Immunohistochemistry 
was performed with primary antibodies against p62/Sequestome-1, anti-NRF2, 
anti-TFEB, anti LC3B, anti-phosphorylated NFκB p65, anti-CD3, and anti-
CD45. 
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Stained sections were scanned in an Olympus VS200 Slide Scanner and images 
were analyzed using the digital pathology software QuPath (version 0.5.1) 
[23]. 

Regions of interest (ROIs) were manually marked in the images. In patient 
tumor samples the ROIs were PanIN, IPMN and PDAC. In pancreatic samples 
from mice KrasG12D the ROIs were ADM, PanIN1,2 and 3, and PDAC. 
Thresholds of intensity were set to 0.062, 0.08 and 0.1, corresponding to 
intensity scores 1, 2 and 3. Histoscore (H score) was calculated using the 
percent of positively stained cells in each category x intensity score 1, 2 or 3. 
H score was calculated when the positive staining made it possible to 
distinguish individual cellular staining, otherwise mean % positive tumor area 
was used and compared in between the groups. 

Statistical analyses were performed using GraphPad Prism version 11.0.0 for 
Windows, GraphPad Software, Boston, Massachusetts USA, 
www.graphpad.com.  

All variables were tested for normal distribution (descriptive statistics where 
skewness: −0.8 to 0.8 was accepted and Shapiro-Wilk normality test) and 
equality of variances (Brown-Forsythe test). For variables that passed 
normality and equal variance tests with or without log transformation, group 
comparisons were performed by one-way ANOVA followed by Tukey’s 
multiple comparisons test. Data that did not pass normality or equal variance 
tests were analyzed using Kruskal-Wallis test. Associations between IHC 
stainings were evaluated using Spearman’s rank correlation coefficient (ρ). 
Unless otherwise specified, results are represented as mean ± SEM.For all 
experiments P values (two-sided) were designated as follows: * p < 0.05, ** p 
< 0.01, and *** p < 0.001 

 

 

3.4 METHODS PAPER 4 
All patients were referred to Sahlgrenska University Hospital, a tertiary 
Swedish center for pancreatic surgery. 16 patients with histopathology of 
PDAC in resected pancreata were included in the study. Four patients with 
resectable PDAC recieved neoadjuvant treatment with FOLFIRINOX (4 
cycles) prior to surgery and 12 patients with PDAC had upfront surgery. 
Clinical data was collected from medical journals, including time to relapse, 
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OS and cause of death. Two patients were lost to follow up on clinical data. 
Tumor tissue samples were extracted from macroscopically central tumor  
areas. The tumor samples were divided into pieces that were snap-frozen in 
liquid nitrogen. The tumors were then prepared for scRNA-seq. Tumor 
suspensions were sent to Clinical Genomics Lund, SciLifeLab, and Center for 
Translational Genomics (CTG) Lund University where library preparation and 
sequencing (Fixed RNA Profiling – Flex, 10X Platform) were conducted. Data 
are presented as medians and ranges (continuous data) or as numbers 
(categorical data). All p values corresponded to two-sided tests, and p values 
less than 0.05 were considered statistically significant. 

 

Single cell RNA-seq analysis is a relatively new method but its use is 
expanding. It investigates the entire mRNA transcripts from individual cells 
and can group or cluster cell type depending on unique characteristics and 
expressions, making it very suitable for studies of the TME. 225 It is performed 
through isolating each cell in a medium from tumor tissue. A droplet of one 
cell and one bead containing a barcode, (”naming” the cell) UMI, (making it 
possible to quantify mRNA) and DNA primers. When lysis of the cell occurs, 
the mRNA binds to DNA- primers and cDNA are formed. This cDNA is stable 
and can be amplified by PCR making analysis possible. As PCR amplifies 
cDNA, UMI is used for correct sample quantification. Annotation and 
clustering are important and rely on known databases and marker genes.226 227 

 

Analysis of scRNA-seq was performed in scarf comparing DGEs of 
neoadjuvant FOLFIRINOX treated clusters to upfront surgery clusters. Cell 
clusters were grouped depending on stromal, cancer or immune cells 
compartment, but all analyses were performed to matched cell cluster. Scarf 
uses established databases with known cell clusters/id in combination with 
machine learning for clustering and annotations.227 

Over representation analysis (ORA), a qualitative based analysis of cellular 
functions and pathways was based on DGE in neoadjuvant FOLFIRINOX 
clusters and upfront surgery clusters. It was performed in gprofiler.228 Gene set 
enrichment analysis (GSEA), a quantitative analysis of affected cellular 
pathways was based on DGE in neoadjuvant FOLFIRINOX clusters and 
upfront surgery cell clusters and was performed in Webgestalt.229,230 

LR analysis was Ligand-receptor (LR) analysis was performed using the 
datasets of DGE generated in scarf. The analysis was done by Nygen Analytics 
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using the Python tool CellphoneDB v5 231and p-values for the interactions 
between Leiden clusters comparing neoadjuvant samples to upfront surgery 
samples were generated. The method is based on the concept of  ligands (from 
sender cell) and receptor (reciever cell).232 

LR analysis in cellphone is performed with previously known and reliable LR 
interactions in a database, integrates datasets of RNA-seq and uses 
computational methods to find potential LR interactions. Statistical methods 
are used to predict cell-cell interactions.231 A known problem of LR analysis is 
high false positive rates of interactions232  
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4.RESULTS 

4.1 RESULTS PAPER 1 
A total of 33 patients were included in the study. Three patients were still alive 
at the time of analysis. Of the 30 patients who died, 22 died because of PDAC. 
The other eight causes of deaths were attributable to cardiovascular causes (n 
= 3), lung cancer (n = 1), neuroendocrine cancer (n = 1), postoperative 
complications (n = 1), chronic sub-ileus (n = 1), and one unknown cause (n = 
1). 

 

 

 

Figure 16. Representative pictures of IHC with low and high Hscore of protein 
expression.  Fig from Philipson et al 2022. 233  

https://creativecommons.org/licenses/by/4.0/ 
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Figure 17. Results staining IHC staining score. Lines indicate mean values of 
H score (staining intensity x % stained cells) Dots indicate the H score in each 
patient. Fig from Philipson et al 2022. 233  

https://creativecommons.org/licenses/by/4.0/ 

 

Results in paper 1 show that in patients with high expression of p62 there was 
a correlation with shorter disease-free survival with a median of 7 vs 29 months 
(p=0.017). (Fig 18 A) Furthermore high expression of p62 had a hazard ratio 
of 2.88 (p=0.022) at univariable cox regression analysis. No significant 
correlations were found between p62 and clinicopathological variables. No 
significant differences were seen for LC3 or NRF2 or TNM status.   

 

 

 

 



Clinical and translational aspects of malignant progression and pancreatic cancer 

44 

 

Figure 18. Kaplan–Meier curves of disease-specific survival (n = 25) 
according to p62 (A), LC3 (B), and NRF2 (C). Solid lines indicate the survival 
curves and dotted lines represent the 95% confidence intervals for the survival 
curves. Fig from Philipson et al 2022. 233 

https://creativecommons.org/licenses/by/4.0/ 
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4.2 RESULTS PAPER 2 
To summarize, the adjunct of mucin biomarkers MUC2+MUC5AC and 
MUC5AC +PSCA in a clinical setting may improve correct selection of 
unclear pancreatic cystic lesions for surgery in single cases. There was 
agreement in decision-making in 84% (n=74) of the cases regardless of access 
to MUCPs or not.  In 14 cases there was a difference in surgical decision with 
or without MUCPs. (Table 3.) 

 
No MUCP values 

 

MUCP values 
available 

No surgery  Yes to surgery 
surgery 

Total 

No surgery 44 4 48 

Yes to surgery 10 30 40 

Total  54 34 88 

 

Table 3. Decisions made by the teams based on MUCP availability 

The clinical outcome of patiens is presented in Fig 19.  

 
Figure 19. Clinical outcome of patients included in the study. Fig from 
Philipson et al 2025.HPB 224 https://creativecommons.org/licenses/by/4.0/

n=88

n=22 Surgery
n=21 Surgical 

resection

n=1 No 
surgical 
resectionn=66 No 

Surgery

Clinical outcome 
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With access to MUCPs one patient with cancer was identified which otherwise 
would have been missed (1/17) with a sensitivity of 100% for cancer, HGD, 
MD-IPMN and MT-IPMN, PanIN2 and PanIN3. In one patient an unnecessary 
pancreatic resection (benign PAD) was avoided (1/22).  For the whole group 
access to MUCPs improved correct decision-making in 2 /88 cases. This gave 
a sensitivity of 100% with MUCPS compared to 94.1% in the NoMUCP group. 
In terms of specificity, access to MUCPs had a specificity of 72.7% compared 
to the NoMUCP group had a specificity of 80.3%. In the MUCP group there 
was recommendation of surgery in 18 cases where no surgery was the correct 
decision compared to 13 cases in the NoMUCP group. (Table 5. and 6.) In 14 
of the 18 erroneous MUCP cases, decisions were not consistent with the low 
MUCP- value it displayed. 

Surgical pathology n 
PDAC 3 
Signet ring carcinoma 1 
Mucinous colloid adenocarcinoma 1 
Papillary mucinous carcinoma 1 
IPMN high-grade dysplasia 3 
Main duct IPMN 2 
Mixed type IPMN 2 
PanIN-3 1 
PanIN-2 3 
Low-grade dysplasia 

(IPMN, chronic pancreatitis, serous 
cystadenoma) 

4 
Total  21 

Table 4. Surgical pathology of included patients 

 

Surgery based on 
MUCP 

Benign 
pathology/no 
surgery 

Adequate resection 
(PAD)/ PDAC death 

Total  

No 48 0 48 
Yes 18 22 40 
Total 66 22 88 

Table 5. Adequate resections and surgical decisions with MUCP 
values Note: adequate resection = surgical pathology cancer or 
high-grade dysplasia, MD-IPMN, MT-IPMN, PanIN-2, and PanIN-
3; Benign pathology = benign surgical pathology. 
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Surgery  Benign pathology 
/ no surgery 

Adequate resection / 
PDAC death 

Total  

No 53 1 54 
Yes 13 21 34 
Total 66 22 88 

Table 6. Adequate resections and surgical decisions without MUCP values 
Note: adequate resection = surgical pathology cancer or high-grade 
dysplasia, MD-IPMN, MT-IPMN, PanIN-2, and PanIN-3; Benign 
pathology = benign surgical pathology. 

 

 

4.3 RESULTS PAPER 3 
Results patients 

Results from paper 3 show that expression of p62 displayed a significantly 
higher H score in PDAC compared to IPMN and PanINs in resected (p<0.01). 
(Fig1 A, paper3) No other significant differences were seen regarding LC3, 
NRF2 or TFEB. 

Results from investigating inflammatory pathway activation in combination 
with immune cells recruitment into the TME showed no significant difference 
in H score of phospho-NFκB but a significant increase is present CD45 
(immune cells) in PDAC compared to PanIN 2 and 3. (p<0.01) No significant 
differences were seen for CD3 (T-cells) between the groups. (Fig 2, paper 3) 

 

Statistically significant correlations (Fig 3, paper 3) for each group included:  

PanINs: p62 and LC3B 

IPMN: p62 and cd45, cd3 and NRF2, NFκB and TFEB individually and  

PDAC: p62 and TFEB and cd3 and cd45   
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Results KrasG12D mice PanIN to PDAC progression model 

P62 H score was significantly higher in ADM compared to PanINs and there 
was no difference between ADM and PDAC in a U-shaped pattern.  The same 
tendency and pattern are seen for NFκB but only with a statistically significant 
difference in H score between ADM and PanIN2. (Fig 4, paper 3). 

 

4.4 RESULTS PAPER 4 
When comparing DGE at scRNA-seq from 4 patients with resectable PDAC 
and neoadjuvant FOLFIRINOX to 12 patients with resectable PDAC and 
upfront surgery we found that several cell types were completely extinguished 
or vanished and were therefore excluded from further analysis. This included 
acinar cells, (5/16451), one cluster of CAFs/stellate cells (1/175) and beta cells 
(0/222) (Fig 2, paper4) 

Overall qualitative (ORA) and quantitative (GSEA) comparison of DGE 
between neoadjuvant FOLFIRINOX and upfront surgery tumors displayed no 
major differences, the few differences seen were rather downregulations than 
upregulations in genetic expression. Although modest, the affected pathways 
that did display qualitative or quantitative differences are largely involved in 
malignant progression, cellular survival and chemoresistance. (Fig 3-5, 
paper4) 

A qualitative ORA in g:profiler showed that DGE in neoadjuvant vs upfront 
surgery cancer cell clusters, affected pathways related to starvation and 
preserved cell metabolism, opposition of ROS, dedifferentiation, proliferation 
and reprogramming, ECM remodeling, survival, migration, invasion and in 
chemoresistance. In stroma cell clusters the ORA showed a higher prevalence 
of genes related to pathways mainly involved in protein synthesis, 
organization, protein scaffolding, regulation of ECM stiffness, ROS handling 
and preserving a low pH in the TME. In immune cell clusters, (plasma cells) 
the ORA showed significantly higher prevalence of genes consistent with 
downregulation of CXCR4 which is involved in immune migration of plasma 
cells (supplement paper 4). 

 

The quantitative GSEA showed significant enrichment of genes involved in 
cell cycle progression G2/M checkpoint was also seen in transformed cancer 
cells (goblet secretory cells). No other significant differences in gene set 



Eva Philipson 

49 

enrichment were found when comparing differential gene expression in cancer 
cell clusters in patients with neoadjuvant FOLFIRINOX compared with 
upfront surgery. Most stromal cell clusters showed no significant differences 
in the GSEA analysis. One cell cluster of CAFs showed a significant 
enrichment of genes involved in ER stress.  GSEA analysis in immune cell 
clusters revealed a significant difference in enrichment of genes involved notch 
signaling in plasma cells. No other significant differences were detected in 
gene set enrichment were found when comparing DGE between neoadjuvant 
and upfront surgery in other immune cell clusters. (Fig 6-8, paper 4) 

 

Upregulated LR interactions in neoadjuvant samples compared to upfront 
surgery, were most prominent between Cluster 14-CAFs and Cluster 11-CAFs 
and Cluster 15-Metaplastic epithelial cancer cells. LR interactions were also 
upregulated between Cluster 14-CAFs and Cluster 7-Endothelial and Cluster 
13-Pericytes. See (Fig 9A. paper 4) for details. 

 

Downregulated LR interactions in neoadjuvant samples compared to upfront 
surgery were most prominent between Cluster 15-metaplastic epithelial cancer 
cells and Cluster 11-CAFs. Further it showed downregulation between Cluster 
11 CAFs and both Cluster 1-CAFs and Cluster 14-CAFs. See (Fig 9B. paper 
4) for details.  

 

Chord diagram (Fig 10. paper 4) shows upregulated and downregulated 
crosstalk in between clusters. In summary, significant up and downregulated 
LR interactions include functions of differentiation, adhesion, proliferations, 
migration, pro an anti-inflammatory response, NK- cell suppression, T cell 
suppression steroid, androgen and cholesterol metabolism, phagocytosis, 
apoptosis, angiogenesis, and immune evasion. (Table 5. and 6.  suppl, paper 4) 
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5. GENERAL DISCUSSION 
Pancreatic cancer is a devastating cancer where few advances have been made 
over the last decades. Despite massive research survival rates remain very 
poor. 234 The majority of patients present with metastatic or locally advanced 
disease. Surgery is the only chance of cure, but most patients relapse despite 
surgery with curative intent. Focus has included early discovery when surgical 
cure is a possibility. It is also known that pancreatic cancer evolves during 
many years lending a window of opportunity open both for surgery, early 
identification and medical intervention if we only knew how to. Therefore, 
precise knowledge of how malignant progression occurs could provide the 
solution with medical interventions and cure.  With few and vague symptoms, 
low incidence and lack of efficient tests, general screening methods are 
lacking.71 This is why the emergence of reliable biomarkers are longed for and 
where great efforts have been made. A major obstacle to successful treatments 
in PDAC is the TME of PDAC. It is a problem to be overcome both in terms 
of the immunosuppressive environment hindering efficient immunotherapies 
that have been so successful in other cancers but also in terms of 
chemoresistance and adaptation to therapy.  

 

5.1 DISCUSSION PAPER 1 
Accumulation of p62 has been shown in several cancers. 131,132 In PDAC it has 
been shown that p62 can drive progression of PanINs to PDAC in 
KrasG12D;IkkαΔpan mice.134 It has further been shown that 662 is associated with 
metastasis and poor survival in breast cancer. 235However this study, to our 
knowledge, is the first to correlate high levels of p62 to poor survival in PDAC. 
This supports further exploration of p62 as a prognostic marker in PDAC. The 
mechanisms of how and why accumulation of p62 is associated with poor 
survival are not yet known. It has been shown that high levels of p62 can 
activate NRF2- pathway which is the cellular response to oxidative stress and 
furthermore activate macropinocytosis of extracellular nutrients as an 
alternative source of energy for the rapidly dividing cancer cells.221 This could 
potentially contribute to progression.  However, we saw no correlation 
between p62 and NRF2 in our study. As previously described p62 functions as 
a hub at crossroads of not only NRF2- pathway but also NFκB -pathway 
orchestrating inflammatory response and mTOR activation pathway 
controlling cellular growth, proliferation and cell survival.  
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The link between p62 and autophagy is complex with many layers. Autophagy, 
measured as increased levels of LC3, has in some studies shown to be 
upregulated in PDAC.236,237 Our finding of no significant correlation between 
LC3 and survival is well in line with the studies showing no significant 
correlation. However, it is worth noting that immunohistochemistry for LC3 
has limited capability to detect autophagic flux, the active ongoing process of 
autophagy. Therefore, it is possible to have high LC3 levels and no autophagy.  
Furthermore, p62 is itself degraded in the autophagic process which possibly 
further obscures the overall picture. Our results in paper 1 could indicate that 
p62 is independent of LC3 and NRF2, a downstream pathway of p62 and 
autophagy in terms of outcome at least. (poor survival) Also with worse 
prognosis of PDAC, with accumulation of p62, it raises questions of the use of 
autophagy inhibitors. With chloroquine inhibitors autophagy is impaired at late 
stage possibly increasing p62 levels which, in turn, could contribute to shorter 
survival. 

 

The use of autophagy inhibitors in clinical trials as monotherapy has been a 
disappointment, showing no substantial positive effects on survival with 
treatment.219,220 These autophagy inhibitors have largely been studied with 
chloroquine or hydroxychloroquine which interfere with lysosomal pH a late 
stage of autophagy.218 Today the hope of autophagy inhibitors is placed in 
combination therapies.221,222 One mechanism of chemoresistance in PDAC to 
gemcitabine is reported to be mediated by autophagy.238,239For example 
combination of hydroxychloroquine and/or gemcitabine+ nab-paclitaxel  have 
been investigated in a clinical trial with no effect on OS.240 RAS inhibitors in 
combination with autophagy inhibitors are another example.241 A question that 
arises after results in paper 1 is if a successful strategy could be to identify 
more selective agents, interfering with/inhibiting p62 itself, as it theoretically 
strikes to the core of multiple pathways associated with cancer progression and 
survival and as p62 is implicated in carcinogenesis and progression.  This 
would be an intriguing approach in a future study as a follow-up to our results 
in paper 1. Although different approaches targeting autophagy are being 
investigated,242 to our knowledge no such approaches have been reported.  

 

It is a retrospective study with 33 patients included. Risk of selection bias is 
uncertain, but inclusion was based on availability of surgical pathology in the 
hospital pathology department. Despite small numbers, we found statistically 
significant differences in our results regarding p62. It is a strength to have 
whole tumor tissue sections analysed as it gives opportunity to study proteins 
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and signaling in a more natural context of the TME which has emerged as 
vitally important in PDAC. This, in contrast to tissue microarray (TMA) 
approaches which have other advantages such as more samples and high output 
performance but with greater risk of sampling error. Mechanistic analyses are 
preferably performed in cell cultures for intracellular processes, which could 
have been an extended complement to our IHC analyses. Another way to study 
mechanisms could be through treating PDX models with combinations of 
therapies to be able to include effects on the TME which today seems essential. 

 

5.2 DISCUSSION PAPER 2 
In this study we found that the adjunct of MUCPs in a clinical setting improved 
correct selection for surgery in patients with high-risk pancreatic lesions in 
single cases. However, the erroneous large number of recommendations of 
surgery in the MUCP group calls for caution and is unwished for. 

Unclear pancreatic cyst lesions are today a common finding and involving a 
large quantity of patients. This is attributable to enhanced imaging techniques 
and more frequent radiological examinations. As experience has grown over 
the years, pancreatic cyst lesions are mostly observed safely. Knowledge of 
which lesions risk malignant progression have improved, enhancing correct 
surgical decisions in terms of MD-IPMN, MT-IPMN, rapid cyst growth, main 
duct dilation and multiple worrisome features.243-245 However there are 
discrepancies between international guidelines and controversy exists of 
optimal management and follow-up. It has also been shown that guidelines 
today miss the target in up to 45% with over -treatment or missing high-grade 
dysplasia68,246.68,246. Another study has shown that timing of surgery following 
recommendations was adequate only in roughly one third of patients and 
almost 2/3 were too early or unnecessary, or too late with final pathology of 
cancer.69 This underlines the inadequacy of current guidelines. Arguments of 
health economy, patient distress, morbidity and mortality from surgery (often 
elevated by a soft pancreas and small duct) and potential to cure early cancer 
are at stake here.  

AGA guidelines 48 supports discontinuation of follow up after 5 years of stable 
cysts even though it has been shown that malignant conversion increase over 
time.61 In the revised Kyoto guidelines discontinuation is an option in stable 
cysts after 5 years depending on patient selection. For stable indolent cysts 
radiological controls intervals have been widened. The use of EUS in uncertain 
cases has been enforced in the revised guidelines.67  
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When Jabbar et al reported that their panel of MUC2+MUC5AC and 
MUC5AC+PSCA could identify malignant potential with an accuracy of 97% 
and sensitivity of 95 % in pancreatic cyst lesions, we found it very interesting 
as improved selection is longed for.  We had long and intense discussions 
among authors if this setting evaluates the test in a correct way, as MUCPs 
have not always dictated decision but rather as one factor of several. However, 
this setting reflects clinical reality of an MDT where different data and 
information give way to an overall informed decision of surgery or not. To 
isolate and weigh each factor differently in this setting would be problematic. 
Cross-over design in the study was used to ensure that decisions were not 
related to expert team bias rather than to adjunct of MUCP variable.  

 The MDTs in both groups recommended surgery in 18 (MUCP) /13 
(NoMUCP) cases where no surgery was the correct decision possibly 
reflecting “a theoretical decision”. Here the MUCPs could have guided as 14 
of the 18 wrong decisions had low MUCPs indicating benign lesions. 
Speculatively also the teams, not having prior experience of the biomarker, did 
not dare to trust benign low values where other factors pointed towards 
recommendation of surgery. At the time of patient inclusion EUS was routinely 
performed as a part of diagnostics. Today that is not the case, MRI is 
commonly the only imaging. EUS and FNA can have complications although, 
modestly so, reported in a meta-analysis to 2.6% complications for example 
pancreatitis, infections and hemorrhage.  Mortality was reported to be of 0.19% 
Risk of metastatic spread is probably low and was reported to be zero in the 
same metanalysis247 and 0.3% in another meta-analysis248 With such low risks 
the use of EUS can be motivated in unclear cases and its use is encouraged in 
updated guidelines.67  Other factors influencing results could surely be that 
MD-IPMN and MT-IPMNs are included in the material and would be 
recommended surgery irrespective of MUCP-values because of greater risk of 
malignant progression.  Furthermore, the MUCPs were designed to detect 
HGD and cancer, whereas in this study medium grade dysplasia was 
considered a correct decision of surgery.  

 It is recognized that IPMNs carry KRAS mutations as well as GNAS mutations 
in high frequencies. It is reported that MD IPMN carry more frequent high risk 
mutations in TP53, SMAD4 and mTOR gene mutations and correlates with 
advanced neoplasia.249 250 The added mutations of TP53 and SMAD4 follows 
the established model of malignant progression. The question is why. What is 
it in the main duct that causes more frequent genetic mutations? How is the 
main duct environment different to that in the branch ducts? Is inflammation 
more prominent due to greater exposure to intestinal antigens, or is intraductal 
pressure higher causing aggravated inflammation in the MD?  Evidence of the 
former is supported by a study showing PDAC growth was stalled with 
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antibiotics in mice rendering bacterial ablation and tumor growth was resumed 
after fecal transfer to other PDAC mice. Mechanisms were reported to be 
related to the immunosuppressive TME which became less 
immunosuppressive with bacterial ablation.251  Another study with spatial 
transcriptomics of IPMNs recently reported malignant progression of IPMN 
was associated with TNF and NFκB pathway enrichment.251,252  Considering 
mTOR genes are affected and PK13C  with malign progression it is highly 
interesting to consider KRAS and RAS inhibitors. ASA has been examined on 
effects on IPMN progression but not shown differences on progression rates 
of IPMN of population,  253 although investigated in a retrospective setting with 
relatively short follow up. In a recent RCT recurrence of colon cancer was 
decreased in patients with mutations in P13K pathways who received ASA254 
as another example of possible interference of malignant progression. A 
randomized study in patients with MD-IPMN, MT-IPMN or HRS where no 
surgery is performed because of patient fragility, with or without ASA or 
KRAS inhibitors, could be of interest for future studies.  

 

5.3 DISCUSSION PAPER 3 
Results in patients show that p62 expression is significantly higher in PDAC 
than in premalignant PanIns and IPMN lesions, in line with previous studies.134 
This highlights its importance in malignant progression and poor survival.233 
Results in patients further showed significant differences in CD45 levels in 
patients with PDAC compared to PanIN 2 and 3 -lesions. When examining 
correlations, we saw that p62 correlated with CD45 in PDAC and with CD3 in 
IPMN, supporting that accumulation of p62 may also have influence over the 
composition of the TME. Correlation in patient tumors between p62 and LC3B 
in PanINs and TFEB in PDAC support autophagy activation. 

In our animal model of PanIN to PDAC progression with KrasG12D mice we 
found significantly elevated p62 expression already present in early ADM 
lesions, as well as significantly augmented NFκB expression. During 
progression from PanIN to PDAC in mice a U-shaped pattern was seen for p62, 
and the same tendency was seen for NFκB pathway activation in mice. For p62 
this is in accordance with the dual role played by autophagy during malignant 
progression. In early carcinogenesis as a tumor suppressor of malignant 
progression and when cancer is established protects and enhances tumor 
survival.  As we identified the same U-shaped pattern for NFκB, results 
suggest close interplay of p62 and inflammatory NFκB pathway activation.   
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Taken together our findings imply that NFκB activation and aberrant p62 
signaling occurs as early events in carcinogenesis. They follow the same 
pattern during progression suggesting dependency and close association.  This 
is in line with KRAS activation of NFκB and activation of p62 which keeps 
inflammatory response constitutively active.140,255 

P62 correlation of CD3 and CD45 recruitment in PDAC further implies 
extrinsic capacity to influence the TME composition.  

 

In retrospect it would have been interesting to study NFκB-pathway activation 
also in paper 1 but NRF2 pathway was chosen as it has been reported to be 
involved in malignant progression in KrasG12D;IkkαΔpan mice.  After findings in 
paper 1 we anticipated that p62 would be a driver of malignant progression 
which also is supported by findings in KrasG12D mice. 134 However this is not 
what we found in paper 3. Instead, we saw results linking p62 to inflammation 
and NFκB pathway activation already in early premalignant lesions. This 
supports further exploration with inhibition of NFκB pathways in models of 
malignant progression including early ADM-lesions. This could be achieved 
with anti-inflammatory medication in mouse models or with KRAS inhibitors.  
Moreover, with an aberrant p62 accumulation present already in early lesions 
and its correlation to poor survival in manifest PDAC it would be very 
interesting to explore p62’s role as a prognostic biomarker and as a biomarker 
for early discovery.  However, it seems far reached to be able to detect pancreas 
specific elevated p62 in blood or in liquid biopsies as p62 is an intracellular 
protein in cells. However, it would be intriguing to explore p62 as prognostic 
biomarker in resected patients or where biopsies have been performed.  Protein 
analysis with immunohistochemistry or other protein analyses could be 
pursued and evaluated in larger patient materials. The discovery of a reliable 
biomarker for early detection would possess the capacity to change the 
landscape for both prognosis, cure and survival of PDAC. Moreover, if we can 
identify medical targets inhibiting malignant progression combined with early 
discovery perhaps carcinogenesis could be stalled. Exploring an inhibition of 
NFκB pathway in this PDAC context would be very interesting and has shown 
impact as previously stated for other cancers254 

A problem in study 3 was that only 2 mice developed PDAC. Several of the 
KrasG12D mice developed papilloma tumors which necessitated early 
euthanasia and this may have influenced results. Furthermore, it is not certain 
that mouse data can be extrapolated to human results as PDAC behaves 
differently in KrasG12D mice compared to natural progression in humans.  For 
instance, as intended in the KrasG12D mice many premalignant lesions arise in 



Clinical and translational aspects of malignant progression and pancreatic cancer 

56 

the same tissue sample, whereas in our patient samples there is typically one 
cancer although other lesions can be present as well. 

 

5.4 DISCUSSION PAPER 4 
In this study, comparing neoadjuvant FOLFIRINOX to upfront surgery treated 
tumors with scRNA-seq data analysis, no major differences in genetic 
expression were found in overall analysis. In other words, neoadjuvant 
FOLFIRINOX has limited effect on PDAC, in terms of global DGE at least. 
This is consistent with several RCTs of neoadjuvant FOLFIRINOX showing 
no superiority and no prolonged survival of neoadjuvant FOLFIRINOX in 
resectable PDAC.102,105  

However, with in depth analysis across compartments, we saw close to 
extinction of several cell clusters indicating cytotoxic effects of chemotherapy 
and reprogramming as an adaptation to treatment and stress.256,257 Moreover, 
enrichment in pathways seen were related to ER, metabolic  stress and check 
point adaptation,  which indicate profound adaptations and shifts in tumor 
biology following treatment with chemotherapy.165,258 Thus, the differential 
genetic expression seen across compartments and their related pathways were 
associated to  cancer promotion, survival and chemoresistance. Furthermore, 
LR analysis displayed profound alterations in cell-cell interactions between 
FOLFIRINOX treated cancers and upfront surgery PDAC. All the above 
support that FOLFIRINOX applies selective pressure on the TME remodeling 
the cancer towards progression, survival and chemoresistance. 

The two groups of neoadjuvant FOLFIRINOX vs upfront surgery being 
compared are of different sizes. Despite having only four patients in the 
neoadjuvant treated group, although no major differences on a global scale 
were seen, we still found differences in GSEA and ORA pushing towards 
chemoresistance. It would be interesting to see if results were affected when 
the groups compared are more similar in size. A way to further investigate this 
could be to bring in data from public data sets, increasing sample sizes.  

Although Scarf tries to take proximity of clusters into consideration, scRNA-
seq has spatial limitations. Spatial transcriptomics integrates location of cell 
clusters which could be of interest in future studies. LR analysis could further 
be improved with actual awareness of location of cell clusters and actual 
interactions rather than hypothesized and predicted. It should also be kept in 
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mind that mRNA expression is not identical to protein expression and that 
posttranslational modifications are not at all considered here. 

Results show that scRNA-seq is a powerful tool and a good asset to investigate 
alterations and DGE in treated vs untreated tumors. The technique will be able 
to provide many answers in the future concerning chemoresistance, effects of 
treatment and potential targets in treatment of PDAC and other diseases. Future 
studies of malignant progression are excellently suited for this as it provides in 
detail effects of genetic expression and pathway activation at different stages 
of malignant progression with the capacity to identify both intrinsic and 
extrinsic forces at play in malignant progression. 
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6 CONCLUSIONS 
1. High expression of p62 is associated to shorter survival in patients with 

resected PDAC. This supports a role for p62 as a prognostic marker in 
patients with resected PDAC. 
 

2. The adjunct of MUCPs in a clinical setting improve correct selection 
of pancreatic high-risk lesions for surgery in single cases. A higher 
number of incorrect recommendations of surgery with MUCPs calls 
for caution. 
 
 

3. P62 accumulation is stage-dependent with pattern of inflammatory 
activation supporting a role for aberrant p62 signaling in the transition 
from premalignant to invasive PDAC. 
 

4. No major differences were seen at DGE in Neoadjuvant 
FOLFIRINOX resected PDAC compared to upfront surgery resected 
PDAC. However, in depth analysis revealed adaptations across 
compartments supporting a model where FOLFIRINOX exerts 
pressure towards chemoresistance and progression. 
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7 FUTURE PERSPECTIVES 
The need for improved treatments is huge in PDAC. Areas of research with 
great promise are early discovery including reliable biomarkers. I do believe 
there will be progress in this line of research with the promise of AI tools, in 
combination with technical advances, such as omics, in finding robust 
biomarkers perhaps in combination with enhanced liquid biopsies. With earlier 
identification more patients could have curative surgery at an earlier stage, 
improving survival. The same applies for cyst fluid analyses.  It will certainly 
be of use in the future in combination with new techniques for correct 
identification of high-risk lesions to surgery, be it reliable mucins, high-risk 
mutations or mRNA that will help make a correct decision of surgery. 

It seems increasingly clear that timing of regular chemotherapy or not in 
relation to surgery will not be the answer to a solution for PDAC treatment and 
prognosis. It also seems that general chemotherapy for all will become a 
vanishing phenomenon and precision medicine with mutational analysis and 
bioprofiles will expand immensely, in the near future. This will be of great 
importance, not the least for patients who will not benefit from severely 
quality-of life- affecting chemotherapy regimens.  

I do believe however that targeted therapies against the TME with 
immunotherapy such as dendritic cell or mRNA vaccines or CAR macrophage 
therapy or KRAS inhibitors in combination with other immunotherapies will 
pave a way forward and improve survival for our patients in the years to come. 
This, despite the immunological desert that constitutes the TME in PDAC. The 
prospect of such immune sensitizing treatments will also include the great 
majority of patients with metastatic disease, who today are left with limited 
chemotherapeutic possibilities. This being FOLFIRINOX with heavy side 
effects, and to be honest, limited effect, supported by our final paper or inferior 
strategies with other single or combination treatments. Improvements for this 
majority of patients will have a great impact on the course of disease. 
Penetration of the stroma and drug delivery needs to be resolved as well as 
overcoming the other obstacles posed by the TME but break throughs will 
emerge with increasing knowledge.  Finally, I believe that with AI and the 
possibility to analyze large amounts of data, advanced protein structure 
analysis and the possibility of finding new tailored substances there will be 
advances in the years ahead. 
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Furthermore, I believe we have shown that scRNA-seq is an excellent model 
to study mechanisms of chemoresistance and is equally suited for studies of 
malignant progression taking the ever-important TME into consideration. This 
and related methods will be of great value when deciphering mechanisms of 
chemoresistance and in learning more of how malignant progression occurs 
hopefully enabling therapeutic interventions. 
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USE OF GENERATIVE AI 
No generative AI tools were used in the preparation of this thesis. 

Note: The author is fully responsible for the content of the thesis and its 
scientific accuracy. 
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